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Abstract  
 

Neuroblastoma (NB) is the commonest extra-cranial malignant solid tumour of childhood and 

one of the most difficult to cure. Long term survival of high-risk NB (HR-NB) currently remains 

less than 50% at 5 years despite intensive high-dose multimodal treatment. DNA damage 

response (DDR) defects are frequently observed in HR-NB including allelic deletion and loss 

of function mutations in key DDR genes, leading to cell cycle checkpoint dysfunction, and 

oncogene induced replication stress (RS). Cancer cells with defective cell cycle checkpoint 

signalling and/or increased oncogene-driven RS are acutely dependent on the DNA damage 

sensor kinase ATR.  

The aim of this thesis is to identify determinants of sensitivity to ATR and PARP inhibition, 

alone and in combination, in preclinical models of NB. The baseline level of RS and activity of 

DDR kinases ATM and ATR was characterised in a panel NB cell lines as well the mutation 

and/or deletion status of genes previously reported to be synthetically lethal with PARP or 

ATR inhibition. MYCN-induced RS resulted in vulnerability to ATR and PARP inhibition, by VE-

821 and olaparib, respectively. ATM deficiency was also associated with sensitivity to ATR 

inhibition. VE-821 sensitised NB cell lines to olaparib cytotoxicity, which was synergistic in all 

cell lines. There was a significant positive correlation between fold sensitisation by VE-821 

and MYCN protein expression. 

To obtain greater mechanistic understanding of the synergy between ATR and PARP 

inhibition, the effect of dual inhibition on markers of RS, cell cycle checkpoints and DNA repair 

were measured. VE-821 abrogated olaparib-induced S and G2 checkpoint arrest, increased 

olaparib-induced markers of RS and reduced homologous recombination repair foci.   

Taken together the work presented in this thesis provides strong rationale for the 

introduction of ATR and PARP inhibitors for the treatment of HR-NB exhibiting high levels of 

RS.   
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Chapter 1: Introduction 

1.1 Introduction  
 

Neuroblastoma (NB) is a rare childhood cancer derived from cells of the developing 

sympathetic nervous system. Like many cancers, NB tumours present with numerous genetic 

abnormalities, including chromosomal rearrangements, focal amplifications, gains and losses 

of whole or parts of chromosomes or changes to the nucleic acid sequence. This dynamic 

process, known as genome instability, is described as an enabling characteristic promoting 

the acquisition of six major hallmarks of cancer, first proposed by Hanahan and Weinberg in 

2000 and updated in 2011, including infinite replication, evasion of apoptosis, self-sufficiency 

in growth signals, insensitivity to anti-growth signals, angiogenesis, and tissue invasion and 

metastasis (Hanahan and Weinberg, 2000; Hanahan and Weinberg, 2011).  

Defects in the DNA damage response (DDR), a highly co-ordinated network which signals to 

cell cycle checkpoint arrest and DNA repair pathways in response to DNA damage (Figure 1.1), 

can give rise to genomic instability (Yao and Dai, 2014; Shaltiel et al., 2015). Dysregulation of 

cell cycle control allows for mutations to accumulate. Loss of G1 checkpoint control, through 

imbalance in G1/S cyclins, cyclin-dependent kinases (CDKs) and their inhibitors, activation of 

oncogenes such as MYC or RAS and mutations in the TP53 or RB tumour suppressor genes, is 

a common feature of cancer cells (Massague, 2004), resulting in replication stress (RS), a state 

in which the DNA replication machinery cannot maintain the rate of DNA synthesis. RS causes 

increased replication fork stalling and collapse, rendering cells dependent on the S and G2 

checkpoints for survival after DNA-damaging treatments (Zeman and Cimprich, 2014; Gaillard 

et al., 2015). Targeting DDR defects may not only exploit cancer specific vulnerabilities but 

also overcome resistance to cytotoxic chemo- and radiotherapy resulting from upregulation 

of DNA repair pathways (Gavande et al., 2016). 
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1.2 Neuroblastoma 
 

NB accounts for 8% of all childhood (0-14 years) cancers in the UK and is the commonest 

extra-cranial malignant solid tumour of infancy (Stiller, 2007). Around 100 new cases are 

diagnosed each year in the UK, with the median age of diagnosis being 17 months (Maris, 

2010). NB is a neuroendocrine tumour derived from undifferentiated or precursor cells of the 

sympathetic nervous system resulting in tumours in the adrenal glands or sympathetic 

ganglia, presenting in the abdomen, neck, chest or spine (Matthay et al., 2016). Tumours are 

highly heterogeneous both phenotypically and clinically and outcome can vary from 

maturation or spontaneous regression to aggressive progression (Shimada et al., 1999). 

Pathologically, tumours show varying degrees of differentiation ranging from NB, which is 

mainly composed of poorly or undifferentiated small round tumour cells, 

ganglioneuroblastoma intermixed, consisting of both immature cells and terminally 

differentiated ganglion tumour cells, to a mature ganglioneuroma (Matthay et al., 2016). 

Tumours showing a higher degree of cell differentiation tend to have a better prognosis than 

Figure 1.1: From (Hoeijmakers, 2001). Overview of the DNA damage response. A) DNA lesions induced by common 
DNA damaging agents are repaired by appropriate DNA repair pathways. B) Consequences of DNA damage. In 
the short term, the DDR signals to cell cycle arrest (top), and changes to DNA metabolism (middle). Persistent 
DNA damage can result in permanent changes in the DNA sequence, which can lead to cancer, ageing and inborn 
disease (bottom). Abbreviations: cis-Pt: cisplatin; MMC: mitomycin C; (6–4)PP: 6–4 photoproduct; CPD: 
cyclobutane pyrimidine dimer; HR: homologous recombination; EJ: end joining.  
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undifferentiated tumours. Tumour differentiation, age at diagnosis, tumour stage and 

molecular abnormalities are used to stratify NB into risk groups which determine treatment 

strategies (discussed in 1.2.2).  

 

1.2.1 Genetics of Neuroblastoma  
 

1.2.1.1 MYCN amplification 
 

Amplification of the MYCN oncogene, either as extrachromosomal double minutes or intra-

chromosomal homogenously staining regions  (Brodeur, 2003), is one of the strongest 

unfavourable prognostic markers, observed in around 20% of NB cases (Cohn et al., 2009). 

The frequency of MYCN amplification increases to around 50% in the high-risk group (Brodeur 

et al., 1984). MYCN is a member of the MYC family of basic-helix–loop–helix-leucine zipper 

(bHLH-LZ) transcription factors, which also includes c-MYC and MYCL (Collins and Groudine, 

1982; Schwab et al., 1983; Nau et al., 1985). Figure 1.2 shows the structure of the MYCN 

protein. 

 

MYC family transcription factors mediate mitogen signalling by regulating transcription of 

target genes involved in cell cycle regulation, cell adhesion, protein biosynthesis, metabolism, 

and the cytoskeleton (Dang et al., 2006; Eilers and Eisenman, 2008). Increased expression of 

MYC family proteins have a critical role in cell proliferation, differentiation, apoptosis, and 

oncogenesis. MYCN expression is restricted to the developing nervous system and only a few 

other sites (Downs et al., 1989; Hirning et al., 1991; Ma et al., 2014). Ectopic expression of 

MYCN drives cell proliferation but results in sensitisation to apoptosis through activation of 

the p53 tumour suppressor pathway (Chen et al., 2010). Mechanisms to escape MYCN 

induced apoptosis are essential for the development of NB tumours (reviewed by (Hogarty, 

2003)), which may be achieved by loss of expression of the initiator caspase, caspase 8 (Teitz 

et al., 2001; McKee and Thiele, 2006; Stupack et al., 2006), a mediator of the extrinsic death 

Figure 1.2: Schematic representation of MYCN functional domains.  TAD: transcriptional activation domain; 
NLS: nuclear localization signal; bHLH: basic-helix-loop-helix; LZ: leucine zipper 
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receptor apoptosis pathway (Crowder and El-Deiry, 2012; Kaufmann et al., 2012). A functional 

MYCN/c-MYC signature also characterizes a fraction of aggressive neuroblastoma without 

MYCN amplification (Westermann et al., 2008; Valentijn et al., 2012), suggesting that 

increased MYC activity is a main driver of aggressiveness in neuroblastoma. Overexpression 

of MYC oncogenes drives rapid, erroneous replication leading to RS (Rohban and Campaner, 

2015).  

Direct therapeutic targeting of MYCN is hindered by the lack of appropriate small molecule 

binding surfaces in its DNA binding domain (Prochownik and Vogt, 2010), therefore most 

strategies to regulate MYCN are indirect by targeting proteins involved in the transcription or 

stabilization of MYCN and inhibiting downstream targets or synthetically lethal pathways (Bell 

et al., 2010; Barone et al., 2013; Esposito et al., 2017). Targeting MYCN-induced RS with DDR 

inhibitors may provide a novel treatment strategy for MYCN amplified NB.  

 

1.2.1.2 DNA ploidy  
 

Normal human cells have a diploid genome consisting of 2 copies of each of the 23 

chromosomes. However, in NB, changes to DNA ploidy are frequently observed. The DNA 

index of a tumour is the ratio of the number of chromosomes present compared to a diploid 

genome, and hence diploid cells have a DNA index of 1. DNA index is an important prognostic 

marker of disease in infants. Typically, patients with near-triploid tumours have a better 

survival rate than patients with near diploid or near tetraploid tumours (Look et al., 1991), 

although this association is lost in children older than 2 years of age.    

 

1.2.1.3 Segmental chromosome alterations  
 

Many NB tumours present with numerous “typical” structural chromosome alterations 

(SCAs), such as gain of 1q, 2p, and 17q, and deletion of chromosomes 1p, 3p and 11q 

(Schleiermacher et al., 2011; Schleiermacher et al., 2012; Defferrari et al., 2015). Gain of 

chromosome 17q and loss of chromosome 1p, observed in half and a third of NB cases 

respectively, correlate with MYCN amplification and poor prognosis (Bown et al., 1999; 

Attiyeh et al., 2005). Loss of 11q is also observed in about third of NB tumours and is a marker 

of poor prognosis independent of MYCN status (discussed in 1.2.1.4) (Attiyeh et al., 2005). 
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Both the MYCN and the ALK genes (discussed 1.2.1.7) are located on chromosome 2p (Mossë 

et al., 2008) and gain of this region is associated with their overexpression. Generally, the 

presence of SCAs is associated with advanced stage of disease and inferior outcome 

(Schleiermacher et al., 2012). 

 

1.2.1.4 11q loss 
 

Loss of chromosome 11q is observed in around 30-40% of NB tumours and is present in many 

non-MYCN amplified high-risk tumours. MYCN amplification and 11q loss rarely occur 

together, and prognosis is especially poor for the 2% of cases of NB patients who present with 

both abnormalities (Spitz et al., 2006; Villamón et al., 2013). The smallest region of overlap in 

11q deletions has been reported between 11q14 and 11q23 (Maris et al., 2001) and includes  

4 DDR genes, ATM (11q22.3), CHK1 (11q24.2), MRE11 (11q21) and H2AFX (11q23.3) (Figure 

1.3) (Mlakar et al., 2017). In most cases, no mutation or hyper-methylation was found in the 

remaining allele of these genes (Mlakar et al., 2017), but loss of one copy through 11q 

deletion could contribute to tumorigenesis due to haploinsufficiency.  

 

Homozygous germline mutations in ATM (ataxia-telangiectasia mutated) cause ataxia 

telangiectasia (A-T), a recessive genetic disease characterised by cerebellar degeneration, 

chromosomal instability and cancer predisposition. ATM has a key role in signalling to DNA 

repair machinery and cell cycle arrest in response to DNA double strand breaks (DSBs) 

(reviewed in (Maréchal and Zou, 2013)). Somatic ATM mutations have been identified in many 

cancer types (Choi et al., 2016), suggesting that ATM loss contributes to tumorigenesis.      

Figure 1.3: from (Southgate et al., 2020). Location of 11q arm deletions observed in neuroblastoma tumours. 
SRO: shortest region of overlap.   
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CHK1, MRE11 and H2FAX encode proteins integral to the DDR. CHK1 is the primary target of 

ataxia-telangiectasia and rad3-related (ATR) kinase which has a pivotal role in the regulation 

of DNA replication, repair and cell cycle checkpoint arrest in response to RS. Mre11 is part of 

the Mre11-Rad50-Nbls1 (MRN) complex, which is involved in the identification and repair of 

DSBs. MRE11 is essential for cell survival and homozygous, hypomorphic MRE11 mutations 

result in ataxia telangiectasia-like disorder, a genetic disease which is phenotypically similar 

to A-T (Delia et al., 2004). H2AFX encodes a variant of histone 2A which can be 

phosphorylated. Phosphorylation of H2AX by DDR kinases, such as ATM and ATR, in response 

to DNA damage results in the recruitment of DNA repair machinery and chromatin 

remodelling complexes, and the amplification of the signal along chromatin (Podhorecka et 

al., 2010).  

In summary, heterozygous loss of these genes through 11q deletion could result in defective 

DDR, increasing chromosome instability and tumourigenesis. 

 

1.2.1.5 p53 pathway  
 

The tumour suppressor gene TP53 is frequently mutated in many human cancers (Rivlin et al., 

2011). The p53 protein is a transcription factor which is activated in response to a variety of 

intra- and extracellular stresses, including DNA damage, oncogene activation, ribonucleotide 

depletion, deficient growth factors/signals, and hypoxia (Horn and Vousden, 2007) and has a 

crucial role in maintaining genome integrity and tumour suppression. Activated p53 regulates 

transcription of genes involved in cell cycle arrest, DNA repair, metabolism, apoptosis, 

senescence, differentiation, angiogenesis and metastasis (Vogelstein et al., 2000; Bieging et 

al., 2014; Liu et al., 2015).  

Loss of p53 function is also seen in tumours with wild type p53 (Vogelstein et al., 2000), 

through upregulation of MDM2, an E3 ubiquitin ligase which targets p53 for degradation 

(Zhao et al., 2014), or loss of p14ARF function, which inhibits MDM2 (Agrawal et al., 2006; 

Ozenne et al., 2010) (Figure 1.3). 
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TP53 mutations are rare in NB at diagnosis, however p53 pathway aberrations are observed 

more frequently at relapse (Tweddle et al., 2001; Carr et al., 2006; Carr-Wilkinson et al., 2010), 

where around 50% of relapsed cases analysed show TP53 mutation, MDM2 amplification or 

p14ARF deletion, suggesting that p53 inactivation could be a contributor to drug resistance. In 

addition, TP53 is located on chromosome 17p13.1 and allelic loss of 17p has been observed 

in both NB cell lines and tumours (Schleiermacher et al., 2004; Vandesompele et al., 2008), 

indicating that 17p loss could contribute to loss of p53 function.  

Targeting the MDM2-p53 interaction with MDM2 antagonists such as Nutlin-3, MI-63 and 

idasanutlin, have been shown to have anti-tumour activity in NB cell lines with wild type p53, 

as single agents and in combination with conventional chemotherapies (Van Maerken et al., 

2009; Van Maerken et al., 2011; Gamble et al., 2012; Chen et al., 2015a; Lakoma et al., 2015). 

As most NB tumours retain wild-type p53, the use of MDM2 inhibitors have the potential to 

be an excellent therapeutic tool for the treatment of HR-NB. 

 

 

Figure 1.4: from Southgate et al. 2020. The p53 tumour suppressor pathway can be disrupted in 
neuroblastoma by mutation of the gene coding for p53, overexpression of MDM2 e.g. by gene 
amplification, or loss of p14ARF expression by gene methylation or homozygous deletion.    
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1.2.1.6 Telomere maintenance 
 

Telomeres are regions of repetitive DNA sequences at the ends of eukaryotic chromosomes. 

At each cell division, some telomeric repeats are lost due to the end replication problem and 

telomere length is decreased. At a critical length, short telomeres trigger senescence, a state 

of permanent cell cycle arrest where the cell will cease to divide (Bernadotte et al., 2016). 

Cancer cells must maintain telomere length in order to achieve unlimited replicative 

potential, a hallmark of cancer (Hanahan and Weinberg, 2011). In most human cancers, 

telomeres are maintained by the activation of telomerase, a large RNA-dependent reverse 

transcriptase responsible for the progressive synthesis of telomeric DNA repeats (Shay and 

Bacchetti, 1997). Telomerase expression is usually repressed in somatic cells (Ulaner et al., 

1998) and is activated by upregulation of TERT, the gene encoding the catalytic protein 

subunit (Hahn and Meyerson, 2001). In many of those cancer cells which do not express 

telomerase, telomere length is maintained through another mechanism known as alternate 

lengthening of telomeres (ALT). The ALT pathway is a recombination mediated mechanism of 

DNA replication which lengthens telomeres by using telomeric DNA as a template (Dunham 

et al., 2000).  

Telomere maintenance is essential in the establishment of HR-NB (Figure 1.5) (Hertwig et al., 

2016). High telomerase expression indicates increased invasiveness and poor prognosis 

(Onitake et al., 2009), comparable to MYCN amplified tumours (Kawashima et al., 2016). 

Rearrangements at the TERT gene locus (5p15.33) are frequent in NB resulting in 

overexpression of the TERT gene and subsequent telomerase expression (Valentijn et al., 

2015; Kawashima et al., 2016). TERT is known to be a transcriptional target of MYCN (Mac et 

al., 2000), and, in the absence of TERT rearrangements, MYCN amplified NB cells show 

increased TERT expression compared to non-MYCN amplified cells (Peifer et al., 2015). In light 

of this, telomerase inhibitors could contribute to the personalised treatment of a subset of 

NB cases (Binz et al., 2005; Duan and Zhao, 2017).  

In HR-NB tumours that do not express telomerase, the ALT pathway is activated. ALT activity 

in NB is associated with mutations to the α-thalassaemia/mental retardation syndrome X-

linked (ATRX) gene (Bower et al., 2012; Cheung et al., 2012; Napier et al., 2015). ATRX encodes 

an RNA-helicase which plays a role in chromatin remodelling, nucleosome assembly and 

telomere maintenance (Clynes et al., 2013). Loss of function mutations or intragenic deletions 



9 
 

in ATRX is associated with older age of diagnosis (>5 years) and a chronic or indolent, but 

ultimately fatal, disease course (Cheung et al., 2012; Molenaar et al., 2012). Loss of ATRX 

function is mutually exclusive with MYCN amplification, and is incompatible with MYCN 

overexpression due to intolerable levels of RS (Pugh et al., 2013; Zeineldin et al., 2020). 

Identifying ATRX mutations or intragenic deletions could define a subset of NB cases in which 

the ALT pathway could be targeted to improve treatment.  

 

 

1.2.1.7 ALK 
 

Activating anaplastic lymphoma kinase (ALK) mutations have been reported in between 8-

10% of sporadic NB and up to 50% of familial NB (familial NB is rare accounting for around 2% 

of NB cases), across all risk groups and occurring more frequently at relapse (Carén et al., 

2008; Janoueix-Lerosey et al., 2008; Mossë et al., 2008; Pugh et al., 2013; Schleiermacher et 

Figure 1.5: Telomere maintenance by alternate lengthening of telomeres (ALT) or by telomerase 
activation as a result of TERT rearrangements (TERT-r) or MYCN amplification (MNA) leads to aggressive 
tumour growth seen in high risk NB tumours. 
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al., 2014). ALK is a receptor tyrosine kinase (RTK) which is specifically expressed in the 

developing nervous system (Iwahara et al., 1997; Morris et al., 1997). Like other RTKs, ligand 

binding leads to receptor activation by dimerization and auto-phosphorylation, recruitment 

of adaptor proteins and downstream signal transduction through pathways such as PI3K/AKT, 

RAS/MAPK, and JAK/STAT (George et al., 2008; Azarova et al., 2011; Hallberg and Palmer, 

2013). In NB, constitutive activation of ALK, and subsequent downstream pathways, has been 

shown to be involved in cell proliferation, migration and invasion (Bresler et al., 2014). There 

are three mutational hotspots in the tyrosine kinase domain which evoke constitutive 

activation, F1174, R1275 and F1245, and collectively account for around 85% of reported ALK 

mutations in NB (Chen et al., 2008; George et al., 2008). As well as mutations, aberrant ALK 

activity has also been reported through ALK amplification in a further 2% of NB (Mossë et al., 

2008; Bresler et al., 2014). ALK amplification has been shown to be accompanied by MYCN 

amplification and there is evidence that ALK activation accelerates MYCN-driven 

tumorigenesis in animal models (Berry et al., 2012; Zhu et al., 2012).  Inhibitors of the ALK 

tyrosine kinase have been developed but, although promising in preclinical models, have had 

limited success in the clinic as monotherapy, with resistance being a major hurdle (Carpenter 

and Mossé, 2012; Mossé, 2016; Berlanga et al., 2017).  

 

1.2.1.9 MAP Kinase pathway 
 

Mitogen-activated protein kinase (MAPK) signalling pathways encompass different signalling 

cascades which regulate processes such as cell proliferation, differentiation and survival 

(Morrison, 2012).  One of these pathways, the RAS-ERK/MAPK pathway, also known as RAS-

RAF-MEK-ERK, is one of the most frequently dysregulated in human cancer (Santarpia et al., 

2012). In NB, the RAS-ERK/MAPK pathway is activated by constitutive ALK activation (see 

previous section) and mutation in components of the RAS-ERK/MAPK pathway are frequently 

observed in relapse, likely contributing to therapy resistance (Eleveld et al., 2015). These 

mutations include activating mutations in BRAF, RAS (KRAS and HRAS) and PTPN11 oncogenes 

(Pugh et al., 2013), the latter encodes the tyrosine phosphatase SHP-2, and inactivating 

mutations in the NF1 tumour suppressor gene (Eleveld et al., 2015), a negative regulator of 

RAS (Bollag et al., 1996). Preclinical studies have shown that NB cell lines with activated RAS-

ERK/MAPK pathway are sensitive to MEK inhibitors (Tanaka et al., 2016; Woodfield et al., 
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2016). Activation of the RAS signalling pathway leads to RS by driving DNA replication, 

analogous to MYCN overexpression, and highlights another subset of patients which may 

benefit from DDR inhibitors (Primo and Teixeira, 2020).  

 

1.2.2 Neuroblastoma Risk Stratification  
 

At diagnosis, NB cases are categorised into three risk groups, low, intermediate and high risk, 

on the basis of age at diagnosis, histopathology, tumour stage and molecular abnormalities 

including MYCN status and chromosome copy number alterations according to the 

International Neuroblastoma risk group (INRG) classification system (Table 1.1) (Cohn et al., 

2009). Tumour stage is determined based on the presence or absence of several image 

defined risk factors (IDRFs) or metastases present at the time of diagnosis according to the 

International Neuroblastoma risk group staging system (INRGSS), which was designed to 

identify consistent pre-treatment risk groups to allow comparison in clinical trials (Monclair 

et al., 2009) (Table 1.2).  The probability of disease free survival for low, medium and high risk 

groups is 95% to 100%, 85% to 90%, and less than 50% respectively (Figure 1.6) (Davidoff, 

2012; Park et al., 2013). HR-NB accounts for around 50% of all NB cases (Cohn et al., 2009) 

and, despite intensive multi-modal therapy, 50% of patients with HR-NB will relapse, with a 5 

years survival rate of 20% after initial relapse (London et al., 2011; Cheung and Dyer, 2013; 

Basta et al., 2016; London et al., 2017). New treatments and a better understanding of drug 

resistance are needed before these survival rates can significantly improve.  
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Figure 1.6: (from (Park et al., 2013)) Event free Kaplan-Meier survival plots of children with 
neuroblastoma classified as low, intermediate, and high risk at time of diagnosis. 
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Table 1.1: International Neuroblastoma Risk Group Classification System  

Pre-treatment 

Risk Group   

INRG 

stage 

Age 

(months) 

Tumour 

Histology  

Tumour 

Differentiation  

MYCN 

status  

11q 

Aberration  

DNA 

Ploidy 

Very low  L1/L2 Any  GN maturing  

GNB 

intermixed 

Any Any Any Any  

Very low L1 Any  Any*  Any  Non-

amp 

Any Any 

Very low MS <18 Any  Any  Non-

amp 

No Any  

Low  L2 <18 Any* Any Non-

amp 

No Any 

Low L2 ≥18 GNB nodular, 

NB 

Differentiating  Non-

amp 

No Any 

Low M <18 Any Any Non-

amp 

Any Hyper-

diploid 

Intermediate  L2 <18 Any* Any Non-

amp 

Yes Any 

Intermediate  L2 ≥18 GNB nodular, 

NB 

Differentiating  Non-

amp 

Yes Any 

Intermediate L2 ≥18 GNB nodular, 

NB 

Poorly or 

undifferentiat

ed 

Non-

amp 

Any Any 

Intermediate M <18 Any Any Non-

amp 

Any Diploid 

High L1 Any Any* Any Amp Any Any 

High L2 Any Any Any Amp Any Any 

High  M <18 Any Any Amp Any Any 

High M ≥18 Any Any Any Any Any 

High MS <18 Any Any Amp Any Any 

High MS <18 Any Any Any Yes  Any 

GN, ganglioneuroma; GNB, ganglioneuroblastoma; NB, neuroblastoma; Amp, amplified *Except GN 

maturing, GNB intermixed. 

Adapted from (Cohn et al., 2009) 
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 Table 1.2: International Neuroblastoma Risk Group Staging System 

 

1.2.3 Current Treatment of Neuroblastoma       
 

Treatment strategies in NB are defined by risk classification and an overview is given in Table 

1.3. Low risk disease will often spontaneously regress and generally show a good outcome 

with clinical observation or surgical resection alone. For intermediate risk, treatment 

regimens are response dependent and vary from 4 to 8 cycles of chemotherapy, often at 

lower doses than high risk regimens, followed by surgical resection of the primary tumour 

where possible. 

HR-NB is currently treated with a number of different DNA damaging agents during induction 

and consolidation according to the previous European High Risk NB trial (HR-NBL1, 

NCT01704716), including cisplatin, carboplatin, etoposide, topotecan, doxorubicin, 

cyclophosphamide and vincristine during induction, and high dose busulfan and melphalan 

myeloablative therapy with autologous stem cell rescue and radiotherapy to the site of the 

primary tumour during consolidation. 

A second European High Risk NB trial (HR-NBL2, NCT04221035), is expected to open in the UK 

in 2021 and will include cisplatin, carboplatin, etoposide, cyclophosphamide, vincristine, 

ifosfamide, dacarbazine and doxorubicin during induction, and high dose thiotepa, busulfan 

and melphalan myeloablative therapy with autologous stem cell rescue during consolidation. 

Radiotherapy is also directed to site of primary tumour during consolidation.  

In 2015, immunotherapy with the anti-GD2 chimeric mono-clonal antibody Dinutuximab 

(United Therapeutics) was approved by the Food and Drug Administration (FDA) for 

maintenance treatment in combination with granulocyte-macrophage colony-stimulating 

factor (GM-CSF) and 13-cis retinoic acid for paediatric HR-NB patients (Gur et al., 2017). The 

Stage  Features  

L1 Localised tumour not involving vital structures as defined by the list of image-defined risk 

factors (IDRFs) and confined to one body compartment 

L2 Localised tumour with the presence of one or more IDRFs 

M Metastatic disease not including MS 

MS Metastatic disease in children <18 months of age at diagnosis with metastases limited to 

skin, liver and/or bone marrow  

Adapted from (Monclair et al., 2009) 
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National Institute for Health and Care Excellence (NICE) recommended Dinutuximab beta 

(Eusa Pharma) for maintenance treatment of HR-NB in 2018.  

 
 

 Table 1.3: Neuroblastoma treatment overview by risk group 

 

 

With these regimens the majority of patients will respond to treatment but over 50% of cases 

will relapse and very few relapsed patients can then be cured (Cheung and Dyer, 2013; Basta 

et al., 2016). Presently at relapse patients are given a backbone chemotherapy of irinotecan 

with temozolomide, topotecan with temozolomide, topotecan with cyclophosphamide or 

topotecan, vincristine and doxorubicin, to which new agents are added.  

Surviving patients often suffer from multiple sequelae caused by the intensive treatment 

regimens (Perwein et al., 2011). Exploiting cancer specific vulnerabilities with selective 

inhibitors has the potential to replace conventional chemotherapeutics or decrease the dose 

required for therapeutic effect, thus reducing the toxic side effects of HR-NB treatment. 

 

1.3 The DNA damage response 
 

The DDR is a highly orchestrated network which detects DNA damage and signals to cellular 

responses including cell cycle checkpoint arrest, DNA repair and apoptosis (Harper and 

Elledge, 2007). It has evolved to allow cells to recover from high levels of endogenous and 

environmental DNA damage and prevent damaged DNA from being passed on to daughter 

cells. Types of DNA damage include base modification/loss, bulky abducts, single strand break 

(SSB), double strand break (DSB), inter-/ intra-strand crosslinks and mismatched bases (Ciccia 

 Treatment  

Risk Group Induction  Consolidation Maintenance  

Low Clinical Observation/ 

Surgical resection   

  

Intermediate  2-8 cycles chemotherapy 

(response dependent) and 

surgical resection  

  

High Induction chemotherapy 

and surgical resection  

Autologous stem cell 

transplant and radiation 

to site of primary tumour  

GD2 immunotherapy and 

isoretinoin 
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and Elledge, 2010). Dysfunction of the DDR network is common in cancer as it leads to 

genomic instability that enables cellular transformation and tumour development. The 

differential responses to current anti-cancer therapies is likely to be dependent on the DDR. 

Although some DDR dysfunction enables cancer development and increases therapeutic 

resistance (Bouwman and Jonkers, 2012), defects in particular pathways are exploitable with 

the appropriate conventional therapy or novel agents targeting components of the DDR 

(reviewed by (Curtin, 2012)), selectively killing cancer cells.  

Table 1.4 outlines the mechanism by which cytotoxic agents used in the treatment of HR-NB 

inflict DNA damage and the pathway involved in subsequent DNA repair (described in section 

1.3.4).  

 

Table 1.4: DNA damaging mechanism of chemotherapeutic agents used in the treatment of 
HR-NB (Payne and Miles, 2008). 

Therapy  Mechanism of action  Pathways involved in repair   

Cisplatin, carboplatin  Platinum based crosslinking 

agent  

FA pathway including NER 

and HRR 

Cyclophosphamide, 

busulfan, melphalan, 

thiotepa, ifosamide, 

dacarbazine 

Crosslinking agent (nitrogen 

mustard) 

FA pathway including NER 

and HRR 

Etoposide, doxorubicin Topoisomerase II poison DSBR 

Topotecan, irinotecan  Topoisomerase I poison  HRR 

Temozolomide DNA methylating agent  BER  

Abbreviations: BER: base excision repair, DSBR: double strand break repair, FA: fanconi 

anaemia, HRR: homologous recombination repair, NER: nucleotide excision repair  

 

 

1.3.1. Replication stress 
 

RS occurs when the DNA replication programme is disrupted. It is a state in which the DNA 

replication machinery cannot maintain the rate of DNA synthesis resulting in increased 

replication fork stalling (Zeman and Cimprich, 2014; Gaillard et al., 2015), and is a primary 

cause of chromosome instability (Burrell et al., 2013). Physical blockages to DNA replication 

machinery, such as unrepaired DNA damage, stable secondary DNA structures (hairpins or G-
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quadruplex structures) or collision with transcription machinery, impair replication fork 

progression. Limited availability of resources, for example diminished nucleotide pools, also 

slows down replication fork progression and can lead to fork stalling. In addition to physical 

impediments to fork progression, dysregulated replication origin firing leads to RS. DNA 

replication in eukaryotes is initiated at multiple sites along chromosomes known as origins. 

Origin firing is temporally regulated with some origins firing early or late in each replication 

cycle. Origins can also be dormant whereby they are not fired unless replication fork 

progression is impeded (Alver et al., 2014). Both insufficient and excessive origin firing can 

lead to RS (Taylor and Lindsay, 2016). A common feature of cancer cells is that development 

is driven by the overexpression of oncogenes such as cyclin E, RAS and MYC. Overexpression 

of oncogenes causes RS by initiating premature S-phase, driving rapid, erroneous DNA 

replication, and increasing origin activity (Koppen et al., 2007; Kotsantis et al., 2018).  As the 

MYCN oncogene is amplified in ~50% of HR-NB (Brodeur et al., 1984), oncogene-induced RS 

is a potential target in the treatment of this type of NB.  

 

1.3.2. The Cell Cycle  
 

Cell division in normal cells is tightly regulated by the cell cycle, which is divided into four 

phases: gap 1 (G1), synthesis (S), gap 2 (G2) and mitosis (M). Transition into each phase 

requires the activation of CDK, which is controlled by oscillating concentrations of cyclins. CDK 

activity requires cyclin binding, but is additionally regulated by both activating and inhibitory 

phosphorylation of serine, threonine and tyrosine residues (Hochegger et al., 2008).   

There are 3 checkpoints within interphase, G1, intra-S and G2, in which the cell cycle can be 

arrested to protect genome integrity by preventing cell cycle progression with damaged DNA. 

Checkpoint activation by the DDR results in cell cycle arrest by the activation of CDK inhibitory 

kinases (WEE1 and Myt1), inactivation of phosphatases (cdc25) and the upregulation of CDK 

inhibitors (e.g. p21). The G1 checkpoint prevents the replication of damaged DNA by 

restricting entry into S-phase.  If damage occurs at the beginning of S phase or has evaded the 

G1 checkpoint, then further replication is blocked by activation of the intra-S phase 

checkpoint. If damage occurs after this point, the G2 checkpoint is activated which prevents 

entry into mitosis with damaged DNA. If irreparable damage is sustained, the cell will undergo 

apoptosis (Shaltiel et al., 2015).   



18 
 

1.3.3. Cell cycle checkpoint signalling  
 

DNA damage sensors initiate cell cycle arrest by the activation of downstream signalling 

pathways. Two of these sensors are ATM and ATR, which are members of the 

phosphatidylinositol-3-kinase-like kinase (PIKK) family. ATM is activated in response to DSBs 

whereas ATR is activated by regions of single-stranded DNA (ssDNA), such as ssDNA regions 

at stalled replication forks or formed by end resection during HRR (Maréchal and Zou, 2013). 

The primary targets of ATM and ATR are the checkpoint kinases CHK2 and CHK1, respectively, 

which signal to checkpoint arrest by regulation of the proteins involved in cell cycle 

progression, as demonstrated in Figure 1.6. One target of CHK1 and CHK2 is the cdc25 family 

of phosphatases which remove inhibitory phosphorylation on CDKs. Inhibitory 

phosphorylation of cdc25 prevents them dephosphorylating and activating CDKs resulting in 

cell cycle arrest. In addition to inactivation of cdc25, activation of WEE1 kinase maintains the 

inhibitory phosphorylation of CDKs, preventing entry into mitosis. In undamaged cells, ATM 

exists as a dimer. Upon recruitment by the MRN complex to DSBs, ATM autophosphorylates 

resulting in monomerisation and activation (Paull, 2015). ATM is also activated in response to 

oxidative stress. Active ATM phosphorylates many target proteins regulating DNA repair, cell 

cycle arrest and apoptosis including CHK2, p53, MDM2, H2AX, MRN, BRCA1 and BLM (Shiloh 

and Ziv, 2013). ATM plays a crucial role in the activation of the G1/S cell cycle checkpoint 

which is primarily mediated through p53 activity. ATM can also signal to S and G2/M 

checkpoints via CHK2, which phosphorylates cdc25A, preventing S phase progression, and 

cdc25C, preventing the transition into mitosis (Figure 1.7) (Weber and Ryan, 2015).    

ATR is activated by ssDNA structures arising at resected DSBs or stalled replication forks. The 

ssDNA is bound by the RPA (replication protein A) complex which recruits ATRIP, the 

constitutive binding partner of ATR, and hence ATR to the damage. The Rad17-RFC is also 

recruited to RPA and recruits the Rad9-Rad1-Hus1 (9-1-1) complex. The 9-1-1 complex is a 

sliding clamp, related to the replication sliding clamp proliferating cell nuclear antigen (PCNA), 

and recruits DNA topoisomerase 2-binding protein 1 (TOPBP1) to the site of damage which is 

required for full ATR activation (Cimprich and Cortez, 2008). ATR phosphorylates many 

downstream targets including Rad17. Phosphorylated Rad17 recruits the mediator protein 

Claspin which regulates ATR-dependent phosphorylation of CHK1 (Wang et al., 2006). 

Activation of CHK1 by ATR leads to inhibition of cdc25A and cdc25C (Karnitz and Zou, 2015), 
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preventing S phase progression and G2/M transition respectively. Despite overlapping 

downstream targets, loss of ATM is viable, whereas loss of ATR is embryonic lethal, suggesting 

some roles of ATR are essential. One of the essential functions is the role of ATR in survival 

following RS. In addition to inducing cell cycle arrest, ATR signalling prevents replication origin 

firing, maintains stability of stalled replication forks and promotes replication restart (Saldivar 

et al., 2017). 

Figure 1.7: Overview of ATM and ATR signalling to cell cycle checkpoint arrest. Recruitment of ATM to DNA 
double-strand breaks (DSBs) leads to ATM activation, which activates CHK2. CHK2 phosphorylates and 
inactivates cdc25A, preventing it from removing the inhibitory phosphate on CDK2, inhibiting S-phase entry 
and progression. Both ATM and CHK2 phosphorylate p53 resulting in transactivation of p21 to inhibit CDK2. 
Regions of single strand DNA (e.g. at stalled replication forks or resected DSBs) are coated by RPA, which 
recruits ATR via ATRIP and other factors which lead to full activation of ATR, which activates CHK1. CHK1 
phosphorylates and inactivates cdc25C, preventing it from removing the inhibitory phosphate on CDK1, 
inhibiting G2/M progression. There is substantial cross-talk between these pathways. CHK1 is also a target 
of ATM and cdc25A a target of CHK1. Both ATR and CHK1 also target p53. In addition, DNA damage activates 
WEE1 which phosphorylates and inactivates both CDK1 and CDK2. Black arrows indicate main activation 
pathways, dashed lines are secondary pathways and red lines indicate inhibition. 



20 
 

1.3.4. DNA repair pathways  
 

1.3.4.1 SSBR/BER 
 

Single strand breaks (SSBs) are the most frequent form of endogenous DNA damage. Tens of 

thousands of SSBs arise per cell per day as a result of spontaneous DNA decay, direct 

oxidative attack or indirectly by enzymes involved in base excision repair or release of DNA 

torsion (Caldecott, 2008).  

Base excision repair corrects small base lesions such as base deamination, oxidation or 

methylation, and abasic sites (base loss) arising spontaneously or caused by radiation or 

cytotoxic chemicals (Krokan and Bjørås, 2013). Essentially, there are five steps to BER, 

detection and removal of the damaged base, cleavage of the abasic site, end processing, gap 

filling and ligation. Glycosylases cleave the damaged base from the backbone resulting in an 

abasic site. An incision is made at the abasic site by AP endonuclease (APE1) creating a 

single strand break. Processing of DNA ends by APE1, polymerase β, polynucleotide kinase 

(PNPK) and Aprataxin (APTX) restore the 3’ hydroxyl and 5’ phosphate allowing gap filling by 

activation of short-patch repair (major pathway) or long-patch repair and any nicks are 

sealed by XRCC1-ligase (Fortini and Dogliotti, 2007).    

Poly (ADP-ribose) polymerases 1 and 2 (PARP1 and PARP2) detect SSBs and become 

activated. Activated PARP ADP-ribosylates itself and other proteins forming long chains of 

poly ADP-ribose (PAR) (Caldecott, 2008). PARP recruits XRCC1, a scaffold protein which 

interacts with, stabilizes and stimulates proteins in the SSB repair pathway (Caldecott, 

2003), including end processing, gap filling and ligation. The BER/SSB repair pathway is 

illustrated in Figure 1.8. 
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1.3.4.2 Double strand break repair  
 

DNA double strand breaks (DSBs) occur spontaneously at a frequency of about 10 per cell 

per day and are also generated by ionising radiation or chemotherapeutic drugs. Although 

they occur a thousand fold less frequently than SSBs, DSBs are much more toxic and can 

cause genetic instability if repaired incorrectly (Aparicio et al., 2014). DSBs are repaired by 

one of two mechanisms (Figure 1.9) depending on which stage of the cell cycle the break 

occurs. HRR is a recombination dependent DNA repair mechanism which uses an 

undamaged template to restore DNA loss at a DSB. The template sequence is provided by 

the sister chromatid thus repair by HRR occurs during late S and G2 phase when the DNA 

has been replicated. DSBs in G1 and early S phase are repaired by a recombination 

independent mechanism called non-homologous end joining (NHEJ), although this pathway 

Figure 1.8: Schematic diagram of short patch base excision and single stand break repair. Abasic sites 
arise via spontaneous hydrolysis or removal of damaged bases. Cleavage of the sugar backbone at an 
abasic site by AP endonuclease (APE1) result in a single strand break. Single strand breaks are recognised 
by PARP which recruits the protein scaffold XRCC1. XRCC1 recruits DNA polymerase β (Polβ), the end 
processing factors PNPK (P) and Aprataxin (A), and ligase 3 (L3). After end processing, DNA polβ fills the 
gap with a single nucleotide and the DNA is ligated by the XRCC1-ligase3 complex.   
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also functions in G2 if the break occurs in regions of euchromatin (Kakarougkas and Jeggo, 

2014). Pathway choice is also mediated by p53-binding protein 1 (53BP1) which suppresses 

DNA end resection required for HRR therefore promoting repair by NHEJ.  

NHEJ repairs DSBs by “sticking together” the DNA ends. The Ku70/Ku80 heterodimer 

recognises the DSB and recruits the DNA-dependant protein kinase catalytic subunit (DNA-

PKcs). Binding of Ku70/Ku80 and DNA-PKcs results in the activation of the DNA-PK 

holoenzyme which phosphorylates targets leading to ligation of the DNA ends by the XRCC4-

ligase 4 complex (Mahaney et al., 2009).  

Alternatively, DSBs recognised by the exonuclease MRN complex trigger HRR. DNA ends are 

resected by MRN exonuclease activity which exposes 3’ ends of the DNA. RPA binds to the 3’ 

single-stranded overhang and is then replaced by Rad51. The resulting Rad51 filament 

promotes strand invasion into the sister chromatid so that the lesion can be repaired 

correctly.  
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1.3.4.3 Mismatch repair  
 

The mismatch repair (MMR) pathway corrects DNA base mispairing and insertion/deletion 

(indel) loops that arise during DNA replication, recombination and repair (Liu et al., 2017a). 

MMR is strand-specific, correcting the daughter strand, and has 3 main steps, recognition, 

excision and gap filling DNA synthesis (Figure 1.10). DNA mismatches are recognised by 

MSH2-MSH6 heterodimers which primarily binds to base mismatches or small indels up to 3 

nucleotides long, or MSH2-MSH3 heterodimers which binds to large indels, of up to 13 

nucleotides. Downstream processing requires PMS2 and MLH1–MLH3 heterodimers. 

Figure 1.9: Overview of DNA double strand break (DSB) repair. In the homologous recombination (HR) repair 
pathway the single-stranded portion of the resected DSB is coated in RPA which facilitates Rad51 filament 
formation. DNA from the damage chromosome invades the sister chromatid which is used as a template for 
DNA synthesis. In the non-homologous end joining (NHEJ) pathway the Ku70/80 components of DNA-PK bind 
the ends of the DSB and the catalytic subunit (DNA-PKcs) recruits the XRCC4-ligase4 complex to join the ends 
together.   
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Components of other DNA repair pathways such as endonuclease 1, RPA, PCNA, replication 

factor C (RFC), DNA polymerase-δ (Pol δ) or Pol ɛ and FEN1 have also been reported to be 

involved in excision of the lesion and resynthesis of DNA.  

 

 

 

1.3.4.4 Removal of bulky lesions 
 

The nucleotide excision repair (NER) pathway removes helix distorting DNA lesions and 

structures, such as cyclobutane pyrimidine dimers induced by UV radiation, as well as intra-

strand cross links from the genome (Spivak, 2015).  Two NER pathways are functional in 

human cells, global genome (GG-NER) and transcription coupled (TC-NER) which differ only 

in the damage recognition mechanism. Both pathways recruit the TFIIH complex to unwind 

about 30 nucleotides of DNA either sides of the damage. RPA binds to the exposed single 

Figure 1.10: Schematic diagram of the mismatch repair pathway. Mismatched DNA is recognised by MSH2-
MSH6 or MSH2-MSH3 heterodimers (1).  Excision of lesion (2) and resynthesis (3) of DNA requires PMS2, 
MLH1–MLH3 heterodimers, endonuclease 1 (Endo 1), RPA, PCNA, replication factor C (RFC), DNA Pol δ or 
Pol ɛ, Lig1 and FEN1. 



25 
 

stranded DNA to prevent reannealing so the damage can be removed and repaired. The 

resulting gap is then filled by DNA polymerases (Marteijn et al., 2014). Figure 1.11 illustrates 

how both GG-NER and TC-NER repair damage.  

 

Bulky abducts which remain unrepaired at DNA replication are bypassed by a process known 

as translesion synthesis (TLS), which allows restoration of the DNA duplex before NER can 

occur. TLS relies on specialised polymerases, such as the Y-family of polymerases, which 

have an active site that can accommodate distorted templates and incorporate nucleotides 

opposite them. TLS polymerases show reduced fidelity compared to replicative polymerases 

and potentially introduce mutations through higher probability of misincorporation of bases 

(Sale, 2013).     

Figure 1.11: Schematic diagram of nucleotide excision repair. DNA is unwound by helicase subunits of the 
transcription factor TFIIH. Damage is confirmed by XPA and RPA binds the ssDNA portions to prevent re-
annealing. XPG and XPF endonucleases cleave a 22-30 nucleotide section containing the damage. The 
resulting gap is filled by replication factors. 



26 
 

1.3.4.5 Crosslink repair 
 

The Fanconi anaemia (FA) pathway is important in the removal of DNA inter-strand 

crosslinks (ICLs) and is mediated by the large multimeric FA complex. This pathway also 

employs the TLS, HRR and NER pathways to repair the DNA after excision of the ICL from 

one DNA strand (Deans and West, 2011; Mouw and D’Andrea, 2014) (Figure 1.12).     

 

 

 

Figure 1.12: Repair of inter-strand crosslinks (ICLs) by the fanconi anaemia pathway. The FA core complex is 
recruited to the damage and recruits multiple nucleases which co-ordinate incisions required to “unhook” the 
ICL. The intact strand is replicated by translesion synthesis, bypassing unhooked ICL. The remaining unhooked 
ICL is removed by NER and the DSB formed by unhooking is repaired by HRR.  
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1.4 Targeting the DDR in High Risk Neuroblastoma  
 

Consistent with other types of cancers, DDR defects are common in NB tumours. 

Amplification of MYCN oncogene (section 1.2.1.1) or allelic loss of chromosome 11q, which 

encodes many proteins involved in the DDR (section 1.2.1.4), are commonly observed in NB. 

MYCN transcriptionally upregulates the cell cycle checkpoint protein CHK1 (Cole et al., 2011; 

Gu et al., 2015), and many proteins involved in DNA repair, including PARP (Colicchia et al., 

2017), components of the MRN complex (Petroni et al., 2016; Petroni et al., 2018), alternative 

NHEJ (alt-NHEJ) (Newman et al., 2017), and Bloom syndrome (BLM) helicase (Chayka et al., 

2015). Upregulation of these genes likely promotes effective repair of DNA damage allowing 

MYCN driven tumours to tolerate increased RS. 

Loss of G1 checkpoint control, through overexpression of MYCN (promotes premature S 

phase entry), reduced ATM expression or loss of p53 function (more frequent at relapse) 

render intra-S and G2/M checkpoint dependency in order to maintain genome integrity and 

are especially vulnerable to its inhibition, by targeting ATR, CHK1 and/or WEE1 kinases. 

Targeting tumour specific defects with DDR inhibitors for the treatment of HR-NB could 

potentially increase the survival in this risk group, which account for > 50% of all NB and for 

which long term survival is still unacceptably poor.    

 

1.4.1. PARP inhibitors  
 

Inhibition of PARP, the enzyme which promotes the repair of DNA single strand breaks, 

selectively kills cells defective in HRR, due to BRCA mutation, for example. This is due to 

synthetic lethality when the function of two complementary pathways are inactivated. PARP 

inhibition blocks the repair of SSBs and generates a bulky DNA-PARP adduct. These lesions 

block the progression of DNA replication machinery during replication, resulting in a single 

ended DSB, which is then repaired by HRR. Cancer cells defective in HRR are unable to repair 

this break resulting in cell death (Figure 1.13). Four PARP inhibitors have been approved to 

date, Lynparza (olaparib, Astra Zeneca), Rubraca (rucaparib, Clovis Oncology) and Zejula 

(niraparib, Tesaro), for the treatment of BRCA mutated and platinum sensitive ovarian cancer 

and Talzenna (talazoparib, Pfizer) for the treatment of germline BRCA mutated, HER2 negative 

breast cancer (reviewed by (Curtin and Szabo, 2020). Two other PARP inhibitors, veliparib 
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(Abbvie), and pamiparib (BeiGene) are being investigated in clinical trials, with veliparib 

having advanced to phase 3. 

 

PARP activity is upregulated in many cancer types (Ossovskaya et al., 2010). PARP1 deficient 

cell lines are extremely  sensitive to DNA damaging agents and ionising radiation (Morales et 

al., 2014), suggesting that PARP inhibition may provide therapeutic benefit in combination 

with chemotherapeutic agents or radiotherapy. A number of clinical trials are ongoing 

investigating the effect of PARP inhibitors in the potentiation of chemotherapy and 

radiotherapy or increasing the efficacy of immune checkpoint inhibitors 

(https://clinicaltrials.gov/). 

 

Figure 1.13: PARP inhibition can result in synthetic lethality. PARP signalling is required for repair of DNA single 
strand breaks (SSBs). Unrepaired SSBs lead to the formation of double strand breaks (DSBs) during DNA 
replication, repair of which requires the homologous recombination (HR) DSB repair pathway. Cells which have 
lost HR function cannot efficiently repair the damage acquired from PARP inhibition, leading to cell death. 
RF=replication fork 

https://clinicaltrials.gov/
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Evidence in favour of introducing PARP inhibitors to HR-NB treatment regimens has been 

accumulating. In 2009, our group demonstrated potentiation of temozolomide and topotecan 

cytotoxicity by rucaparib in both in vitro and in vivo models of NB (Daniel et al., 2009). 

Subsequent studies have also shown that PARP inhibition increases sensitivity to a variety of 

chemotherapeutic agents and to ionising radiation and targeted radiotherapy with iodine-

131-labelled meta-iodobenzylguanidine (131I-mIBG), which specifically targets 

neuroendocrine cells expressing the noradrenaline transporter, in preclinical models of NB 

(Norris et al., 2014; Nile et al., 2016).   

PARP inhibitors have been reported to be synthetically lethal in cells with 11q deletions and 

ATM mutations in lymphoid tumours (Weston et al., 2010). Studies in preclinical models of 

NB have also showed that 11q loss confers sensitivity to PARP inhibitors (Sanmartín et al., 

2017; Takagi et al., 2017), further supporting the idea that heterozygous loss of ATM and 

other DDR genes determines sensitivity to PARP inhibition.  

In addition to 11q, PARP inhibition has been shown to enhance RS in MYCN amplified cells, 

leading to increased cell death through replication and mitotic catastrophe as DNA damage 

persists through S phase and mitosis (Colicchia et al., 2017; King et al., 2020).  

Clinical trials in adults have shown that combining PARP inhibitors with conventional 

chemotherapy results in increased haematological toxicity (Zhou et al., 2017), with doses of 

the PARP inhibitor and cytotoxic chemotherapy combination subsequently being reduced. 

This observation was also reflected in the results of a trial combining veliparib with 

temozolomide in paediatric brain tumours (Su et al., 2014), and the results of a trial testing 

talazoparib in combination with irinotecan in refractory or recurrent paediatric solid tumours 

(Federico et al., 2020), where dose limiting gastrointestinal toxicities were also observed due 

to the toxicity profile of irinotecan.  

Results from the ongoing trial of olaparib in combination with irinotecan in children with 

relapsed or refractory tumours with mutations in gene affecting HRR, as part of the European 

Proof of Concept Therapeutic Stratification Trial (ESMART), reported dose limiting  

gastrointestinal or haematological toxicities in 30% of patients (Gatz et al., 2019). Partial 

responses were also confirmed in 3/24 patients, one of whom had NB, and 8/24 patients 

experienced disease stabilisation.   
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For NB (and other paediatric tumours), a reduction in chemotherapy doses when combined 

with a PARP inhibitor might be advantageous in reducing the long term sequelae of these 

drugs, if efficacy is maintained. In addition, current clinical trials give the maximum 

tolerated dose of PARP inhibitor, which may result in a much higher concentration than is 

necessary for enzyme inhibition. Reducing the concentration of inhibitor to a level required 

for maximal inhibition of PARP activity may result in less toxicity.   

Ongoing early phase international clinical trials testing the efficacy of PARP inhibitors for the 

treatment of childhood solid tumours, including NB, are listed in Table 1.5.    

 

Table 1.5: Current paediatric clinical trials investigating PARP inhibitors in neuroblastoma  

  

 
 
 
 
 
 

Inhibitor  Combined 
with   

Disease  Trial 
phase  

Trial number  Expected 
end date 

Status  

Olaparib 
(Astra 
Zeneca) 

N/A Relapsed or 
refractory solid 
tumours, non-
Hodgkin 
lymphoma, or 
histiocytic 
disorders with 
defects in DDR 
genes 

2 NCT03233204 
(Pediatric 
MATCH) 

Sept 
2024 

Recruiting  

 Irinotecan  Relapsed or 
refractory 
tumours with 
molecular 
abnormities 

1/2 NCT02813135 
(E-SMART) 

Jan 2022 Recruiting 

Niraparib  
(Tesaro) 

Dostarlimab 
(PD-1 
inhibitor) 

Recurrent or 
refractory solid 
tumours 

1 NCT04544995 Jul 2030 Recruiting 

https://clinicaltrials.gov/ accessed December 2020 

https://clinicaltrials.gov/
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1.4.2. ATR inhibitors  
 

Many features of cancer cells have been described as synthetically lethal with ATR inhibition, 

such as RS and defects in G1 cell cycle control (Rundle et al., 2017). Four inhibitors of ATR are 

currently being tested in adult clinical trials: Berzosertib (M6620, Merck), M4344 (Merck), 

Ceralasertib (AZD6738, Astra Zeneca) and BAY1895344 (Bayer). There are currently no trials 

of ATR inhibitors in paediatric patients, but an additional arm of the ESMART trial investigating 

ceralasertib in combination with olaparib in paediatric patients is due to open soon.  

NB tumours frequently present with abnormalities which may result in vulnerability to ATR 

inhibition. MYCN amplification and impaired ATM function, which result in defects in G1 cell 

cycle control and RS, are known determinants of sensitivity to ATR inhibitors (Murga et al., 

2011; Toledo et al., 2011; Kwok et al., 2016). Collectively, MYCN amplification and ATM loss 

through allelic 11q deletion are observed in 70-80% of HR-NB tumours (Mlakar et al., 2017) 

suggesting a large group of patients who may benefit from inhibitors of ATR. 

There is some evidence that chemosensitisation by ATR inhibitors relies on a dysfunctional 

p53 pathway, and therefore a defective G1/S checkpoint (Schoppy and Brown, 2012; Karnitz 

and Zou, 2015). Defects in the p53 pathway are rare in NB at diagnosis but abnormalities are 

observed frequently at relapse (Carr-Wilkinson et al., 2010). 

Inhibition of ATR has been shown to mediate sensitivity to PARP inhibitors (Turner et al., 2008; 

Peasland et al., 2011). PARP inhibition results in DNA double strand ends as a result of 

collapsed replication forks in S-phase, which require activity of ATR for repair. ATR inhibition 

has also been shown to overcome acquired resistance to PARP inhibitors (Murai et al., 2016; 

Yazinski et al., 2017). In theory, the combination of PARP and ATR inhibitors should potentiate 

the cytotoxic effects of PARP inhibitors in the treatment of NB.  

It has been suggested that cancer cells which maintain their telomeres by alternative 

lengthening have increased sensitivity to ATR inhibition (Flynn et al., 2015). ALT is commonly 

seen in NB cells which harbour loss of function mutations or intragenic deletions in ATRX 

(Bower et al., 2012; Napier et al., 2015), which is observed in around 25% of stage 4 NB 

tumours (Cheung et al., 2012). However, ALT positive NB cell lines did not show increased 

sensitivity to ATR inhibition (George et al., 2020b), and a previous study suggests ALT is not 

an independent determinant of ATR inhibitor sensitivity (Deeg et al., 2016).  
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The efficacy of the ATR inhibitor clinical candidate from Merck, berzosertib (M6620, formally 

VX-970, Vertex), has been tested alone and in combination with cisplatin and melphalan in a 

range of paediatric solid tumour cell lines and xenograft models, including NB, as part of the 

paediatric preclinical testing programme (Kurmasheva et al., 2018). The results of this study 

showed that M6620 had limited single agent cytotoxicity but potentiated cisplatin and 

melphalan cytotoxicity in most of the cell lines tested, including NB, suggesting that 

combination with ATR inhibitors may increase the efficacy of existing chemotherapeutic 

regimens. 

Further studies are required to identify molecular abnormalities which are predictive of ATR 

inhibitor sensitivity in NB.  

 

1.4.3. CHK1 inhibitors  
 

CHK1 kinase is the direct downstream effector of ATR. Inhibition of CHK1 also selectively 

targets cells with increased RS. Studies in NB cell lines have shown that single agent CHK1 

inhibition is particularly cytotoxic to MYCN amplified cells (Russell et al., 2013; Lowery et al., 

2017; Lowery et al., 2019). CHK1 inhibition also sensitised NB cell lines to irinotecan and 

gemcitabine independent of MYCN status (Xu et al., 2011; Russell et al., 2013). CHK1 inhibitors 

have been in clinical development for many years, but many compounds have been 

discontinued before phase III trials due to toxicities. Two CHK1 inhibitors, SRA737 (Sierra 

Oncology) and Prexasertib (LY2606368; Eli Lilley), are currently being tested in clinical trials. 

Prexasertib is currently being investigated for the treatment of recurrent or refractory 

paediatric solid tumours in a phase 1 clinical trial (NCT02808650).    

 

1.4.4 WEE1 inhibition  
 

WEE1 activity contributes to activation of the S and  G2/M cell cycle checkpoints in response 

to DNA damage (Squire et al., 2005). Single agent WEE1 inhibition with adavosertib was 

shown to be effective in both in vitro and in vivo preclinical NB models, and synergistic with 

the CHK1 inhibitor MK-8776, irinotecan and gemcitabine (Russell et al., 2013).  

Adavosertib is currently the only WEE1 inhibitor in clinical development. Results of a phase 1 

clinical trial investigating adavosertib in combination with irinotecan in relapsed and 
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refractory paediatric solid tumours reported that maximum tolerated doses of adavosertib 

were lower than what can be achieved in adult trials, which the authors suggest may be due 

to the toxicity profiles of the chemotherapy used in combination (Cole et al., 2020). This trial 

has progressed to the phase 2 expansion cohort, including NB, which is ongoing 

(NCT02095132).  

 

1.4.5. ATR and PARP inhibitor combinations  
 

PARP inhibition increases RS, increasing reliance on the ATR signalling pathway. Synergy 

between ATR and PARP inhibitors has been reported in pre-clinical models of several 

different cancers (Schoonen et al., 2019; Kim et al., 2020; Lloyd et al., 2020). These reports 

have prompted investigation of combined PARP and ATR inhibition in the clinic. A summary 

of currently listed adult clinical trials involving a combination of PARP and ATR inhibitors is 

listed in Table 1.6. In addition, a new arm of the ESMART trial investigating ceralasertib in 

combination with olaparib in paediatric solid tumours, including NB, is due to open 

imminently.  
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Table 1.6: ATR and PARP inhibitor combinations currently being investigated in adult clinical 
trials 

ATR 
inhibitor  

PARP 
inhibitor  

Disease  Trial 
phase 

Trail number  Expected 
end date 

Status  

M6620  
(VX-970) 

Veliparib  Refractory solid 
tumours in 
combination with 
cisplatin  

1 NCT02723864 
 

Dec 
2021 

Active, 
not 
recruiting  

AZD6738 Olaparib Head and neck 
squamous cell 
carcinoma (HNSCC) 

1 NCT03022409 Dec 
2020 

Recruiting  

Advanced solid 
malignancies – 
HNSCC, non-small cell 
lung cancer, gastric 
and breast cancer   

1/2 NCT02264678 Jan 2024 Recruiting 

Ovarian high grade 
serous carcinoma  

2 NCT03462342 Dec 
2021 

Recruiting  

Patients with 
tumours harbouring 
mutations in HDR 
genes, including ATM, 
CHK2, APOBEC, 
MRE11 complex 

2 NCT02576444 Dec 
2021 

Active, 
not 
recruiting  

Metastatic triple 
negative breast 
cancer with 
alterations in HRR 
genes  

2 NCT03330847 Mar 
2023 

Recruiting  

Renal cell carcinoma, 
urothelial carcinoma, 
pancreatic ductal 
adenocarcinoma, or 
other metastatic solid 
tumors 

2 NCT03682289 Mar 
2023 

Recruiting  

Relapsed small cell 
lung cancer  

2 NCT03428607 Dec 
2020 

Active, 
not 
recruiting 

BAY 
1895344 
 

Niraparib  Recurrent advanced 
solid tumours and 
ovarian cancer 

1 NCT04267939 May 
2024 

Recruiting  

M4344 Niraparib PARP resistant 
ovarian cancer 

1 NCT04149145 Dec 
2027 

Not yet 
recruiting 
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1.5 Summary and conclusion  
 

Improving survival rates for HR-NB remains a challenge in paediatric oncology. Relapse is 

common and if long term survival is achieved, high risk patients are often left with severe 

sequelae as a result of high dose chemotherapy. New treatment strategies are required 

before survival rates can significantly improve. There are many features of HR-NB which may 

predict sensitivity to DDR inhibitors. Mutation or loss of genes, such as ATM, suggest 

sensitivity to PARP and/or ATR inhibition. The frequent loss of G1 checkpoint control in HR-

NB, by MYCN amplification and p53 pathway loss at relapse, gives rationale for treatment 

with G2 checkpoint targeting agents (ATR, CHK1 and/or WEE1 inhibitors). MYCN-amplified 

tumours may also be vulnerable to ATR inhibition due to oncogene induced RS.  

As well as single agent efficacy, there is mounting evidence to suggest that combining DDR 

inhibitors with conventional chemo- or radiotherapy would permit lower doses to be given 

with the same effect due to sensitisation.    

Exploiting defects in the DDR has the potential to lead to novel therapeutic options for a large 

subset of HR-NB patients.  
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1.6 Hypothesis and aims 
 

Hypotheses:  

1. MYCN amplification, 11q deletion and/or p53 pathway dysfunction will lead to 

sensitivity to ATR and/or PARP inhibitors in NB cell lines.  

2. PARP and ATR inhibition will be synergistic in NB.  

 

Aims:  

1. To identify genetic abnormalities in DDR genes in a panel of NB cell lines with known 

MYCN, 11q and TP53 genetic abnormalities. 

 

2. To determine baseline expression, activity and function of key DDR proteins in the 

panel of NB cell lines 

 

3. To determine which DDR defects are predictive of sensitivity to single agent ATR and 

PARP inhibition in NB 

 

4. To investigate the effect of ATR inhibition on cytotoxicity of conventional 

chemotherapeutic agents  

 

5. To explore the effect of dual ATR and PARP inhibition on cytotoxicity, cell cycle 

progression and RS  

 

 

 

 

 

 

 

 

 

 

 

 



37 
 

Chapter 2: Materials and methods 
 

2.1 Cell culture  
 

2.1.1 Propagation and maintenance of neuroblastoma cell lines 
 

NB cell lines used in this study are listed in Table 2.1. Cell lines were kindly provided by Linda 

Harris (SJNB1), Penny Lovat (SHSY5Y and IMR32), Rogier Versteeg (NGP), Mirco Ponzoni 

(GIMEN), John Lunec (N20_R1), Jean Bénard (SKNAS and IGRN91), Garrett Brodeur (NMB) and 

Michelle Haber (IMR/KAT100). Cell lines were authenticated by karyotyping by Nick Bown and 

colleagues at the Northern Genetics Service (Centre for Life, Newcastle, UK). 

All cell lines were cultured in RPMI-1640 tissue culture media (Sigma-Aldrich) supplemented 

with 10% (v/v) Fetal Calf Serum (Gibco, Life Technologies Ltd), maintained at 37 °C in a 

humidified incubator with 5% CO2 in air, and passaged at >70% confluent. Cells were detached 

from the growth surface by incubating with 1x trypsin-EDTA (Sigma-Aldrich) until dislodged. 

The trypsin was neutralised with equal volume of full media and the resulting cell suspension 

reseeded in fresh tissue culture flasks (Corning Incorporated, New York, USA) at the desired 

number, and made up to the required volume with full media. Cell density after detachment 

was determined using a Haemocytometer (Hawksley, Sussex, UK). Cell lines were routinely 

tested for Mycoplasma using MycoAlert™ detection kit (Lonza, Basel, Switzerland), and 

confirmed to be negative.  
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Table 2.1: Origin of neuroblastoma cell lines used in this study 

Cell line Cell type  Origin Reference  

SHSY5Y 

SHEP 

N 

S  

N and S type subclones of SKNSH cell line. 

Derived from bone marrow of a 4 year old 

female after relapse.  

(Biedler et al., 

1978)  

SKNAS S Derived from a bone marrow metastasis of a 

6 year old female after relapse 

(Helson et al., 

1983) 

SJNB1 N Derived from an adrenal mass of a 2 year old 

male after relapse.   

(Thompson et 

al., 1997) 

GIMEN S Derived from bone marrow of a 2 year old 

female post chemotherapy at relapse. 

(Cornaglia-

Ferraris et al., 

1990) 

NGP N Derived from metastatic lung deposit of 2 

year old male post chemotherapy at relapse.  

(Brodeur et al., 

1977) 

N20_R1 N Generated from NGP cell line by selecting for 

resistance to the MDM2 inhibitor nutlin3  

(Drummond et 

al., 2016) 

NMB N Derived from bone marrow of a 10 month old 

female post chemotherapy at relapse. 

(Brodeur et al., 

1977) 

IMR32 N Derived from an adrenal mass of a 13 month 

old male at diagnosis.  

(Tumilowicz et 

al., 1970) 

KAT100 N Generated from IMR32 cell line by selecting 

for resistance to 100 µg/ml potassium 

antimony tartrate (KAT) 

(Xue et al., 

2007) 

IGRN91 N Derived from bone marrow of an 8 year old 

male post chemotherapy at relapse. 

(Ferrandis and 

Bénard, 1993) 

N: Neuronal, S: substrate adherent  

 

 

2.1.2 MYCN expression regulatable cell lines 
 

Two MYCN regulatable expression cell lines, SHEPTet21N and IMR5/75 shMYCN, were kindly 

provided by Manfred Schwab and Frank Westermann, respectively. These cell lines employ 

tetracycline controlled transcriptional activation systems (Tet expression system) to 

downregulate MYCN expression in the presence of tetracycline, or its derivative doxycycline 

(Dox) (Lutz et al., 1996; Dreidax et al., 2014). 
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2.1.2.1 SHEPTet21N  
 

SHEPTet21N cells are a sub-clone of the non-MYCN amplified SHEP cell line, in which the 

MYCN gene is under the control of the Tet-OFF expression system. In the Tet-OFF expression 

system, the Tet repressor DNA binding protein (TetR), from the tetracycline-resistance operon 

of the E. Coli transposon Tn10, is fused to the strong transactivating domain of the VP16 

protein found in the Herpes Simplex Virus.  The fusion converts the TetR from a transcriptional 

repressor to a strong transcriptional activator (tTA), which regulates expression of genes 

under transcriptional control of a tetracycline-responsive promoter element (TRE). The TRE is 

made up of several identical Tet operator (tetO) sequences fused to the minimal CMV 

promotor. In the absence of tetracycline, or Dox, transcription of the target gene is activated 

by the binding of tTA to the TRE. In the presence of tetracycline, or Dox, expression of the 

target gene is repressed as binding of tetracycline to the tTA prevents it from binding to the 

TRE (Gossen and Bujard, 1992). In the SHEPTet21N cell line, the MYCN gene is expressed 

under the control of the TRE from the pUHD10-3 plasmid (Figure 2.1A) and tTA is coded for 

on pUHD15-1 (Figure 2.1B). In the absence of tetracycline (or Dox) MYCN is highly expressed. 

The addition of Dox prevents transcription from the TRE and MYCN is no longer expressed.  

 

 

Figure 2.1: Maps of plasmids used to generate the SHEPtet21N cell line. A) pUHD10-3 contains the MYCN gene 
under the control of the tetracycline response element (PhCMV*-1). B). pUDH15-1 codes for the tet 
transcriptional activator (tTA). (https://www.zmbh.uni-heidelberg.de/Bujard/Homepage.html) 

https://www.zmbh.uni-heidelberg.de/Bujard/Homepage.html
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2.1.2.2 IMR5/75 shMYCN  
 

The IMR5/75 shMYCN cell line is a MYCN amplified cell line derived from the IMR32 cell line 

containing a stably transfected pT-Rex-DEST30 construct (Figure 2.2A) consisting of a MYCN 

targeting small hairpin RNA (shRNA) under the control of a TRE. In the Tet-ON system, a four 

amino acid change in the TetR DNA binding domain alters the binding characteristics of the 

tTA so that it recognises the tetO sequences in the TRE when Dox is present. Thus, the 

introduction of Dox initiates the transcription of the target gene (Gossen et al., 1995). In this 

cell line, the modified tTA is expressed from the stably transfected pcDNA6/TR plasmid (TetR 

Figure2.2B). The addition of Dox induces the expression of the shRNA which silences MYCN 

expression through RISC mediated RNA interference. In this system, MYCN expression 

recovers quickly after the withdrawal of Dox. 
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2.1.3 Resurrection of cell lines from -150oC stocks  
 

Cells were thawed in a 37oC waterbath and the cell suspension transferred to 25 cm2 tissue 

culture flask containing 3 ml fresh full media and incubated at 37 °C, 5% CO2 in a humidified 

incubator overnight. The media was replaced with fresh full media the following day to 

remove media containing dimethyl sulfoxide (DMSO), from freezing.     

 

Figure 2.2: Maps of plasmids used to generate the IMR5/75 shMYCN cell line. A) pT-Rex-DEST30 codes 
for an shRNA against MYCN under the control of the tetracycline response element (CMV + tetO – red 
oval). B). pcDNA6/TR codes for the modified TetR (red box), generating a Tet-ON expression system. 
Restriction sites have been removed to simplify features. (https://www.addgene.org)    

https://www.addgene.org/
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2.1.4 Freezing cell lines for storage -150oC 
 

Cells at ~70% confluency in a 150 cm2 tissue culture flask were detached as described in 

section 2.1.1, centrifuged at 250 X g and resuspended in 5 ml freezing media containing 10% 

DMSO (v/v) (tissue culture grade, Sigma-Aldrich), 10% FBS (v/v) and 80% full media 

(containing 10% FBS). The cell suspension was aliquoted into 5 cryogenic vials (Nunc cryotube 

vials, Thermo Scientific) and stored at -80oC for 24 hours prior to transfer to -150oC.  

 

2.2 Small molecule inhibitors and chemotherapeutic agents   
 

All drugs used to treat cell lines in this study are listed in Table 2.2. All stocks were stored in 

aliquots of up to 1 ml at -20oC.  

 

Table 2.2: List of small molecule inhibitors and chemotherapeutic agents used in this study 

Drug Type Supplier Reference 

number 

Solvent Stock 

concentration  

VE-821 ATR inhibitor Stratech S8007 DMSO 100 mM 

AZD6738 ATR inhibitor Stratech 

(Astra 

Zeneca) 

B6007-APE DMSO 40 mM 

Olaparib PARP inhibitor Stratech 

(Astra 

Zeneca) 

S1060 DMSO 20 mM 

Doxorubicin Topoisomerase 

II poison 

Sigma 

Aldrich 

D1515 DMSO 100 mM 

Topotecan Topoisomerase 

I poison 

Sigma 

Aldrich 

T2705 DMSO 100 mM 

Temozolomide Alkylating agent  Sigma 

Aldrich 

T2577 DMSO 100 mM 

Doxycycline Antibiotic – 

binds Tet 

repressor 

Sigma 

Aldrich 

D9891 PBS 50 mg/ml  

DMSO: Dimethyl sulfoxide; PBS: phosphate buffered saline 
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2.3 Cytotoxicity assays  
 

2.3.1 XTT cell proliferation assay  
 

The sodium 3´-[1-(phenylaminocarbonyl)-3,4-tetrazolium]-bis(4-methoxy6-nitro)benzene 

sulfonic acid hydrate (XTT) cell proliferation assay (Roche) was used to determine the growth 

inhibitory effect of cytotoxic agents. The XTT assay is a colorimetric assay based on the 

reduction of the yellow tetrazolium salt (XTT) to an orange formazan salt by mitochondrial 

dehydrogenases, in the presence of an electron coupling reagent, in metabolically active cells. 

The number of viable cells directly correlates with the amount of formazan salt formed, which 

is monitored by the absorbance at 450 nM. Before use, the reagents are mixed by combining 

the XTT reagent with the electron coupling reagent in a 50:1 ratio.  

Cells were seeded in 96-well plates (Corning, VWR International Ltd), and allowed to adhere 

overnight. For single agent treatments, drugs were made up at 200x concentration in DMSO 

before diluting 200x to give a final DMSO concentration of 0.5%.  For combination treatments, 

drugs were made up at 400x concentration in DMSO before diluting 400x to give a final 

combined DMSO concentration of 0.5%.  Cells were treated with ATR or PARP inhibitors or 

chemotherapy alone, or in combination for 72 hours. Cells incubated in standard media 

containing 0.5% DMSO were included as positive controls. Wells containing media only were 

included as negative controls (no cell control). 50 µl of mixed XTT reagent was added to each 

well (containing 100 µl media) and incubated for 8-24 hours and absorbance at 450 nm was 

measured using a FLUOstar® Omega microplate spectrophotometer (BMG Labtech, 

Buckinghamshire, UK). Absorbance readings were normalised to no cell control. Percentage 

control growth was determined using the following calculation:  

% control growth = (average absorbance drug treated/average absorbance control) x100  

 

2.3.3 Clonogenic survival assay  
 

Clonogenic survival assays measure the ability of an individual cell to survive and replicate to 

form colonies of >30 cells, or undergo 5 cell doublings, following treatment with a cytotoxic 

agent. It is thought to be the most robust method of measuring cytotoxicity of drug 

treatments. The greater the cytotoxicity the fewer cells survive.  
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Exponentially growing cells were seeded into 6 well plates at varying cell densities and 

incubated for 24 hours at 37°C. Drugs were made up at 200x concentration in DMSO before 

diluting 200x to give a final DMSO concentration of 0.5%. Cells were treated with ATR or PARP 

inhibitors or chemotherapy alone, or in combination for 72 hours. Cells incubated in standard 

media containing 0.5% DMSO were included as controls.  After treatment, cells were washed 

in PBS and incubated for 14-21 days in fresh media until colonies had formed. Colonies were 

fixed with Carnoy’s fixative (methanol/acetic acid, 3:1) or ice cold methanol and stained with 

0.4% (w/v) crystal violet. Colonies were counted manually. Cloning efficiency and cell survival 

were determined using the following calculations:  

 

Cloning efficiency (%) = (number of colonies counted/number of cells seeded) x100  

Cell survival (%) = (cloning efficiency following treatment/ cloning efficiency of DMSO control) 

x100  

 

 

2.4 DNA analysis  
 

2.4.1 DNA extraction  
 

Cell line DNA was extracted using DNeasy Blood and Tissue Kit (QIAGEN) according to the 

manufacturer’s protocol. DNA was eluted with water and stored at 4oC to prevent 

degradation. 

 

2.4.2 DNA quantification 
 

DNA concentration was estimated using a NanoDropTM 2000 spectrophotometer 

(ThermoFisher Scientific). After blanking with 1 μl sterile distilled water, 1 μl DNA sample was 

loaded onto the stage and the absorbance at 260 nm was measured and DNA concentration 

estimated (ng/μl). An average of 3 measurements was taken.  

For whole exome sequencing, DNA concentration was measured by a QubitTM Assay 

(ThermoFisher Scientific) to measure double stranded DNA according to the manufacturer’s 

specification. A master solution was created by diluting QubitTM reagent 1:200 in QubitTM 

buffer. A total volume of 200 μl was prepared for each sample in addition to two standards, 

which were used for calibration. Samples were quantified by taking an average of three 



45 
 

readings measured by a Qubit 3.0 fluorometer (ThermoFisher Scientific) according to the 

manufacturer’s protocol.  

 

2.4.3 SNP array  
 

DNA extracted from cell lines was sent to the Northern Genetics Service for SNP genotyping. 

Data was generated by Angharad Humphreys and Fiona Harding using Infinium CytoSNP-

850k v1.1/1.2 BeadChip array according to the manufacturer’s guideline (Illumina Inc, San 

Diego, CA). Data was returned in the form of a log2-ratio, reflecting the total copy number 

of the segment, and B-allele frequency, reflecting allele proportion, in the form of an 

intensity data (IDAT) file. IDAT files were processed using GenomeStudio (Illumina Inc.), 

according to the user-guide, to generate a final report and analysed using Nexus Copy 

NumberTM (BioDiscovery, Hawthorne, CA) software. Data were normalised to a standard 

reference human genome (hg19) to extract log2-ratio and B-allele frequency.  

 

2.4.4 Targeted next generation sequencing 
 

DNA extracted from the GIMEN, IGRN91, KAT100, NGP, SHSY5Y, SKNAS and SJNB1 cell lines 

was sent to the Northern Genetics Service for targeted next generation sequencing (NGS), 

performed by Angharad Humphreys, on a panel of 38 SIOPEN Biology group agreed genes of 

established or potential significance in NB (Table 2.3). The Illumina Truseq custom amplicon 

kit was used for NGS library preparation and sequenced using the Illumina NextSeq 550. 

Analysis was carried out using Illumina TruSeq Amplicon BaseSpace Amplicon software, 

Illumina Variant Studio software and Alamut® Visual (Interactive Biosoftware, Rouen, 

France).  
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Table 2.3: Neuroblastoma sequencing panel (SIOPEN Biology group agreed gene list) 

ALK CDKN2B MDM2 PTCH1 

ARID1A ERBB2 MDM4 PTEN 

ARID1B FGFR1 MYC PTPN11 

ATM FGFR4 MYCN PTPRD 

ATRX HRAS NF1 TENM2 

BRAF IDH1 NRAS TERT 

CCND1 KRAS PDE6G TP53 

CDK4 MAP2K1 PDGFRA TSC1 

CDK6 MAP2K2 PHOX2B 
 

CDKN2A MAP3K13 PIK3CA 
 

 

In addition to the NB gene list, targeted NGS, performed by Jonathan Coxhead at the 

Newcastle University Genomics Core Facility (Institute of Genetic Medicine), on a panel of 63 

genes of established or potential significance in medulloblastoma (Table 2.4) for all 10 cell 

lines. A custom SureSelect XT Low input kit (Agilent) was used for NGS library preparation, by 

Jemma Castle, and sequenced using the Illumina MiSeq system. Analysis was carried out using 

Illumina TruSeq Amplicon BaseSpace Amplicon software, Illumina Variant Studio software and 

Alamut® Visual (Interactive Biosoftware, Rouen, France). Mutational analysis was performed 

following the genome analysis toolkit (GATK) pipeline v3.5 (do Valle et al., 2016), modified by 

Dr. Matthew Bashton and converted for use on rocket by Dean Thompson. Variants of high 

significance were identified by Dr. Lisa Allison, using the following in silico tools: PolyPhen 

v2.2.2, SIFT v5.2.2 and CAROL (Lopes et al., 2012; Adzhubei et al., 2013; Vaser et al., 2016).  

 

Table 2.4: Medulloblastoma sequencing panel gene list 

ABCA13 CDKN2A FCGBP LTBP4 PRKAR1A TBR1 

AKT1 CDKN2B FLNA MAN2C1 PTCH1 TCF4 

ALPK2 CREBBP GLI2 MDM2 PTEN TERT* 

APC CSNK2B GPS2 MDM4 RYR3 TNXB 

ATM CTDNEP1 GTF3C1 MYCN SHH TP53 

BCOR CTNNB1 KDM6A NBAS SMARCA4 TSC1 

BRCA2 DDX3X KIF26B NEB SMARCB1 TSC2 

CACNA1D EP300 KMT2C NLRP5 SMO ZMYM3 

CBFA2T2 EPPK1 KMT2D OTX2 SNCAIP 
 

CDH7 EYA4 LDB1 PALB2 SPTB 
 

CDK6 FBXW7 LRP1B PIK3CA SUFU 
 

*promoter only 
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2.4.3 Whole exome sequencing  
 

DNA (50 ng) from NGP, N20_R1, IMR32 and KAT100 cell lines was sent to the Newcastle 

University Genomics Core Facility for whole-exome sequencing by Rafiqul Hussain. The Exome 

libraries for sequencing were generated using the Twist Human Core Exome EF Multiplex 

Complete Kit, according to the manufacturer’s protocol. DNA was fragmented to an average 

target size of 200 bp and ligated to adapters. DNA fragments were bound to probes adhered 

to streptavidin-coated magnetic beads, for purification. The exome enriched genomic library 

was loaded onto the Illumina NovaSeq 6000 flow cell (Illumina Inc., San Diego, CA) for paired-

end sequencing according to the manufacturer’s protocol. Around 100 million reads were 

generated, resulting in 100x median haploid coverage per genome. Mutational analysis was 

performed following the genome analysis toolkit (GATK) pipeline v3.5 (do Valle et al., 2016), 

modified by Dr Matthew Bashton. Variants of high significance were identified by Emily 

Beckett, under the supervision of Dr. Alem Gabriel (Beckett, 2019, MRes thesis), using the 

following in silico tools: PolyPhen v2.2.2, SIFT v5.2.2 and CAROL (Lopes et al., 2012; Adzhubei 

et al., 2013; Vaser et al., 2016).   

 

2.5 Protein analysis   
 

2.5.1 Protein extraction and quantification  
 

Cell pellets were collected by using trypsin to detach cells from the tissue culture flask and 

resuspended in media. Cells were pelleted by centrifugation at 250 X g for 5 minutes at 4°C. 

Media was removed and the pellet resuspended in 1 ml PBS. Cells were centrifuged at 250 X 

g for 5 minutes and the PBS removed. Cell pellets were stored at -80oC prior to protein 

extraction.  

Protein was extracted using PhosphoSafe™ Extraction Buffer (Novagen) following the 

manufacturer’s protocol. Cell debris was pelleted by centrifugation for 5 minutes at 16000 x 

g and the supernatant collected. Lysates (supernatant) were either used immediately or 

stored at -20°C until required. Protein concentration was quantified using the Pierce BCA 

protein assay kit (Thermofisher Scientific), a colorimetric assay where the presence of protein 

generates a purple coloured reaction product in a concentration dependent manner. 
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Solutions of bovine serum albumin (BSA) at known concentrations were used to generate a 

standard curve which was used to interpolate the lysate protein concentration. 

 

2.5.2 SDS-PAGE Western blot  
 

The Western blot is a method of analysing protein expression. Proteins are separated by 

polyacrylamide gel electrophoresis (PAGE), where negatively charged proteins are separated 

by size, the smallest travelling the furthest and largest travelling the least. Western blotting 

allows proteins to be detected using antibodies raised to the specific protein or 

phosphorylation site on the protein. Primary antibodies are then bound by horseradish 

peroxidase (HRP)-conjugated secondary antibodies, which amplifies the protein signal and 

oxidises luminol in the enhanced chemiluminescence (ECL) reagent to generate detectable 

low emission light. 

Protein samples were diluted to 40 μg in 4 x XT loading buffer or 4 x Laemmli loading buffer 

(BioRad, Hemel Hempstead, UK) to give the proteins a negative charge, denatured by heating 

to 95°C for 10 minutes and loaded immediately into 3–8% Criterion™ XT Tris-Acetate Protein 

Gel, for proteins up to 300 kDa, or 4–20% Mini-PROTEAN® TGX™ Precast Protein Gel, for 

protein up to 200 kDa (Bio-Rad Laboratories Ltd, Hemel Hempstead, UK).  Proteins were 

separated by electrophoresis at 100-150V using a Criterion™ cell or Mini-PROTEAN Tetra 

vertical electrophoresis cell (BioRad) and transferred onto Hybond-C Extra membrane (GE Life 

Sciences, Little Chalfont, UK) at 100V for 1 hour using a Criterion™ blotter or Mini Trans-Blot 

module (BioRad). Membranes were stained with Ponceau S (Sigma-Aldrich) as a control for 

loading, destained in tris buffered saline, 0.5% tween 20 (TBST) and blocked for 1 hour in 5% 

milk TBST. Proteins were detected using primary antibodies diluted in 5% milk or BSA in TBST 

overnight at 4°C. Details of primary antibodies are provided in Table 2.5. Secondary 

antibodies used are listed in Table 2.6.  Proteins were detected by exposing membranes to 

ECL reagent (Bio-Rad) and imaged using the ChemiDoc imaging system (Bio-Rad). 

Densitometry was performed using ImageJ image analysis software.  
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Table 2.5: Primary antibodies for Western blot analysis 

 

 

 

 

Primary 

Antibody 

Molecular 

Weight 

(kDa) 

Type of antibody Supplier Reference 

Number 

Dilution for 

immunoblotting  

ATR  300  Rabbit polyclonal  CST 2790S 1:500 in 5% BSA 

ATM 350 Rabbit 

monoclonal 

CST 2873S 1:500 in 5% milk 

pATM 

(Ser1981) 

350 Rabbit 

monoclonal 

CST 13050S 1:500 in 5% BSA 

PARP 116 

(cleaved 

109) 

Mouse 

monoclonal 

SCBT sc-8007 1:5000 in 5% 

milk 

PAR 50-250  Mouse 

monoclonal 

SCBT sc-56198 1:1000 in 5% 

milk 

pCHK1 

(Ser345) 

56 Rabbit 

monoclonal 

CST   2348S 1:1000 in 5% 

BSA 

CHK1 56 Mouse 

monoclonal 

SCBT Sc8408 1:1000 in 5% 

milk  

CHK2 61 Mouse 

monoclonal 

SCBT sc-17747 1:1000 in 5% 

milk  

pCHK2 

(Thr68) 

61 Rabbit 

monoclonal 

CST 2197S 1:1000 in 5% 

BSA 

p53 53 Mouse 

Monoclonal  

Leica 

biosystems 

NCL-L-p53-

DO7 

1:1000 in 5% 

milk 

p21 21 Rabbit 

monoclonal  

CST 2947S 1:1000 in 5% 

BSA 

pRPA2 

(ser8)  

32 Rabbit 

monoclonal 

CST 54762S 1:1000 in 5% 

BSA 

γH2AX 18 Rabbit polyclonal CST 2577S 1:1000 in 5% 

BSA 

GAPDH 37 Mouse 

monoclonal 

SCBT sc-47724 1:10000 in 5% 

milk 

CST: cell signalling technology, SCBT: Santa Cruz biotechnology 
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Table 2.6: Secondary antibodies for Western blot analysis 

Secondary antibody Type of 

antibody 

Supplier  Reference 

Number 

Dilution 

Anti-mouse immunoglobulins 

HRP conjugate 

Goat polyclonal Dako P0447 1:2500 

Anti-rabbit immunoglobulins HRP 

conjugate 

Goat polyclonal Dako P0448 1:2500 

Anti-mouse immunoglobulins 

HRP conjugate 

Goat polyclonal Abcam ab6789 1:10000 

Anti-rabbit immunoglobulins HRP 

conjugate 

Goat polyclonal Abcam ab6721 1:10000 

HRP: horse radish peroxidase  

 

 

2.6 Immunofluorescence  
 

Immunofluorescent labelling allows the detection of a protein of interest in its subcellular 

location by using specific primary and fluorophore-conjugated secondary antibodies, which 

are visualised using a fluorescence microscope. Illumination of a fluorophore with 

wavelengths of light in its excitation spectrum causes it to emit light at a different 

wavelength, which is measured by a detector. Multiple target proteins can be visualised in 

the same sample by using different antibodies conjugated to fluorophores with different 

excitation and emission spectra.  

Cells were grown on sterilised coverslips for 24 hours prior to treatment with control vehicle 

(DMSO 0.5%), or 1 μM VE-821 with or without 10 μM olaparib for 24 hours and then fixed in 

4% formaldehyde for 15 minutes at room temperature (RT) and washed 5X with PBS. Cells on 

coverslips were permeabilised with PBS 0.2% triton-X-100 and blocked in PBS 0.2% triton-X-

100 10% goat serum (G6767, Sigma Aldrich), 10% milk, 2% BSA at room temperature for 1 

hour. Coverslips were then incubated with primary antibodies diluted in PBS 0.2% triton-X-

100 10% goat serum, 10% milk, 2% BSA at 4oC overnight. The primary antibody solution was 

removed and coverslips were washed 3 times with PBS 0.2% triton-X-100 before incubating 
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for 1 hour with secondary antibodies, diluted 1:1000 in PBS 0.2% triton-X-100 2% BSA, at RT 

in dark conditions. Coverslips were washed 3 times and incubated with 0.5 µg/ml DAPI in PBS 

0.2% triton-X-100 for 40 minutes at RT in dark conditions. Coverslips were washed again 3 

times before mounting cell side down onto glass microscope slide, with VECTASHIELD® 

Vibrance anti-fade mounting medium (H-1700, Vector Labs, Oxfordshire, UK), and allowed to 

set in dark conditions before imaging. Antibodies used in immunofluorescent imaging are 

listed in Table 2.7. 

Cells were imaged using a Leica DM6 microscope and Leica Application Suite (LAS) X software 

(Leica Microsystems,Wetzlar, Germany). The number of pRPA2S8, γH2AX and RAD51 foci in 

each cell were quantified using ImageJ software (Version 1.52p; Java 1.8.0_172 (64-bit)) 

(Rueden et al., 2017). Total nuclear fluorescence intensity of γH2AX was measured using 

ImageJ software. 

 
 

Table 2.7: Antibodies used for immunofluorescent imaging  

 

 
 

Primary Antibody Type of antibody Supplier Reference 

Number 

Dilution 

pRPA2 (ser8)  Rabbit 

Monoclonal 

CST 54762S 1:400 

γH2AX Mouse 

Monoclonal 

SCBT sc-517348 1:500 

RAD51 Rabbit 

Monoclonal 

CST 8875S 1:250 

Secondary antibody Type of antibody Supplier  Reference 

Number 

Dilution 

Anti-mouse IgG 

alexafluor 594 

conjugate 

Goat polyclonal Invitrogen 

(Thermofisher 

scientific) 

A32742 1:1000 

Anti-rabbit IgG 

alexafluor 488 

conjugate 

Goat polyclonal Invitrogen 

(Thermofisher 

scientific) 

A11008 1:1000 

CST: cell signalling technology, SCBT: Santa Cruz biotechnology 
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2.7 Cell cycle analysis  
 

The cell cycle profile of a population of cells was measured using flow cytometry. The DNA 

content is estimated by measuring the intensity of a quantitative fluorescent DNA stain, such 

as propidium iodine (PI) which was used here. Cells in G1 or G0 phase have 2 copies of each 

chromosome, denoted 2n. Cells that are in G2 phase have 4 copies of each chromosome, 

denoted 4n, as these are separated when the cell divides during mitosis. The fluorescent 

intensity measured from cells with 4n DNA is double that of 2n cells. Cells with DNA between 

2n and 4n are S-phase cells as these are at various stages of DNA synthesis. S phase cells can 

also be identified by incubating cells for a short time period with a nucleotide analogue, such 

as bromodeoxyuridine (BrdU) used here, which gets incorporated into the DNA and can be 

detected with fluorescently labelled antibodies. Cells with less than 2n DNA are classed as 

sub-G1 cells, which is often used to estimate the proportion of apoptotic cells, but can also 

indicate cellular debris (Darzynkiewicz, 2010).  

Cell cycle profiles were first measured by staining with PI alone and confirmed by measuring 

DNA content (PI) and BrdU incorporation to track S phase.  

PI alone: Cells were harvested post-treatment, fixed in ice-cold 70% (v/v) ethanol, and stored 

at -20oC. Prior to analysis, cells were washed with PBS, resuspended in 500 μL PBS with 50 

μg/mL propidium iodide (Sigma-Aldrich) and 50 μg /mL RNAse A (Sigma-Aldrich), and 

incubated at 37 oC for 30 minutes. Samples were analysed on the Attune NxT Flow Cytometer 

using Invitrogen Attune NxT Software (Thermo Fisher Scientific). Data were analysed using 

FlowJoTM (BD Biosciences,Wokingham, UK). 

PI and BrdU: Treated cells were incubated with 30 μM BrdU for 1 hour prior to harvest and 

fixation (as above).  Cells were permeabilised in 0.5 ml 2 N HCl/0.5% Triton X-100, incubated 

30 minutes at RT, then suspended in 0.5 ml 0.1 M sodium tetraborate for 2 min. Cells were 

washed with 150 μl PBS/ 1% BSA and resuspended in 50 μl 0.5% Tween 20/1% BSA/PBS and 

10 μl FITC conjugated anti-BrdU mouse monoclonal antibody (eBioscience™, Fisher Scientific, 

catalogue number: 15516556) and incubate for 1 hour at RT. Cells were then washed once in 

PBS, resuspended in 500 μL PBS with 50 μg/mL propidium iodide (Sigma-Aldrich) and 50 μg 

/mL RNAse A (Sigma-Aldrich), and incubated at 37oC for 30 min. Samples were analysed as 

described above. 
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2.8 Statistics 
 

Where possible, the appropriate statistical tests were performed using GraphPad Prism v8.0 

software and p values < 0.05 were taken to be statistically significant. Combination Index (CI) 

values for evaluation of synergy were determined by the Chou–Talalay method using 

CalcuSyn v2 software (Biosoft, Cambridge, UK). 
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Chapter 3: Characterisation of the DNA damage response in 

neuroblastoma cell lines 
 

3.1 Introduction  
 

HR-NB tumours frequently present with DDR defects including loss or mutation of key DDR 

genes, oncogene-induced RS and cell cycle checkpoint dysfunction.  

Among the most common genetic lesions in NB is allelic loss of chromosome 11q, observed 

in around 30% of tumours (Mlakar et al., 2017). Many DDR proteins are encoded on 11q and 

are included within the smallest region of overlap, including ATM, CHK1, MRE11, and H2AFX. 

In most cases of 11q deletion, there is no mutation or hyper-methylation (silencing) in the 

other allele of these genes (Mandriota et al., 2015), however loss of one copy could contribute 

to tumorigenesis due to haploinsufficiency.  

Expression of MYCN also induces downregulation of ATM by the upregulation of the micro 

RNA, miR-421 (Hu et al., 2010; Mansour et al., 2013). Around 50% of HR-NB tumours have an 

amplification of the MYCN oncogene, which drives proliferation and causes RS (Campbell et 

al., 2017). 11q deletion and MYCN amplification are rarely observed together, but in the 2% 

of cases which carry both abnormalities, the prognosis is especially poor with 5-year overall 

survival reported at 25% (Spitz et al., 2006; Villamón et al., 2013).  

In addition to MYCN amplification, the constitutive activation of ALK, and subsequent 

downstream pathways, has been shown to be involved in cell proliferation, inducing RS, 

migration, and invasion (Bresler et al., 2014). Aberrant ALK activity has been reported through 

ALK amplification, which occurs concurrently with MYCN amplification in around 2-3% of NB 

cases, and ALK mutation, which occurs in around 14% HR-NB cases (Trigg and Turner, 2018). 

ALK activation has been shown to accelerate MYCN driven tumorigenesis in animal models 

(Berry et al., 2012; Zhu et al., 2012), and likely contributes to RS. 

Low frequencies of rare single nucleotide variants (SNVs) in other DDR genes, particularly 

BARD1 and CHEK2, have been identified in NB tumours (Lasorsa et al., 2016; Takagi et al., 

2017), but no difference in prognosis was observed between those with and without DDR-

associated gene alterations (Takagi et al., 2017). Defects in the p53 tumour suppressor 

signalling pathway result in chromosome instability from G1 checkpoint dysfunction 



55 
 

(Massague, 2004). Mutant p53 has also been shown to result in aberrant expression of 

proliferation-driving oncogenes, which could contribute to RS (Freed-Pastor and Prives, 

2012). Many mutations in TP53, which codes for p53, lead to stabilisation of a mutant protein 

which affects wild-type p53 activity in a dominant negative manner (Freed-Pastor and Prives, 

2012). Mutation of TP53 is rare at diagnosis but is observed in up to 15% of relapsed NB 

tumours (Carr-Wilkinson et al., 2010). 

The impact of SNVs or small insertions or deletions (indels) on protein expression and function 

can be difficult to predict and largely depend on the protein domain in which the resulting 

amino acid change(s) reside (Reva et al., 2011; Choi et al., 2012; Sim et al., 2012; Jia and Zhao, 

2017). The introduction of a premature stop codon (nonsense mutation) generally leads to 

loss of mRNA, and subsequent protein, expression through a process known as nonsense 

mediated mRNA decay, but some stop-gain mutations escape degradation and result in 

expression of a truncated protein. 

In this study, defects in the DDR were characterised in a panel of cell lines by targeted next 

generation sequencing, analysis of baseline protein expression and activity, and functional 

analysis of ATR, ATM and p53. The panel of cell lines is listed in Table 3.1 and includes 

previously reported genetic aberrations which may affect the DDR. 

This panel also includes 2 cell line pairs, IMR32 and KAT100, and NGP and N20_R1. The 

KAT100 cell line was generated by selecting for resistance to potassium acyl trifluoroborate 

(KAT) in IMR32 cells, which generated mutations in many drug resistance genes including 

TP53, C135F (Xue et al., 2007). The N20_R1 cell line was generated by selecting for resistance 

to the MDM2 inhibitor nutlin-3 in NGP cells, resulting in two mutations in the TP53 gene, 

P98H and P152T (Drummond et al., 2016). 
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Table 3.1: Cell line reported genetic abnormalities. 

Cell line MYCN 

status 

11q/ ATM status  TP53 

pathway 

Other reported 

DDR defects  

Reference 

SHSY5Y Non-amp No deletion WT CHEK2 (T410fs)* 
ALK (F1174L) 

 

(Ross et al., 1983; 

George et al., 

2008)  

 

SKNAS Non-amp Deletion (MRE11, 

ATM, CHEK1, H2AFX) 

Mutant 

Deletion of 

intron9/exon 

10 

ATR (V2158F) 

RB1 (L477P) 

(COSMIC )  

 

(Van Roy et al., 

2001; 

Goldschneider et 

al., 2006; Takagi 

et al., 2017) 

SJNB1 Non-amp Deletion (MRE11, 

ATM, CHEK1, H2AFX) 

WT  Van Roy et al., 

2001 

GIMEN Non-amp Deletion (MRE11, 

ATM, CHEK1, H2AFX) 

WT BRCA1 (R466Q) 

(COSMIC) 

Van Roy et al., 

2001 

NGP amp Deletion (ATM, CHEK1, 

H2AFX) 

WT 

MDM2 amp 

 (Van Roy et al., 

2001) 

N20_R1 amp Not reported, assume 

same as NGP 

Mutant 

P98H P152T 

MDM2 amp 

 (Drummond et 

al., 2016)  

NMB amp No deletion Mutant 

G245S 

ATM (S1198F) (Goldman et al., 

1996), Van Roy et 

al. 2001, Takagi et 

al. 2017 

IMR32 amp Deletion (ATM, CHEK1, 

H2AFX) 

 

WT ATM (V2716A) 

 

(Tumilowicz et al., 

1970; Mandriota 

et al., 2015) 

Takagi et al. 2017 

KAT100 

 

amp Not reported, assume 

same as IMR32 

Mutant 

C135F 

 (Xue et al., 2007)  

IGRN91 amp No deletion Mutant 

Duplication 

of exons 7-9 

 (Blanc et al., 

2003; 

Goldschneider et 

al., 2004) 

fs: frame shift 

*reported in parental SKNSH cell lines (Sanmartin et al., 2017) 

COSMIC database (Tate et al., 2019) 
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3.2 Chapter aims 
 

The aims of this chapter are as follows: 

1. To identify alterations in genes leading to DDR defects in a panel of 10 HR-NB cell 

lines  

2. To characterise the expression and function of key DDR proteins in a panel of HR-NB 

cell lines  
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3.3 Methods  
 

3.3.1 Cell culture 
 

Cell lines were cultured and maintained as described in section 2.1 

 

3.3.2 Reagents  
  

Doxorubicin and olaparib were used and stored as described in section 2.2.  

 

3.3.3 Determination of cell lines growth rate 
 

To determine cell doubling time, cells were collected and counted every 24 hours for 5 days 

(120 hours) and normalised to the number of cells seeded (t=0). Cell number was logged, and 

doubling time was estimated using the exponential growth function in Graphpad Prism 

version 8 software.  

 

3.3.4 Calculation of optimal seeding density 
 

To determine cell densities for XTT assays, cells were seeded in 96-well plates, as shown in 

Figure 3.1A, and incubated at 37°C for 96 hours. The XTT reagent (Roche) was added 

according to the manufacturer's instructions, incubated for 8-24 hours and absorbance at 600 

nm was measured using a FLUOstar® Omega microplate spectrophotometer (BMG Labtech, 

Buckinghamshire, UK). Absorbance readings were normalised to no cell control and plotted. 

The optimal seeding density was taken as the number of cells seeded before absorbance 

plateaued e.g. 3000 cells per well for SKNAS (Figure 3.1B).  
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3.3.5 Calculation of cloning potential 
 

To calculate cloning potential, 100 exponentially growing cells were seeded into 6 well plates 

in triplicate and incubated until colonies were visible (around 2 weeks) at 37°C. Cloning 

potential was calculated as follows: (average number of colonies counted/ number of cells 

seeded) x100. 

 

3.3.6 DNA extraction 
 

Cell line DNA was extracted using DNeasy Blood and Tissue Kit (QIAGEN) according to the 

manufacturer’s protocol. DNA was quantified as described in section 2.4.2 and stored at 4oC 

to prevent degradation.  

 

Figure 3.1: A) Outline of 96 well plate set up to test optimal seeding density for XTT cell proliferation assay. 
Numbers indicate the number of cells in that well. Phosphate buffered saline (PBS) surrounds wells containing cells 
to maintain humidity. B) Cell density optimisation assay for SKNAS cell line. Blue circle indicates number of cells per 
well used for subsequent experiments.  
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3.3.7 SNP array  
 

DNA extracted from cell lines was sent to the Northern Genetics Service (Centre for Life, 

Newcastle, UK) for SNP genotyping, as described in section 2.4.3. 

 

3.3.8 Targeted sequencing 
 

Targeted NGS was performed as described in section 2.4.4, on a panel of 38 SIOPEN Biology 

group agreed genes of established or potential significance in NB (Table 3.2) for the GIMEN, 

IGRN91, KAT100, NGP, SHSY5Y, SKNAS and SJNB1 cell lines. Targeted NGS was also carried out 

on a panel of 63 genes of established or potential significance in medulloblastoma (Table 3.3) 

for all cell lines.  

 

Table 3.2: Neuroblastoma sequencing panel (SIOPEN Biology group agreed gene list) 

ALK ERBB2 MYC PTPRD 

ARID1A FGFR1 MYCN TENM2 

ARID1B FGFR4 NF1 TERT 

ATM HRAS NRAS TP53 

ATRX IDH1 PDE6G TSC1 

BRAF KRAS PDGFRA 
 

CCND1 MAP2K1 PHOX2B 
 

CDK4 MAP2K2 PIK3CA 
 

CDK6 MAP3K13 PTCH1 
 

CDKN2A MDM2 PTEN 
 

CDKN2B MDM4 PTPN11 
 

 

Table 3.3: Medulloblastoma sequencing panel gene list 

ABCA13 CDKN2A FCGBP LTBP4 PRKAR1A TBR1 

AKT1 CDKN2B FLNA MAN2C1 PTCH1 TCF4 

ALPK2 CREBBP GLI2 MDM2 PTEN TERT* 

APC CSNK2B GPS2 MDM4 RYR3 TNXB 

ATM CTDNEP1 GTF3C1 MYCN SHH TP53 

BCOR CTNNB1 KDM6A NBAS SMARCA4 TSC1 

BRCA2 DDX3X KIF26B NEB SMARCB1 TSC2 

CACNA1D EP300 KMT2C NLRP5 SMO ZMYM3 

CBFA2T2 EPPK1 KMT2D OTX2 SNCAIP 
 

CDH7 EYA4 LDB1 PALB2 SPTB 
 

CDK6 FBXW7 LRP1B PIK3CA SUFU 
 

*promoter only 
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3.3.9 Whole exome sequencing  
 

NGP, N20_R1, IMR32 and KAT100 cell line DNA was sent to the Newcastle University 

Genomics Core Facility (Institute of Genetic Medicine) for whole-exome sequencing by Rafiqul 

Hussain, as described in section 2.4.5. 

 

3.3.10 Western blotting  
 

Baseline cell lysates were collected as described in section 2.5.1. Proteins were separated by 

gel electrophoresis using a 4-20% Tris-acetate or 4-20% Tris-glycine polyacrylamide gel (Bio-

Rad, Hemel Hempstead, UK), transferred onto nitrocellulose and detected using Western 

blotting as described in section 2.5.2. ATR, ATM, pATMS1981, CHK1, pCHK1S345, CHK2, pCHK2T68, 

MYCN, p53, p21, pRPA2S8 and γH2AX were detected using primary antibodies described in 

Table 2.5 and the appropriate HRP-conjugated secondary antibodies. Protein expression was 

measured by chemiluminescence from exposure to ECL detection reagent using a ChemiDoc 

imaging system and bands were quantified using ImageJ software as described in section 

2.5.2. 
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3.4. Results  
 

3.4.1 Doubling time, cloning potential, and seeding densities of NB cell lines  
 

In order to set up cytotoxicity assays, the growth rate (doubling time), cloning efficiency and 

optimal seeding density for XTT for each cell line needed to be established. The cloning 

efficiency, often referred to as plating efficiency, is the percentage of cells seeded which give 

rise to colonies of more than 50 cells and needs to be taken into consideration when analysing 

clonogenic survival data. The optimal seeding density for XTT cell proliferation assay is the 

number of cells seeded in a 96 well plate to give the best XTT absorbance signal without 

reaching plateau following 96 hours incubation (72 hour drug treatment). All these cell lines 

are adherent, and growth rate can be restricted by contact inhibition. Cell lines with faster 

growth rates or volume require fewer cells to be seeded prior to treatment. In addition, cell 

lines with slow growth rates may require longer treatment incubation times. The doubling 

time, cloning efficiency, and optimal seeding density for XTT cell proliferation assay for the 10 

NB cell lines used in this study are reported in Table 3.4.  

 

Table 3.4: The doubling time, cloning efficiency, and optimal seeding density for XTT cell 
proliferation assay of NB cell lines used in this study. 

Cell line Doubling time (hours) Cloning efficiency (%) Seeding density for XTT 
(cells/well) 

SHSY5Y 40.2 50 4000 

SKNAS 51.6 16.9 3000 

SJNB1 29.2 37.17 4000 

GIMEN 25.4 18.25 2000 

NGP 40.7 32 4000 

N20_R1 31.4 33.05 4000 

NMB 62.2 3.83 4000 

IMR32 48.2 22.56 5000 

KAT100 28.6 38.19 4000 

IGRN91 43.9 73.33 4000 
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3.4.2 Genetics  
 

To confirm and extend the previously reported the genetic abnormalities affecting the DDR 

in the panel of cell lines, analysis of segmental chromosome aberrations, by SNP array, and 

targeted panel sequencing was carried out.   

 

3.4.2.1 MYCN amplification and 11q deletion status confirmed by SNP array  
 

The MYCN gene is located on chromosome 2 (2p24.3).  The reported MYCN amplification 

status of the cell lines was confirmed by SNP array analysis. Figure 3.2 shows the SNP trace of 

chromosome 2 for each cell line. The MYCN gene locus is clearly amplified in 6/10 of the cell 

lines studied, the IGRN91, NMB, NGP, N20_R1, IMR32 and KAT100 cell lines (Figure 3.2, red 

arrows), but not the GIMEN, SHSY5Y, SKNAS or SJNB1 cell lines, confirming their previously 

reported MYCN status. In addition to MYCN, the IMR32 and KAT100 cell lines also have an 

amplification of the ALK gene (Figure 3.2, black arrows).  

 

The 11q status of these cell lines was also confirmed by SNP array. The SNP array trace 

confirms allelic deletion and loss of heterozygosity (LOH) of 11q in the SKNAS, GIMEN, IMR32, 

KAT100, NGP and N20_R1 cell lines (Figure 3.3A). SJNB1 have a deletion of whole 

chromosome 11. All 11q deletions included ATM, H2AX and CHK1, but deletion of MRE11 was 

only detected in the SKNAS, SJNB1 and GIMEN cell lines (Figure 3.3B).   

Figure 3.2: Analysis of amplicons on chromosome 2 in a panel of 10 NB cell lines by single nucleotide 
polymorphism (SNP) array using Nexus Copy NumberTM software. Log2 ratio of signal intensities between the cell 
line and normal control. MYCN amplification is confirmed in six cell lines (red arrows), with two also showing ALK 
amplification (black arrows).   
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3.4.2.2 Identification of DDR defects by targeted panel sequencing  
 

To confirm the mutations affecting the DDR in cell lines reported in the literature, cell lines 

were put through 2 sequencing panels. The panels contained genes which had been shown 

Figure 3.3: Analysis of chromosome 11 in a panel of 10 NB cell lines by single nucleotide polymorphisms (SNP) 
array in Nexus copy number. A) Log2 ratio of signal intensities between the cell line and normal control (top) and 
the B-allele frequency indicating genotype (bottom). B) Summary of DDR gene loss on chr11q by cell line.  Red = 
loss, blue=gain.  
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to be of prognostic value or predictive of response in either NB or medulloblastoma. DDR 

mutations discovered in these NB cell lines through targeted sequencing are listed in Table 

3.5.  

 

Table 3.5: Mutations in genes affecting the DNA damage response in NB cell lines 
discovered in this study by targeted panel sequencing  

Gene  Function  Cell line Amino 

acid 

change 

Predicted effect 

on protein 

function 

(PolyPhen, SIFT 

and CAROL) 

Gene panel 

detected in  

ALK Membrane receptor signalling to 

MAPK pathway 

SHSY5Y F1174L Deleterious NB  

ATM DNA damage sensor kinase, 

signals to DNA repair and cell 

cycle arrest 

NMB C532Y Deleterious MB 

IMR32 V2716A Deleterious NB, MB 

IGRN91 Splice 

acceptor 

variant 

Deleterious NB, MB 

BRCA2 Orchestrates DSB repair by HR GIMEN T2515I Deleterious MB 

CREBBP Transcriptional co-activator with 

lysine acetyltransferase activity 

involved in regulation of genes 

involved in the DNA damage 

response  

NGP S139R Likely tolerated  MB 

N20_R1 S139R Likely tolerated  MB 

IMR32 Q1970* Deleterious MB 

KAT100 Q1970* Deleterious MB 

KMT2C Lysine methyltransferase involved 

in epigenetic gene regulation 

SHSY5Y P2467R Deleterious MB 

NMB Y2218S Deleterious MB 

KRAS RAS GTPase, signal transducer in 

the MAPK pathway 

SHSY5Y G12V Deleterious NB 

TP53 Transcription factor involved in 

signalling to cell cycle arrest and 

apoptosis in response to DNA 

damage  

SKNAS R342* Deleterious NB, MB 

NMB G245S Deleterious MB 

N20_R1 P98H Deleterious MB 

N20_R1 P152T Deleterious MB 

KAT100 C135F Deleterious  NB, MB 

*stop codon. NB: neuroblastoma; MB: medulloblastoma. 

 

Targeted sequencing confirmed the reported TP53 mutations in SKNAS, NMB, N20_R1 and 

KAT100 cells. The TP53 mutation in IGRN91 cells was not identified by targeted sequencing, 

which is likely due to the mutation being a duplication of exons 7-9, instead a missense 

mutation. This mutation was originally identified by sequencing TP53 complementary DNA 



66 
 

obtained from the IGRN91 cell line using the Abiprism 377 Sequencer, a gel electrophoresis 

based sequencer (Goldschneider et al., 2004). 

Although the previously reported ATM mutation in IMR32 cells was confirmed (Takagi et al. 

2017), the ATM mutation detected in the NMB cell line by MB panel sequencing differs from 

what was reported (Takagi et al., 2017). Both ATM mutations were predicted to be 

deleterious to protein function. A mutation in a splice acceptor site was identified in the 

IGRN91 cell line in both sequencing panels. Splice site variants impair mRNA splicing and can 

result in exon skipping.  

Other mutations affecting the DDR were confirmed through targeted sequencing. Firstly, 

mutations in ALK and KRAS were identified in the SHSY5Y cell line. These mutations are 

thought to lead to constitutive MAPK signalling, contributing to increased RS. A heterozygous 

mutation in BRCA2 was identified in the GIMEN cell line.  

Deleterious CREBBP mutations were identified in the IMR32 and KAT100 cell line pair. CREBBP 

encodes a transcriptional co-activator which is involved in regulation of genes involved in the 

DDR (Dutto et al., 2018). In addition, mutations in KMT2C, which codes for a lysine 

methyltransferase and is involved in regulation of DDR genes such as BRCA1 and RAD51 

(Rampias et al., 2019), were found in the SHSY5Y and NMB cell lines. 

 

3.4.2.3 Paired cell lines  
 

Included in this panel of NB cell lines are 2 pairs, IMR32 and KAT100, and NGP and N20R1, 

which were generated by selecting for resistance to potassium acyl trifluoroborate (KAT) and 

the MDM2 inhibitor nutlin-3, respectively.  

The copy number abnormalities of the KAT100 and N20_R1 cell lines have not been previously 

reported. Here the segmental chromosome aberrations of each of the paired cell lines was 

analysed by SNP array and the segmental copy number profiles of the daughter cell lines were 

compared to the parental, which are summarised in Table 3.6 (see appendix 1 for full SNP 

array profile images). The copy number profiles of each of the cell lines in the pairs are largely 

similar and focal gene amplifications remained unchanged in the daughter cell lines. The 

difference in copy number loss or gains was greater in the IMR32 cell lines pair than the NGP 

pair, which is likely due to the mechanism of action of the drugs selected against.  
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Table 3.6: Copy number alterations in IMR32 and KAT100, and NGP and N20_R1, cell line 
pairs identified by SNP array. Aberrations specific to one of the pair are in red.  

Cell line Deletion Gain Focal amplifications 

IMR32 1p, 2p, 11q, 16q 1p, 1q, 4q, 8q, 12p, 15q, 17q MYCN, ALK 

KAT100 1p, 11q, 16q 1p, 6q, 7p, 8p, 12p, 15q, 17q MYCN, ALK 

NGP 10q, 11q, 12q, 18p 1q, 2p, 17q, 19 MYCN, CDK4, MDM2 

N20_R1 10q, 11q, 12q, 15q, 18p 1q, 2p, 17q, 19 MYCN, CDK4, MDM2 

IMR32 and KAT100 cell lines were obtained from different sources and therefore may not reflect parental and 
daughter cell line pairs  

 

Whole exome sequencing of these cell line pairs was carried out by Emily Beckett as part of 

an MRes project (Beckett, 2019, MRes Thesis). Analysis of DDR specific mutations revealed 

the extent of the single nucleotide alterations generated by selecting for resistance between 

the parental and the daughter cell lines. The daughter cell lines showed many more cell line 

specific nucleotide changes than the parental. Tables 3.7 and 3.8 outline the mutations which 

are predicted to affect the DDR specific to the parental or daughter cell lines, respectively. 

The presence of mutations in the parental cell line suggests genetic drift during growth and 

passage after the generation of the daughter cell line. For the full list of cell line specific 

mutations from whole exome sequencing see appendix 2. 
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Table 3.7: Mutations in genes predicted to affect the DNA damage response unique to 
Parental cell lines identified by whole exome sequencing 

Cell 
Line 

Genes Codes for AA 
Change 

Variant Effect SIFT class 
(score) 

IMR32 RPRD2 Regulation of nuclear pre-mRNA 
domain-containing protein 2 

S597* stop_gained - 

IMR32 YY1AP1 YY1-associated protein 1 V527F missense_variant Deleterious
(1.000) 

IMR32 ZSWIM6 Zinc finger SWIM domain-
containing protein 6 

R717W missense_variant Deleterious
(1.000) 

IMR32 PDE6A Phosphodiesterase 6A - splice_donor_variant - 

IMR32 PLEKHG
1 

Pleckstrin homology domain-
containing family G member 1 

E55* stop_gained - 

IMR32 ATM** Serine-protein kinase ATM V2716A missense_variant Deleterious
(1.000) 

IMR32 PDE6H Phosphodiesterase 6H - splice_region_varian
t,intron_variant 

- 

IMR32 RNF6 Ring Finger Protein 6 R135I missense_variant Deleterious
(1.000) 

IMR32 IQGAP1 IQ Motif Containing GTPase 
Activating Protein 1 

E1578G missense_variant Deleterious
(1.000) 

IMR32 USP32 Ubiquitin Specific Peptidase 32 A717S missense_variant Deleterious
(0.989) 

*stop codon, ** confirmed by targeted sequencing and previously reported 
IMR32 and KAT100 cell lines were obtained from different sources and therefore may not reflect parental and 
daughter cell line pairs 
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Table 3.8: Daughter cell line specific mutations in genes predicted to affect the DNA damage 
response identified by whole exome sequencing 

Cell 
Line 

Genes Codes for AA 
Change 

Variant Effect SIFT class 
(score) 

KAT100 CEP350 Centrosomal Protein 350 V188F missense_variant Deleterious
(0.989) 

KAT100 ZNF670 Zinc Finger Protein 670 S88* stop_gained - 

KAT100 CEP120 Centrosomal Protein 120 K561E missense_variant Deleterious
(0.999) 

KAT100 MDC1 Mediator Of DNA Damage 
Checkpoint 1 

Q1463H missense_variant Deleterious
(1.000) 

KAT100 RUNX2 RUNX Family Transcription Factor 2 M39R missense_variant Deleterious
(0.999) 

KAT100 FANCG Fanconi anemia group G protein C75* stop_gained - 

KAT100 SRGAP1 SLIT-ROBO Rho GTPase Activating 
Protein 1 

- splice_region_varian
t,intron_variant 

- 

KAT100 PLCB2 Phospholipase C Beta 2 G534V missense_variant,spl
ice_region_variant 

Deleterious
(0.999) 

KAT100 TP53** Tumour suppressor protein 53 C135F missense_variant Deleterious
(1.000) 

KAT100 RBL1 RB Transcriptional Corepressor Like 
1 

L206F missense_variant Deleterious
(1.000) 

N20R1 RFX5 DNA-binding protein RFX5 V565G missense_variant Deleterious
(1.000) 

N20R1 KMT2C Lysine methyltransferase 2C G908C missense_variant Deleterious
(1.000) 

N20R1 DAGLA Diacylglycerol Lipase Alpha S12Y missense_variant Deleterious
(1.000) 

N20R1 CDAN1 Codanin 1  P560Q missense_variant Deleterious
(1.000) 

N20R1 CENPN Centromere Protein N S195I missense_variant Deleterious
(1.000) 

N20R1 TP53** Tumour suppressor protein 53 P152T missense_variant Deleterious
(1.000) 

N20R1 TP53** Tumour suppressor protein 53 P98H missense_variant Deleterious
(1.000) 

N20R1 KHSRP Far upstream element-binding 
protein 2 

R394S missense_variant,spl
ice_region_variant 

Deleterious
(0.989) 

N20R1 ZC3H4 Zinc finger CCCH domain-
containing protein 4 

G431* stop_gained - 

N20R1 ZSCAN5
A 

Zinc finger and SCAN domain-
containing protein 5A 

D270G missense_variant Deleterious
(0.996) 

N20R1 GNAS Guanine nucleotide-binding 
protein G(s) subunit alpha isoforms 
Xlas 

K943N missense_variant Deleterious
(1.000) 

*stop codon, ** confirmed by targeted sequencing and previously reported 
IMR32 and KAT100 cell lines were obtained from different sources and therefore may not reflect parental and 
daughter cell line pairs 
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3.4.3 Baseline expression of key DNA damage response proteins   
 

To explore the effect of genetic alterations on expression of key DDR proteins, baseline 

protein expression of each cell line was examined by Western blot (Figure 3.4). 

 

 
 

Baseline expression of MYCN, PARP1, p53, ATR, CHK1, ATM, and CHK2 proteins was quantified 

for each cell line (Figure 3.5).  

 

 

 

Figure 3.4: Representative images of baseline expression of DNA damage response proteins ATR, ATM, CHK1, 
CHK2, phospho-CHK1S345, phospho-CHK2T68, MYCN, p53, p21, PARP1, phospho-RPA2S8 and γH2AX from 2 
independent Western blot experiments in NB cell lines used in this study. *MYCN amplified, ˆ11q deleted, +ATM 
mutant, †TP53 mutant. Ponceau S stain was used as measure of total protein loading for control.  
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MYCN, ATM and p53 protein expression was analysed by the corresponding genetic status 

(Figure 3.6). MYCN amplified cell lines had a significantly greater level of MYCN protein 

expression than non-amplified cell lines (Figure 3.6A). Interestingly, the SJNB1 cell line had 

high MYCN protein expression in the absence of amplification.  Cell lines with TP53 mutations 

show high levels of stabilised p53 protein (NMB and Kat100) or low levels of p53 protein 

expression (SKNAS, N20R1 and IGRN91) at baseline (Figure 3.4 and 3.5), and as expected, 

there was no significant difference in p53 protein expression between cell lines with or 

without a mutation in TP53 (Figure 3.6B). There was no difference in ATM protein expression 

Figure 3.5: Quantification of baseline expression of DNA damage response proteins MYCN, PARP1, p53, ATR, 
CHK1, ATM, and CHK2 in NB cell lines by Western blot (representative images Figure 3.4). Band intensity was 
normalised to total protein (ponceau S). Dashed line represents median expression of each protein. Data shown 
are mean of 2 independent experiments.  
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between 11q deleted cell lines and those without 11q deletion (Figure 3.6C), MYCN amplified 

and non-amplified 11q deleted cell lines (Figure 3.6D), or with or without a mutation in ATM 

(Figure 3.6E). In addition, there was no difference in CHK1 protein expression between cell 

lines with and without 11q deletion (Figure 3.6F) and no correlation between ATM and CHK1 

protein expression (Figure 3.6G).  

 

Figure 3.6: Protein expression by genetic abnormality. A) Analysis of MYCN protein expression of cell lines by 
MYCN amplification status. B) Analysis of p53 protein expression of cell lines by TP53 mutation status. Analysis 
of ATM protein expression by chromosome 11q deletion status (C), MYCN amplification status in 11q deleted cell 
lines (D) and ATM mutation status (E). F) Analysis of CHK1 protein expression by chromosome 11q deletion 
status and G) Correlation of ATM and CHK1 protein expression. MNA: MYCN amplified. *p<0.05; wt: wild type; 
ns= not significant Mann Whitney U test.   
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As MYCN expression drives proliferation, MYCN amplification status and protein expression 

was correlated with cell doubling time.  There was no difference in cell doubling times 

between MYCN amplified and non-amplified cell lines and no correlation between doubling 

time and MYCN protein expression (Figure 3.7). Interestingly, the MYCN amplified cell lines 

with the slowest doubling times, IMR32 and NMB, also have a mutation in ATM and low ATM 

protein expression.  

 

 

Baseline expression of DDR proteins was correlated with MYCN protein expression (Figure 

3.8). There was strong positive correlation between CHK1 and MYCN expression, and slight 

positive correlation between PARP1 and MYCN expression.   

Figure 3.7: Relationship between MYCN and growth rate. A) Cell doubling time (Table 3.4) analysed by MYCN 
amplification status. No significant difference between groups (Mann Whitney U test, Graphpad Prism version 
8).  B) Correlation of MYCN protein expression in 10 cell lines with cell doubling time. Pearson’s rank (r) was 
tested using Graphpad Prism version 8.   
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3.4.4 Functional analysis of ATM, ATR and p53 
 

To determine if the level of MYCN protein expression correlated with basal levels of RS, DNA 

damage and signalling of that damage through ATR and ATM, baseline RPAS8, H2AXS139 

(γH2AX), CHK1S345 and CHK2T68 phosphorylation was measured (Figure 3.9). None of these 

markers correlated with MYCN protein levels (Figure 3.10). 

 

Figure 3.8: Correlation of MYCN protein expression in 10 cell lines with expression of DDR proteins, 
quantified in Figure 3.5. Pearson’s rank (r) was tested using Graphpad Prism version 8.   
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Figure 3.9: Quantification of baseline expression of phospho-CHK1S345 and phospho-CHK2T68 (markers of ATR and 
ATM activity respectively), γH2AX and phospho-RPA2S8 (markers of RS), in NB cell lines by Western blot 
(representative image Figure 3.4). Band intensity was normalised to total protein (ponceau S). Dashed line 
represents median expression of each protein. Data shown are mean of 2 independent experiments.  

Figure 3.10: Correlation of MYCN protein expression in 10 cell lines with expression of baseline phospho-CHK1S345 
and phospho-CHK2T68 (markers of ATR and ATM activity respectively) and γH2AX and phospho-RPA2S8 (markers 
of RS) quantified in Figure 3.9. Pearson’s rank (r) was tested using Graphpad Prism version 8.   
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The function of ATM and p53 was tested in response to treatment with doxorubicin, a 

topoisomerase II poison which results in double strand breaks (Figure 3.11A and B). The 

function of ATR was tested in response to treatment with the PARP inhibitor olaparib to 

induce RS (Figure 3.11 C). No ATM autophosphorylation or CHK2T68 phosphorylation, markers 

of ATM activity, was observed in the SHSY5Y, IMR32, NMB or IGRN91 cell lines after treatment 

with doxorubicin (Figure 3.11 A), suggesting ATM is not functional in these cells. Induction of 

p21, a direct transcriptional target of p53 and therefore a marker of p53 activity, was not 

observed in the TP53 mutant cell lines, except the IGRN91 cell line which expresses a high 

molecular weight gene product after activation with doxorubicin (consistent with duplication 

of exons 7–9), and retained some function (Figure 3.10 B). ATR activity was observed in the 

majority of MYCN amplified cell lines after treatment with 10 µM olaparib, but not in the non-

amplified SHSY5Y, SKNAS and GIMEN cell lines (Figure 3.11 C).   

Figure 3.11: A) ATM function was determined by phospho-ATMS1981 and phospho-CHK2T68 expression after 
treatment with 1 μM doxorubicin (doxo) for 4 hours. B) p53 function was determined by p53 and p21 
expression after treatment with 1 μM doxo for 24 hours. C) ATR function was determined by phospho-CHK1S345 
expression after treatment with 10 μM olaparib for 24 hours. Representative images of 2 independent 
experiments. *MYCN amplified, ˆ11q deleted, +ATM mutant, †TP53 mutant. 
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3.5 Discussion  
 

In this chapter, the defects in the DDR in a panel of NB cell lines were evaluated by next 

generation sequencing, chromosome copy number analysis and protein expression and 

function. 

 

3.5.1 MYCN amplification is associated with high MYCN protein expression and increased 

replication stress 
 

MYCN amplification was confirmed in 6 out of the 10 cell lines used in this panel by copy 

number analysis of SNP array data. MYCN amplification was associated with increased MYCN 

protein expression. MYCN amplified cell lines also showed increased PARP1 and CHK1 protein 

expression compared to non-amplified cell lines, which may be sufficient to counteract RS, 

thereby limiting the expected increase in RS due to overexpression of MYCN. Correlation 

between PARP1 mRNA and protein expression and MYCN amplification has been reported 

previously (Colicchia et al., 2017). MYCN overexpressing cells have been reported to have 

defective G1 checkpoint arrest (Bell et al., 2006; Ryl et al., 2017), increasing reliance on S and 

G2 phase checkpoints, which can be activated by CHK1 signalling (Smits and Gillespie, 2015). 

Previous studies have shown that MYCN transcriptionally upregulates many genes which 

likely allow the cells to tolerate RS, including CHK1 (Cole et al., 2011; Gu et al., 2015), and 

proteins involved in DSB repair, such as components of the MRN complex (Petroni et al., 2016; 

Petroni et al., 2018), alternative NHEJ (alt-NHEJ) (Newman et al., 2017), and Bloom syndrome 

(BLM) helicase (Chayka et al., 2015). 

 

3.5.2 11q deletion alone does not predict low ATM expression or loss of ATM function  
 

Partial loss of chromosome 11q, including the ATM gene, was observed in 7 of the 10 cell lines 

in this panel by SNP array. However, loss of ATM through 11q deletion was not associated 

with low ATM protein expression (Figure 3.6) or ATM dysfunction in these cell lines (Figure 

3.11A). Mutation in ATM was confirmed in three cell lines, IMR32, NMB and IGRN91. The 

IMR32 and NMB cell lines had low baseline ATM expression and all 3 ATM mutant cell lines 

showed no ATM activation in response to doxorubicin, suggesting that ATM mutation may be 

a better predictor of ATM deficiency than 11q deletion. ATM functions as a homodimer, 

therefore mutation in one allele of ATM is likely to be sufficient to reduce ATM function, due 
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to expression of dominant negative isoforms of ATM protein (Paige, 2003). In contrast to cell 

lines, ATM mutation is rare in NB tumours. Rare SNVs of unknown significance have been 

identified in around 7% tumour samples but were mutually exclusive with 11q deletion 

(Takagi et al. 2017). In MYCN amplified NB, ATM is downregulated by upregulation of micro-

RNA 421 (miR-421) (Hu et al., 2010). Analysis of ATM protein expression in tumour biopsies 

may identify patients with ATM deficient tumours.  

 

3.5.3 TP53 mutation is not associated with low p53 expression or loss of p53 function  
 

In the panel studied here, 5/10 cell lines have a mutation in TP53. Expression level and 

function of p53 protein was also examined, as many mutations in TP53 lead to stabilisation of 

the mutant protein (Freed-Pastor and Prives, 2012). No association between TP53 mutation 

and p53 protein expression was observed in these cell lines, which is expected as some 

mutations, such as those in the DNA binding domain (Kat100 and NMB cell lines), result in 

protein stabilisation due to loss of auto-regulatory degradation pathways. TP53 mutant cell 

lines failed to show p53 activity in response to doxorubicin, except for IGRN91, which 

expresses a high molecular weight gene product and retains some function.  

TP53 mutations are rare in NB at diagnosis but have been reported in around 15% of relapsed 

NB tumours (Carr-Wilkinson et al., 2010; Padovan-Merhar et al., 2016), which is thought to 

contribute to treatment resistance (Keshelava et al., 2000; Tweddle et al., 2001; Xue et al., 

2007). However, WES analysis of two pairs of cell lines generated by selecting for drug 

resistance revealed the acquisition of many new mutations, including TP53. Relapsed NB also 

show numerous genetic changes (Schramm et al., 2015) and it is likely that some of these 

additional mutations also contribute to treatment resistance.  

 

3.5.4 Other mutations affecting the DDR 
 

Other mutations affecting the DDR in these cell lines were identified by targeted sequencing. 

Firstly, an activating KRAS mutation was identified in the SHSY5Y cell line, in addition to an 

ALK mutation, which has been previously reported (George et al., 2008). These mutations are 

thought to lead to constitutive MAPK signalling, contributing to increased RS (Prior et al., 

2012; Bresler et al., 2014). The ALK locus is co-amplified with MYCN in the IMR32 and KAT100 
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cell line pair. ALK amplification correlates with ALK overexpression and activity (Osajima-

Hakomori et al., 2005). Somatic ALK aberration is the most frequent gene alteration in NB, 

with 7-8% of tumours having an ALK mutation and 2-3% amplification (Trigg and Turner, 

2018). Targeting ALK aberrant NB with ALK inhibitors is promising but, as mechanisms of 

acquired resistance to these treatments are emerging, targeting RS may provide alternative 

treatment strategies. 

In addition to a BRCA1 mutation listed on the COSMIC database, a heterozygous mutation in 

BRCA2 was identified in the GIMEN cell line. Loss of function in BRCA1/2 proteins leads to HRR 

deficiency and sensitivity to PARP inhibition (Bryant et al., 2005). However, BRCA mutations 

are very rare in NB and although germline mutations in BRCA1/2 have been identified in 

patients with NB, they are not associated with increased risk of NB development (Brooks et 

al., 2006; Walsh et al., 2017).  

Mutations in epigenetic modifiers affect DNA repair efficiency, leading to genomic instability 

(Karakaidos et al., 2020), and are frequently observed in NB (Durinck and Speleman, 2018).  

In this study, deleterious mutation of the CREBBP gene was identified in the IMR32 and 

KAT100 cell line pair. CREBBP encodes a transcriptional co-activator which is involved in 

regulation of genes involved in the DDR, such as PARP1 and H2AX (Dutto et al., 2018). In 

addition, mutations in KMT2C were discovered in the SHSY5Y and NMB cell lines. KMT2C 

codes for a lysine methyltransferase and is involved in regulation of DDR genes such as BRCA1 

and RAD51, and loss of KMT2C has been associated with increased sensitivity to PARP 

inhibition (Rampias et al., 2019).  

 

3.6 Conclusion  
 

In this chapter, the expression and function of key DDR proteins were characterised and 

compared with genetic status in a panel of 10 NB cell lines. MYCN protein expression was 

shown to be higher in MYCN amplified cell lines but hemizygous ATM loss through 11q 

deletion was not associated with low ATM protein expression or ATM dysfunction unless an 

inactivating ATM mutation was also present. MYCN amplified cell lines also expressed higher 

levels of CHK1 and PARP1 protein. The DDR defects identified here will be used in the 

following chapters to identify markers of ATR and PARP inhibitor sensitivity.  
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Chapter 4: Determinants of ATR inhibitor sensitivity in high risk NB cell 

lines 
 

4.1 Introduction  
 

As described in Chapter 3, the panel of NB cell lines displayed a range of genetic abnormalities, 

expression and function in key DDR components. With inhibitors of ATR kinase progressing 

rapidly through adult clinical trials, robust predictive biomarkers are required to identify 

which patients will benefit from ATR inhibitors in the paediatric setting.  The work described 

in this chapter aimed to explore if the DDR defects identified in the previous chapter predict 

sensitivity to ATR inhibition, using the tool compound VE-821 (Merck) and the clinical 

candidate AZD6738 (Astra Zeneca) for validation.  

Proposed biomarkers of sensitivity to single agent ATR inhibition in other cancers include 

overexpression of oncogenes leading to RS, such as MYC and CCNE1 (cyclin E), and loss of 

function or reduced expression of tumour suppressors which result in dysfunctional G1 cell 

cycle arrest, such as ATM and p53 (reviewed in: (Bradbury et al., 2020)).  

Amplification of the MYCN oncogene is observed in around 50% of HR-NB tumours and is 

associated with increased MYCN protein expression (Chapter 3 and (Santiago et al., 2019)). 

Expression of MYCN has been shown to directly decrease replication fork progression and 

increase fork stalling, a clear indicator of RS (King et al., 2020). MYCN amplified cell lines also 

showed increased ATR activity and CHK1 expression compared to non-amplified cell lines, 

both of which are required to overcome RS. MYCN transcriptionally upregulates many genes 

likely allow tolerance of RS, including CHK1 (Cole et al., 2011; Gu et al., 2015) and proteins 

involved in DSB repair, such as components of the MRE11-RAD50-NBLS1 (MRN) complex 

(Petroni et al., 2016; Petroni et al., 2018), alternative NHEJ (alt-NHEJ) (Newman et al., 2017), 

and Bloom syndrome (BLM) helicase (Chayka et al., 2015).  

MYCN overexpressing cells are reported to have defective G1 checkpoint arrest (Bell et al., 

2006). Impaired G1 checkpoint control in NB can also occur through deficiencies in ATM or 

p53 signalling (Kastan et al., 1992; Hyun and Jang, 2015), which leads to increased RS and 

reliance on the S and G2 checkpoints (Russell et al., 1995; Deckbar et al., 2007; Stolz and 

Bastians, 2013).  
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Partial loss of chromosome 11q, including the ATM gene, occurs in around 30% of NB 

tumours. However, data presented in the previous chapter showed that loss of ATM through 

11q deletion does not correlate with low ATM protein expression or ATM dysfunction in the 

panel of cell lines tested. Therefore, baseline ATM protein expression may be a better 

predictor of ATR inhibitor sensitivity.  

Defects in the p53 tumour suppressor signalling pathway result in G1 checkpoint dysfunction 

and escape from proapoptotic signalling (Massague, 2004). Mutation of TP53, the gene 

encoding p53, is rare at diagnosis but is observed in up to 15% of relapsed NB tumours (Carr-

Wilkinson et al., 2010). In chapter 3, in addition to TP53 mutation status, the expression level 

and function of p53 protein was characterised in the cell line panel, as many mutations in 

TP53 often lead to stabilisation of the mutant protein (Freed-Pastor and Prives, 2012).  

The current proposed markers of ATR inhibitor sensitivity focus on loss of DNA damage 

checkpoint control and oncogenic stress. As ATR is activated in response to RS, high levels of 

endogenous DNA damage or RS may lead to increased sensitivity to ATR inhibition. Baseline 

expression and activity of ATR, as well as other markers of RS including CHK1, phospho-RPA2S8 

and γH2AX were examined in chapter 3. In this chapter, expression of these proteins was 

correlated with sensitivity to ATR inhibition to identify additional predictive biomarkers of 

response to ATR inhibitors.  

 

4.2 Chapter aims 
The aims of this chapter are as follows:  

1. To investigate the role of MYCN in sensitivity to ATR inhibition using two MYCN 

expression regulatable NB cell lines and a panel of NB cell lines with varying genetic 

abnormalities 

2. To determine whether ATM or p53 status confer sensitivity to the ATR inhibitor VE-

821 in a panel of NB cell lines 

3. To investigate whether markers of RS determine sensitivity to VE-821 
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4.3 Methods  
 

4.3.1 Cells and cell culture 

 

The 10 cell lines included in the NB cell line panel have been characterised in detail in chapter 

3 and were cultured and maintained as described in section 2.1 The MYCN expression 

regulatable cell lines SHEPtet21N and IMR5/75 shMYCN were maintained as described for the 

other cell lines but incubated with 1 μg/ml doxycycline for 72 hours for MYCN off states prior 

to experiments.  

 

4.3.2. Reagents  

 

VE-821, AZD6738 and doxycycline were used and stored as described in section 2.2. 

 

4.3.3 Cytotoxicity assays  

 

XTT cell proliferation (Roche) and clonogenic survival assays were carried out as described in 

sections 2.3.  

 

4.3.4 Protein expression analysis  

 

Baseline cell lysates were collected as described in section 2.5.1. Proteins were separated 

using gel electrophoresis using a 4-20% Tris-acetate or 4-20% Tris-glycine polyacrylamide gel 

(Bio-Rad, Hemel Hempstead, UK), transferred onto nitrocellulose and detected using western 

blotting as described in section 2.5.2. ATR, ATM, CHK1, pCHK1S345, CHK2, pCHK2T68, MYCN, 

p53, p21, pRPA2S8 and γH2AX were detected using primary antibodies described in Table 2.5 

and the appropriate HRP-conjugated secondary antibodies. Protein expression was measured 

by chemiluminescence from exposure to ECL detection reagent using a ChemiDoc imaging 

system and bands were quantified using ImageJ software as described in section 2.5.2. 

 

 
 
 
 



83 
 

4.4. Results  
 

4.4.1 Role of MYCN in predicting sensitivity to ATR inhibitors 
 

To examine if MYCN amplification or overexpression would predict sensitivity to ATR 

inhibition, the effect of two ATR inhibitors, VE-821 (Merck) and AZD6738 (Astra Zeneca), was 

investigated in two MYCN expression regulatable cell line models, and a panel of cell lines 

with varied genetic characteristics. 

 

4.4.1.1 Characterisation of MYCN regulatable cell lines  
 

Two MYCN expression regulatable cell lines were obtained, SHEPtet21N (Lutz et al., 1996) and 

IMR5/75 shMYCN (Dreidax et al., 2014), which utilise the tetracycline inducible expression 

system to modulate MYCN expression. The addition of doxycycline, a derivative of 

tetracycline, results in reduced MYCN expression in both these systems.  

SHEPTet21N cells are a sub-clone of the non-MYCN amplified SHEP cell line containing a stably 

transfected tetracycline dependent MYCN expression construct. In the absence of 

tetracycline (or its derivative doxycycline) MYCN is highly expressed. With the addition of 

doxycycline (dox), MYCN expression is completely repressed within 48 hours (Figure 4.1A) 

and remains repressed for at least 120 hours (Figure 4.1B).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1: MYCN protein expression in the SHEPtet21N cell line A) in response to doxycycline 
(dox) 1 µg/ml over 96 hours and B) after dox wash off, cells were pretreated with dox for 72 
hours.   

B) 

 

B) 

A) 

 

A) 
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In contrast, the IMR5/75 shMYCN cell line is a MYCN amplified cell line containing a stably 

transfected construct consisting of a tetracycline inducible MYCN targeting small hairpin RNA. 

The addition of dox activates expression of the shRNA, resulting in around a 40% knockdown 

of MYCN expression after 72 hours (Figure 4.2). For further experiments, this cell line was 

treated with doxycycline every 72 hours as expression of MYCN recovers if left untreated 

(Figure 4.2B).  

 

 

To assess the impact of MYCN expression on the DDR, the expression of key DDR proteins in 

the SHEPtet21N and IMR5/75 shMYCN cell lines was measured in both MYCN high (no dox) 

and MYCN low (with dox) states (Figure 4.3).  

Decreased MYCN expression resulted in decreased expression of ATM, ATR, CHK1 and CHK2 

kinases in both cell lines.  There was also a decrease in ATR and ATM activity (CHK1S345 and 

CHK2T68 phosphorylation respectively) in the MYCN low expression state compared to MYCN 

high expression in both cell lines. In contrast, there was increased expression of p53 and its 

target, the CDK inhibitor p21 in the IMR5/75 shMYCN cell line, indicating an increase in G1 

and S phase cell cycle checkpoint activation.  

 

 

B) 

Figure 4.2: MYCN expression in the IMR5/75 shMYCN in reponse to doxycycline (dox). A) representative 
Western blot image of MYCN expression in response to 120 hours treatment with dox 1 µg/ml over 120 
hours (5 days) B) Quantification of MYCN protein expression at 24 hour timepoints over 96 hours of dox 
treatment. Data are mean ± SEM for 3 independent experiments.  

A) 
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The data with these two cell lines confirm that overexpression of MYCN leads to increased 

expression of ATR and CHK1, and ATM and CHK2, which are required for tolerance of RS and 

DNA repair. 

The doubling time, cloning efficiency, and optimal seeding density for XTT cell proliferation 

assay for these two MYCN protein regulatable cell lines are reported in Table 4.1. Cell 

doubling time was increased when MYCN was reduced in both cell lines. The IMR5/75 

shMYCN cell line did not form colonies so were unable to be used for clonogenic survival 

assay.  

 

Figure 4.3: A) Western blot analysis of baseline expression of key DDR proteins in high (no dox) and low (with 
dox) MYCN states in the SHEPtet21N and the IMR5/75 shMYCN MYCN regulatable cell lines. B) Fold change in 
expression of DDR proteins from baseline (MYCN on) state after the incubation with 1 µg/ml doxycycline for 72 
hours. Data is mean of 2 independent replicates and protein expression was normalised to total protein loaded 
(Ponceau S).   
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Table 4.1: The doubling time, cloning efficiency, and optimal seeding density for XTT cell 
proliferation assay of the MYCN expression regulatable cell lines in MYCN on and MYCN off 
(+ dox) states. 

Cell line Doubling time 

(hours) 

Cloning potential 

(%) 

Seeding density 

(XTT) 

SHEPtet21N (+dox) 34.7 (41.5) 94 (71.9) 2000 

IMR5/75 shMYCN (+dox) 43.2 (174.1) - 4000 

 

 

4.4.1.2 MYCN overexpressing cells are more sensitive to ATR inhibition  

 

To investigate whether expression of MYCN affects the cytotoxicity of ATR inhibition, the 

effect of the ATR inhibitors VE-821 and AZD6738 on cell proliferation was first tested in the 

SHEPtet21N and the IMR5/75 shMYCN cell lines, in both MYCN states, by XTT assay (Figure 

4.4).  

 

 



87 
 

 

Both VE-821 and AZD6738 had a greater growth inhibitory effect in MYCN high expressing 

cells than cells with low MYCN expression, which was most significant at concentrations > 1 

µM.   

Figure 4.4: Effect of ATR inhibition in MYCN regulatable cell lines. Percentage control growth of SHEPtet21N 
and IMR5/75 shMYCN cell lines in response increasing concentrations of A) VE-821 and B) AZD6738 in MYCN 
high and low expression conditions (blue and red lines respectively). Data are mean + SEM of 3 independent 
replicates. *p<0.05, **p<0.01, ***p<0.001 t-test. GI25/50: concentration required to inhibit growth by 25 or 
50% respectively. Kd= knockdown   
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To confirm that MYCN overexpression renders cells sensitive to ATR inhibition, the effect of 

increasing concentrations of VE-821 was tested on survival of SHEPtet21N cells, in both MYCN 

states, by clonogenic survival assay. In contrast to the XTT assay, which measures cell viability 

by metabolic activity, this method measures the ability of single cells to proliferate into 

colonies. Cytotoxicity of VE-821 was greater in cells expressing high levels of MYCN compared 

with those with low MYCN expression (Figure 4.5). 

 

 

To test if MYCN expression determines sensitivity to ATR inhibition in the context of additional 

genetic alterations, sensitivity to VE-821 was tested by XTT cell proliferation assay in the panel 

of 10 NB cell lines with varying genetic abnormalities (characterised in chapter 3).  The growth 

inhibitory effect of VE-821 in these cell lines varied, with the IMR32 (MYCN amplified) cell line 

showing the greatest growth inhibition and the GIMEN (non-MYCN amplified) cell line 

showing the least in response to 10 μM VE-821 (Figure 4.6 A and B).  10 µM VE-821 resulted 

in significantly greater growth inhibition in MYCN amplified cell lines, or cell lines with high 

MYCN protein expression (above median expression, Figure 3.5), than in non-MYCN amplified 

or low expressing cell lines (Figure 4.6 C and D). This was confirmed by clonogenic assay 

(Figure 4.7) and shown not to be associated with cloning potential (Figure 4.7C).  

Figure 4.5: Clonogenic survival of the SHEPtet21N  cell line  in response to  increasing concentrations of 
VE-821 in MYCN high and low conditions (blue and red lines respectively).  Data are mean + SEM of 3 
independent replicates. *p<0.05, **p<0.01, ***p<0.001 t-test. LC50: concentration required to reduce 
survival by 50%. 
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A summary of percentage control growth and survival in response to 10 µM VE-821 is shown 

in Table 4.2. 

 

      

 

 

 

 

 

 

Figure 4.6: A) Effect of increasing concentrations of VE-821 (ATR inhibitor) by XTT cell proliferation assay in 
NB cell lines, data are mean + SEM from at least 3 independent experiments. B)  Sensitivity to 10 µM VE-821 
plotted for each cell line. Bars represent mean +/- SEM from at least 3 independent experiments. Cell lines 
were split into 2 groups based on MYCN amplification status (C) and MYCN protein expression above (high) or 
below (low) median expression (D). Average percentage control growth at 10 µM VE-821 (from B) was plotted 
for cell lines belonging to each group (n=3). *p<0.05, **p<0.01 Mann Whitney U test. MNA: MYCN amplified, 
non-MNA: non-MYCN amplified. 
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Figure 4.7: A) Effect of increasing concentrations of VE-821 (ATR inhibitor) by clonogenic survival assay in NB 
cell lines, data are mean + SEM of  3 independent experiments. B) Sensitivity to 10 µM VE-821 plotted for 
each cell line. Bars represent mean +/- SEM from at least 3 independent experiments. C) % survival to 10 µM 
VE-821 correlated with cloning potential. Cell lines were split into 2 groups based on MYCN amplification 
status (D) and MYCN protein expression above (high) or below (low) median expression (E).  Average survival 
at 10 µM VE-821 (from B) was plotted for cell lines belonging to each group (n=3). *p<0.05, **p<0.01 Mann 
Whitney U test. MNA: MYCN amplified, non-MNA: non-MYCN amplified. 
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Table 4.2: Summary of percentage control growth and survival following treatment with 10 
µM VE-821 for 72 hours 

Cell line 
Percentage of control 

growth 10 µM VE-821   

Percentage survival 

10 µM VE-821 

SHSY5Y 35.62 10.10 

SKNAS 47.39 6.91 

SJNB1 17.19 2.66 

GIMEN 54.31 6.41 

NGP 10.49 1.11 

N20_R1 3.48 1.99 

NMB 27.17 2.22 

IMR32 27.17 0.74 

KAT100 29.93 4.59 

IGRN91 71.45 2.81 

 

 

Inhibition of ATR by VE-821 was confirmed by Western blot analysis of CHK1S345 

phosphorylation in response to 10 µM olaparib, to induce RS, and increasing concentrations 

of VE-821 in 3 cell lines, NGP, SHSY5Y and SKNAS (Figure 4.8). Activity of ATR was reduced 

after treatment with 1 µM VE-821 in all cell lines.  

 

Figure 4.8: ATR inhibition by VE-821.  Western blot analysis of phospho-CHK1S345, CHK1 and ATR in the NGP, 
SKNAS and SHSY5Y cell lines after treatment with 10 μM olaparib with and without 0.3, 1 or 3 μM VE-821 
for 24 hours. GAPDH was used as a control for protein loading. 
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The differential cytotoxicity of ATR inhibition was confirmed in 4 cell lines, SHSY5Y and SKNAS 

(non- MYCN amplified), and NGP and N20_R1 (MYCN amplified), by testing the effect of 

increasing concentrations of AZD6738 by XTT cell proliferation assay (Figure 4.9A). Growth 

inhibition caused by 10 µM AZD6738 and 10 µM VE-821 (% control growth) are strongly 

positively correlated in these 4 cell lines and the MYCN expression regulatable cell lines, 

SHEPtet21N and IMR5/75 shMYCN (Figure 4.9B), suggesting the cytotoxic effect is from ATR 

inhibition and not the result of off-target effects.   

 

 

4.4.2 Role of ATM in determining sensitivity to ATR inhibitors   

 

To determine the role of ATM in sensitivity to ATR inhibition in neuroblastoma, the cytotoxic 

effect of 10 µM VE-821 was examined by 11q deletion status, which includes hemizygous 

deletion of ATM (Figure 3.3), ATM mutation status, ATM protein expression and ATM function 

(Figures 3.5 and 3.11A). There was no significant difference in the cytotoxicity of VE-821 

between cell lines with and without 11q deletion (Figure 4.10A). Cell lines with mutant ATM 

or low ATM expression (below median expression, Figure 3.5) were significantly more 

sensitive to 10 µM VE-821, compared to cell lines which did not have an ATM mutation or 

expressed high levels of ATM, in both XTT cell proliferation and clonogenic survival assays 

(Figure 4.10B and C).  

Figure 4.9: A) Effect of increasing concentrations of AZD6738 (ATR inhibitor) by XTT cell proliferation assay in 
NB cell lines, data are mean + SEM from at least 3 independent experiments. B) Correlation of % control growth 
by 10 µM VE-821 and AZD6738 in cell lines (from A) and MYCN regulatory cell lines (figure 4.4B).   
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As ATM mutation status or protein expression does not always correlate with protein 

function, sensitivity to VE-821 by ATM function (shown in Figure 3.11A) was analysed. Cell 

lines lacking ATM function (no ATMS1981 autophosphorylation and phosphorylation of CHK2T68 

in response to doxorubicin) were significantly more sensitive to 10 µM VE-821 by XTT cell 

proliferation assay (Figure 4.10D) and a similar trend was observed by clonogenic survival 

assay.   
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Figure 4.10: Cell lines were split into 2 groups based on 11q deletion status (A), ATM mutation status (B) ATM 
protein expression above (high) or below (low) median expression (C) and ATM function in response to 1 µM 
doxorubicin (Figure 3.11A) (D). Average % control growth and survival at 10 µM VE-821 (from figures 4.6 and 
4.7 respectively) was plotted for cell lines belonging to each group (n=3). *p<0.05, **p<0.01, ns: not 
significant Mann Whitney U test. 
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4.4.3 Role of p53 in determining sensitivity to ATR inhibitors 

 

To investigate whether p53 loss of function would increase sensitivity to ATR inhibition, we 

analysed the sensitivity of two paired cell lines: IMR32 (p53 wild type) and KAT100 (p53 

mutant), and NGP (p53 wild type) and N20_R1 (p53 mutant), to increasing concentrations of 

VE-821. It must be recognised that as these cells were generated by selecting for resistance 

to drugs, they have additional mutations besides p53, described in chapter 3. 

In the case of these cell line pairs, the p53 mutant cell lines were more resistant to VE-821 

than the p53 wild type ones (Figure 4.11). This is more likely due to these cell lines being 

generally more drug resistant due to the way they were generated. The effect of p53 mutation 

alone on ATR inhibitor sensitivity in NB cannot be determined using these cell lines.  

Figure 4.11: VE-821 dose response curves by XTT cell proliferation and clonogenic survival assay for 
A) IMR32 (p53 wild type) and KAT100 (p53 mutant) and B) NGP (p53 wild type) and N20_R1 (p53 
mutant) paired cell lines. Data are mean + SEM of 3 independent experiments. 
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To further explore the effect of mutant p53 on sensitivity to ATR inhibition, the sensitivity of 

the panel of NB cell lines to 10 µM VE-821 was analysed by TP53 mutation status, p53 protein 

expression and p53 function (Figures 3.5 and 3.11B). There was no significant difference in 

VE-821 sensitivity between TP53 wild type and mutant cell lines, cell lines with high or low 

p53 expression or p53 function in response to doxorubicin (Figure 4.12). 

 

Figure 4.12: Cell lines were split into 2 groups based on p53 mutation status (A), p53 protein expression 
above (high) or below (low) median expression (B) and p53 function in response to 1 µM doxorubicin 
(Figure 11.B) (C). Average % control growth and survival at 10 µM VE-821 (from figures 4.6 and 4.7 
respectively) was plotted for cell lines belonging to each group (n=3). wt: wild type, ns: not significant 
Mann Whitney U test. 
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4.4.4 Role of replication stress in determining sensitivity to ATR inhibitors 

 

RS occurs when cells enter S phase with unrepaired DNA damage or there is a limited supply 

of dNTPs, due to defective G1 arrest or by rapid, erroneous DNA replication, often driven by 

oncogenic signalling, leading to replication fork stalling and collapse. It was hypothesised that 

cell lines with shorter doubling times will have more RS and, therefore the cytotoxic effect of 

ATR inhibition by VE-821 will be greater. In contrast, there was no relationship between cell 

doubling time and percentage control growth (XTT) or survival (clonogenic assay) (Figure 

4.13).  

 

 
 

As ATR is activated in response to RS, we analysed the effect of 10 μM VE-821 on growth 

inhibition and clonogenic survival by baseline protein expression of ATR, CHK1 (downstream 

target of ATR), and ATR activity (CHK1 serine 345 phosphorylation) in a panel of NB cell lines 

(Figures 3.5 and 3.9), as well as CHK1S345 phosphorylation in response to PARP inhibition by 

10 µM olaparib (Figure 3.11C). There was no significant difference in the cytotoxicity of 10 

µM VE-821 between cell lines with high (above median) and low (below median) expression 

of ATR protein (Figure 4.14A). However, when examined by baseline activity of ATR, from 

pCHK1S345 expression, the cytotoxic effect of ATR inhibition by VE-821 was significantly greater 

in cell lines with higher pCHK1S345 (Figure 4.14B). Cytotoxicity of 10 µM VE-821 was also 

significantly greater in cell lines which showed increased ATR activity in response to treatment 

with 10 µM olaparib (Figure 4.14C). In addition, 10 µM VE-821 was significantly more 

cytotoxic to cell lines with high baseline expression of CHK1 (Figure 4.14D). 

Figure 4.13: Sensitivity to 10 µM VE-821 by A) XTT and B) clonogenic survival assays vs. cell doubling 
time.  
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Figure 4.14: Cell lines were split into 2 groups based on ATR protein expression above (high) or below (low) 
median expression (A), CHK1S345 phosphorylation (pCHK1S345) as a measure of baseline ATR activity (B)  
CHK1S345 phosphorylation in response to PARP inhibition by 10 μM olaparib for 24 hours (C) and CHK1 
protein expression above (high) or below (low) median expression (D). Average % control growth and 
survival at 10 µM VE-821 (from Figures 4.6 and 4.7 respectively) was plotted for cell lines belonging to each 
group (n=3). *p<0.05, **p<0.01, ns: not significant Mann Whitney U test. 
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Cytotoxicity of 10 μM VE-821 was also analysed by ATR independent markers of baseline RS 

in a panel of NB cell lines. Histone variant 2AX is phosphorylated in response to DNA damage. 

In the absence of genotoxic agents, histone 2AX phosphorylation (γH2AX) marks endogenous 

DNA damage, resulting from oxidative and replicative stress. However, there was no 

significant difference in growth inhibition or clonogenic survival in response to 10 μM VE-821 

when cell lines were analysed by γH2AX expression (above and below median expression, 

Figure 3.9) and no correlation between baseline expression of γH2AX and sensitivity to VE-

821 (Figure 4.15). 

 

 

Replication protein A (RPA) is another marker of RS. RPA is a trimeric protein which coats 

single strand regions of DNA and recruits ATR via ATRIP. RPA2 (a subunit of RPA) is 

phosphorylated at many sites by ATM, ATR, and DNA-PK, and is phosphorylated at serine 8 

by DNA-PK and ATM (Liu et al., 2012). Cytotoxicity of 10 μM VE-821 in NB cell lines was 

analysed according to baseline expression of phopho-RPA2S8 (pRPA2S8) as a measure of 

Figure 4.15: A) Cell lines were split into 2 groups based on γH2AX protein expression above (high) or below 
(low) median expression. Average % control growth and survival at 10 µM VE-821 (from Figures 4.6 and 4.7 
respectively) was plotted for cell lines belonging to each group (n=3). ns: not significant Mann Whitney U test. 
B) γH2AX protein expression vs.  % control growth and survival at 10 µM VE-821.   
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endogenous RS. There was no significant difference in growth inhibition or clonogenic survival 

after treatment with 10 μM VE-821 when cell lines were analysed by pRPA2S8 expression 

(above and below median expression, Figure 3.9) and no correlation between baseline 

expression of pRPA2S8 and VE-821 cytotoxicity (Figure 4.16A and B).  

 

 

 

 

 

 

 

Figure 4.16: A) Cell lines were split into 2 groups based on phospho-RPA2S8  (pRPA2S8) protein expression 
above (high) or below (low) median expression. Average % control growth and survival at 10 µM VE-821 
(from Figures 4.6 and 4.7 respectively) was plotted for cell lines belonging to each group (n=3). *p<0.05, ns: 
not significant Mann Whitney U test. B) pRPA2S8 protein expression vs.  % control growth and survival at 10 
µM VE-821. 
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4.5 Discussion  

 

The aims of this chapter were to investigate if proposed biomarkers of sensitivity to ATR 

inhibition would determine sensitivity in NB cell lines. The evidence from two MYCN 

expression regulatable cell lines and a panel of 10 cell lines with varied genetic characteristics, 

confirm that MYCN amplification and subsequent overexpression increases sensitivity to the 

ATR inhibitors VE-821 and AZD6738. In addition, VE-821 was significantly more cytotoxic in 

cell lines with low baseline ATM protein expression, high expression of CHK1 protein or high 

levels of CHK1S345 phosphorylation. However, no significant difference in sensitivity to VE-821 

was observed when cell lines were analysed by p53 mutation, protein expression or function.  

 

4.5.1 MYCN amplification and overexpression determines sensitivity to ATR inhibition  

 

There is good evidence that overexpression of proliferation-inducing oncogenes leads to RS 

and dependency on ATR signalling (Kotsantis et al., 2018). In models of Ras- or MYC-driven 

cancer, signalling through these oncogenes has been shown to lead to sensitivity to ATR 

inhibition (Murga et al., 2011; Toledo et al., 2011; Schoppy et al., 2012). Overexpression of 

MYCN has previously been shown to increase replication stress in NB models (Gu et al., 2015; 

Colicchia et al., 2017). Analysis of two MYCN regulatable cell lines showed that MYCN 

overexpression results in increased expression of ATR and its downstream effector CHK1, as 

well as other proteins involved in the DDR such as ATM, CHK2 and p53 (Figure 4.3), which 

likely allows cells to tolerate increased MYCN-induced RS. MYCN overexpressing cells (MYCN 

on) were more sensitive to ATR inhibition by both VE-821 and AZD6738 in both XTT cell 

proliferation and clonogenic survival assays.    

The role of MYCN expression in sensitivity to ATR inhibition was confirmed in a panel of NB 

cell lines with varying genetic features. Amplification of the MYCN gene is associated with 

MYCN protein expression, as shown in chapter 3 (Figure 3.6A). However, a subset of NB 

tumours express high levels of MYCN protein in the absence of gene amplification (Valentijn 

et al., 2012), such as in the SJNB1 cell line (Figure 3.5). When analysed by MYCN amplification 

status, MYCN amplified cell lines were significantly more sensitive to 10 μM VE-821 than non-

amplified cell lines by both XTT and clonogenic assays. Cell lines with high MYCN protein 

expression (above median expression, Figure 3.5), including the SJNB1 cell line, were also 
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significantly more sensitive to 10 μM VE-821 by both assays, suggesting that MYCN protein 

expression may provide a useful predictive biomarker for sensitivity to ATR inhibitors, in 

addition to MYCN amplification status, the latter is screened for at diagnosis.  

George et al. recently reported increased in vitro sensitivity to AZ6738 in MYCN amplified cell 

lines, as well as efficacy in the treatment of the MYCN-driven tumours in the Th-MYCN 

transgenic mouse model, providing further evidence of ATR inhibitor vulnerability in MYCN 

overexpressing tumours (George et al., 2020b).  

 

4.5.2 Markers of ATR activation may provide additional predictive biomarkers for ATR inhibitor 

sensitivity in neuroblastoma  

 

From studies in two MYCN expression regulatable cell lines, overexpression of MYCN results 

in RS and increased expression of ATR and CHK1, suggesting increased reliance on the ATR 

signalling pathway (Figure 4.3). Other causes of replication stress include constitutive 

activation of the RAS-MAPK signalling pathway (Fikaris et al., 2006; Maya-Mendoza et al., 

2015) and hypoxia (Pires et al., 2010). Aberrant RAS pathway signalling is frequent in NB 

caused by activating mutations in BRAF, RAS (KRAS and HRAS), and PTPN11, and inactivating 

mutations in the NF1 tumour suppressor gene (Pugh et al., 2013; Eleveld et al., 2015). In 

addition, constitutive activation of ALK tyrosine kinase receptor, which signals to the RAS-

MAPK pathway, by activating point mutations or amplification of the gene locus, occurs in 

around 10% of NB (Trigg and Turner, 2018). Studies of hypoxia in NB tumours suggest hypoxic 

conditions contribute to the aggressive, malignant phenotype observed in high risk disease 

(Pietras et al., 2008; Zhang et al., 2014; Påhlman and Mohlin, 2018). Measuring endogenous 

RS in tumours that are not MYCN-amplified may identify patients with tumours that may 

respond to treatment with an ATR inhibitor. 

Baseline expression of ATR and CHK1 proteins was measured to quantify endogenous RS, as 

well as phosphorylation of CHK1S345, a marker of ATR activity, histone 2AX and RPA2S8, which 

are markers of DNA double strand breaks and single strand regions of DNA respectively. 

Although there was no significant difference in sensitivity to VE-821 when cell lines were 

grouped by baseline ATR protein expression, when examined by baseline activity of ATR, cell 

lines with high pCHK1S345 expression were significantly more sensitive to ATR inhibition by VE-

821 (Figure 4.12B). Interestingly, cell lines with high baseline expression of CHK1 were 
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significantly more sensitive to 10 µM VE-821 (Figure 4.12 C), suggesting that CHK1 protein 

expression is a better determinant of ATR inhibitor sensitivity than ATR. There was no 

relationship between endogenous γH2AX or pRPA2S8 expression and VE-821 sensitivity in 

these cell lines. Therefore, baseline ATR activity (by measurement of pCHK1S345) and CHK1 

protein expression could be used to identify tumours with high endogenous RS, which are 

likely to respond to inhibition of ATR. 

 
 

4.5.3 Low ATM protein expression and ATM dysfunction determine sensitivity to ATR inhibition 

in neuroblastoma 

 

Studies in adult cancers have identified ATM loss or dysfunction as a marker of sensitivity to 

ATR inhibition (Reaper et al., 2011; Middleton et al., 2015; Kwok et al., 2016; Min et al., 2017; 

Schmitt et al., 2017). The results presented in this chapter confirm that ATM mutation, low 

ATM protein expression or loss of ATM function identify cells with increased sensitivity to ATR 

inhibition in NB.  

ATM loss through partial heterozygous deletion of chromosome 11q did not predict sensitivity 

to ATR inhibition. However, 11q deletion was detected in 7/10 of the cell lines studied here. 

Deletion of 11q is one chromosomal aberration among many in these cell lines, and the 

second ATM allele is unaffected, except in IMR32 which carries an inactivating ATM mutation. 

As shown in chapter 3, ATM function is retained 5/7 cell lines with 11q deletion when 

challenged with 1 μM doxorubicin. In a study of 11q deleted chronic lymphocytic leukaemia, 

a malignancy in which 10-20% of patients present with 11q deletion, mutation in the second 

ATM allele was required to abrogate ATM function in response to ionising radiation, 

fludarabine, and the alkylating agents chlorambucil and cyclophosphamide (Austen et al., 

2007). ATM mutations are rare in NB tumours and have been reported to be mutually 

exclusive with 11q deletion (Takagi et al., 2017) therefore ATM function cannot be 

determined by hemizygous 11q loss alone.  

Interestingly, 2 of the cell lines which showed the greatest sensitivity to VE-821 in both XTT 

and clonogenic assays, NGP and IMR32, have both MYCN amplification and deletion of 11q 

and express low levels of ATM. MYCN amplification and 11q deletion is rarely observed 

together in NB tumours, and identifies a subgroup with worse outcome than MYCN amplified 
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alone (Villamón et al., 2013). In addition to 11q deletion, loss of ATM can occur in MYCN 

amplified NB by upregulation of the ATM targeting micro-RNA, miR-421 (Hu et al., 2010). ATM 

silencing is likely contributing to MYCN-induced RS through impaired DNA DSB signalling and 

repair, making these cells especially vulnerable to ATR inhibition.  

Overall, ATM mutation and reduced ATM function, which can be partially determined by 

protein level, confers sensitivity to ATR inhibition in NB. Measuring ATM protein expression 

in NB tumours, by IHC, may identify patients who might respond to ATR inhibitors.   

 

4.5.4 p53 mutation or dysfunction does not determine sensitivity to ATR inhibition in 

neuroblastoma 

 

Despite some evidence for ATR inhibitor sensitivity in p53 deficient cancers (Kwok et al. 2016), 

no significant difference in sensitivity to VE-821 was observed when analysed by p53 status 

in our panel of NB cell lines. Using two paired cell lines, the p53 mutant cell lines were more 

resistant to VE-821 than the p53 wild type ones (Figure 4.11). However, the cell lines pairs 

used in this study were generated by selecting for resistance, and have gained mutations in 

many genes, including TP53. The effect of the other mutations likely contributes to resistance 

to many other small molecule inhibitors. In NB tumours, mutations in TP53 are rarely 

observed at diagnosis, but are more common at relapse (Carr-Wilkinson et al., 2010), 

suggesting TP53 mutations contribute to treatment resistance and it is likely that tumours will 

have acquired other mechanisms of drug resistance.  

Middleton et al. also demonstrated that defective p53 signalling did not lead to sensitivity to 

VE-821 alone, but the addition of VE-821 showed greater potentiation of gemcitabine and 

ionising radiation induced cytotoxicity in p53 deficient cell lines (Middleton et al., 2018). The 

increased potentiation in the p53 deficient context has also been observed when ATR 

inhibitors have been combined with cisplatin (Reaper et al., 2011; Sangster-Guity et al., 2011), 

temozolomide (Peasland et al., 2011) and topoisomerase I poisons (Jossé et al., 2014). The 

effect of p53 mutations in the potentiation of genotoxic agents by ATR inhibition in NB 

remains to be explored.   
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4.5.5 Limitations  
 

There are a number of limitations to this work. Although many cell lines were examined, they 

were chosen based on their MYCN and TP53 status and 7/10 cell lines had partial 11q loss, 5 

of which were MYCN-amplified, the combination of which is very rare in patients. From this 

data, the effect of 11q loss on sensitivity to ATR inhibition could be masked by the RS caused 

by overexpression of MYCN and therefore the role of 11q loss alone cannot be determined. 

Further work to examine the effect of 11q deletion in the non-MYCN amplified setting would 

be required to rule this out completely.   

Other biomarkers of sensitivity to ATR inhibition which may be important in paediatric solid 

tumours, including NB, include high expression of Piggybac transposable element-derived 

protein 5 (PGBD5) and loss of function mutations in AT-rich interacting domain 1A (ARID1A). 

PGBD5 encodes a DNA transposase and has been shown to be highly expressed in paediatric 

solid tumours, contributing to tumorigenesis by promoting site-specific genomic 

rearrangements and mutations of tumour suppressor genes (Henssen et al., 2017a). PGBD5 

expressing cells were shown to be dependent on NHEJ and the ATM/ATR signalling pathways 

and PGBD5 expressing NB cell lines were significantly more sensitive to the AZD6738 than 

PGBD5 negative cell lines (Henssen et al., 2017b). ARID1A encodes a subunit of the SWI/SNF 

chromatin remodelling complex, a key transcriptional regulator (Mathur, 2018). ARID1A is 

mutated in a wide range of malignancies (Wu et al., 2014) and has been reported in ~5% NB 

tumours (Sausen et al., 2013; Lee et al., 2017). ARID1A loss of function mutation has been 

shown to impair localisation of topoisomerase 2a to chromatin, leading to increased 

topological stress and genome instability, and ARID1A-deficient cells have increased 

sensitivity to ATR inhibition, although the mechanism is unclear (Williamson et al., 2016). 

Further work to assess the role of PGBD5 and ARID1A in sensitivity to ATR inhibition in NB is 

required.  

 

4.6 Conclusions 
 

From the results presented in this chapter, it can be concluded that MYCN overexpression 

leads to increased expression of RS markers and ATR activity. ATR inhibition is more cytotoxic 

to MYCN amplified cells or those with high levels of MYCN protein. ATM mutation and 
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reduced ATM function, which can be partially determined by protein level, also confers 

sensitivity to ATR inhibition in NB. High CHK1 protein expression and ATR activity (CHK1S345 

phosphorylation) also identify cells which may be vulnerable to ATR inhibition. Mutations in 

p53 do not determine sensitivity to single agent ATR inhibitors but may show enhanced 

sensitisation when combined with conventional chemotherapy.  
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Chapter 5: Determinants of PARP inhibitor sensitivity in high risk NB 

cell lines 

 

5.1 Introduction  

 

In the previous chapter, sensitivity to ATR inhibition was analysed by factors involved in the 

RS and cell cycle checkpoint control responses, including MYCN amplification, CHK1 

expression, and ATM and p53 deficiency. With increasing evidence of synergism between ATR 

and PARP inhibitors in pre-clinical models of different cancers (Schoonen et al., 2019; Kim et 

al., 2020; Lloyd et al., 2020), this chapter aimed to examine whether determinants of 

sensitivity to ATR inhibitors also confer sensitivity to PARP inhibition.   

Previous studies in NB have shown the chemo- and radio-sensitising potential of PARP 

inhibitors (Daniel et al., 2009; McCluskey et al., 2012; Mueller et al., 2013; Norris et al., 2014; 

Nile et al., 2016) and PARP inhibitors are currently being evaluated in clinical trials in 

combination with irinotecan or temozolomide for the treatment of paediatric patients with 

advanced solid tumours, including NB as part of the E-SMART (Europe) and paediatric MATCH 

(USA) trials (clinicaltrials.gov: NCT02392793, NCT02813135). Olaparib (Lynparza, 

AstraZeneca) is also being investigated as monotherapy in children with advanced solid 

tumours harbouring mutations in genes affecting HRR (NCT04236414, NCT03155620, 

NCT03233204).  

The best characterised marker of PARP inhibitor sensitivity is BRCA1/2 mutation, which results 

in defective HRR and synthetic lethality with PARP inhibition (Lord and Ashworth, 2017). 

Several PARP inhibitors have received FDA approval for BRCA mutant gynaecological and 

breast cancers, including olaparib, which has also been approved for BRCA mutant prostate 

and pancreatic cancers.  

There is evidence that other DDR defects affecting HRR, such as loss of ATM (Lord and 

Ashworth, 2016), lead to PARP inhibitor sensitivity, particularly in ATM-deficient lymphoid 

(Weston et al., 2010), breast (Gilardini Montani et al., 2013), gastric (Kubota et al., 2014) and 

colorectal (Wang et al., 2017) cancer cell lines.  
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In NB, ATM loss through heterozygous deletion of chromosome 11q is commonly observed. 

Recent studies in preclinical models of NB have shown that 11q loss confers sensitivity to 

PARP inhibitors (Sanmartín et al., 2017; Takagi et al., 2017). In addition to ATM, other DDR 

genes located on 11q, including CHEK1, H2AFX and MRE11, are also deleted, perhaps leading 

to impaired DNA repair.      

In addition to 11q loss, recent studies have shown that PARP inhibition is more cytotoxic to 

NB cells expressing high levels of MYCN (Colicchia et al., 2017; King et al., 2020). MYCN 

amplified tumours have higher PARP1 expression compared to non-MYCN amplified tumours 

(Mueller et al., 2013), suggesting some dependency on PARP1 activity in MYCN amplified cells. 

Inhibition of PARP increases RS in MYCN amplified cells, resulting in increased cell death 

through mitotic catastrophe as these cells enter S-phase with damaged DNA (Colicchia et al., 

2017; King et al., 2020). 

As PARP inhibition has been shown to increase RS in MYCN overexpressing cells, high levels 

of endogenous RS may predict sensitivity to PARP inhibitor induced killing. PARP inhibition 

increases yH2AX foci formation (Michelena et al., 2018), a marker of RS and double strand 

breaks (Gagou et al., 2010; Lyu et al., 2019). Phosphorylation of RPA2, a subunit of the single 

strand DNA binding RPA complex, also marks replication stress (Liu et al., 2012).  

Here, the role of RS on PARP inhibitor cytotoxicity was analysed using baseline expression of 

ATR, CHK1, phospho-RPA2S8 and γH2AX as markers of endogenous RS and DNA damage. 

 

5.2 Chapter aims 

 

The aims of this chapter are as follows: 

1. to investigate the role of MYCN in the sensitivity to PARP inhibition by olaparib  

 

2. to determine whether ATM or p53 status confer sensitivity to olaparib 

 

3. to investigate whether markers of RS, identified as determining sensitivity to ATR 

inhibition, also confer sensitivity to PARP inhibition 
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5.3 Methods  

 

5.3.1 Cells and cell culture 

 

The 10 cell lines included in the NB cell line panel have been characterised in detail in chapter 

3 and were cultured and maintained as described in section 2.1. The MYCN regulatable cell 

lines SHEPtet21N and IMR5/75 shMYCN were maintained as described for the other cell lines 

but incubated with 1 μg/ml doxycycline for 72 hours for MYCN off states prior to experiments.  

 

5.3.2. Reagents  

 

Olaparib, topotecan and doxycycline were used and stored as described in section 2.2. 

 

5.3.3 Cytotoxicity assays  

 

XTT cell proliferation (Roche) and clonogenic survival assays were carried out as described in 

sections 2.3. 

 

5.4.4 Protein expression analysis  

 

Baseline cell lysates were collected as described in section 2.5.1. Proteins were separated 

using gel electrophoresis using a 4-20% Tris-acetate or 4-20% Tris-glycine polyacrylamide gel 

(Bio-Rad, Hemel Hempstead, UK), transferred onto nitrocellulose and detected using Western 

blotting as described in section 2.5.2. PARP1, poly(ADP-ribose) (pADPr) and GAPDH were 

detected using primary antibodies described in Table 2.5 and the appropriate HRP-

conjugated secondary antibodies. Protein expression was measured by chemiluminescence 

from exposure to ECL detection reagent using a ChemiDoc imaging system and bands were 

quantified using ImageJ software as described in section 2.5.2. 
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5.4. Results  

 

5.4.1 Role of MYCN   

 

5.4.1.1 MYCN regulatable cell lines  

 

The effect of MYCN overexpression on PARP inhibitor sensitivity was first analysed in the 

SHEPtet21N and IMR5/75 shMYCN MYCN expression regulatable cell lines described in 

chapter 4 (section 4.4.1.1).  

The growth inhibitory effect of increasing concentrations of the PARP inhibitor olaparib was 

measured in the SHEPtet21N and the IMR5/75 shMYCN cell lines, in both MYCN states, by XTT 

assay (Figure 5.1).  

 

 
 

The growth inhibitory effect of olaparib was greater in MYCN high expressing cells than cells 

with low MYCN expression, which was most significant at concentrations > 1 µM.   

Figure 5.1: Effect of PARP inhibition by olaparib in MYCN expression regulatable cell lines. Percentage 
control growth of A) SHEPtet21N and B) IMR5/75 shMYCN cell lines in response to increasing concentrations 
of olaparib in MYCN high and low conditions (blue and red lines respectively).  Data are mean + SEM of 3 
independent experiments. *p<0.05 t-test.   
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To confirm that MYCN overexpression increases the cytotoxicity of PARP inhibition, the effect 

of increasing concentrations of olaparib on survival of SHEPtet21N cells, in both MYCN states, 

was tested by clonogenic survival assay. Cytotoxicity of olaparib was greater in cells 

expressing high levels of MYCN compared with those with low MYCN expression (Figure 5.2).  

 

 

 

5.4.1.2 Role of MYCN in a panel of cell lines 

 

To test if MYCN expression determines sensitivity to PARP inhibitor induced growth inhibition 

in the context of a more complex phenotype, olaparib-induced growth inhibition was tested 

by XTT cell proliferation assay in a panel of 10 NB cell lines with different genetic 

abnormalities, characterised in chapter 3. 

The growth inhibitory effect of olaparib in these cell lines was varied, with the IMR32 and NGP 

cell lines showing the greatest olaparib-induced growth inhibition and SKNAS cells showing 

the least at 10 μM (Figure 5.3A and B).  Although MYCN amplified cell lines were generally 

more sensitive than non-amplified cell lines, there was no significant difference in the growth 

inhibitory effect of 10 μM olaparib between MYCN amplified and non-amplified cell lines, or 

cell lines with high or low MYCN protein expression (above or below median expression, 

Figure 5.2: Clonogenic survival of the SHEPtet21N  cell line  in response to increasing concentrations 
of olaparib in MYCN high and low conditions (blue and red lines respectively).  Data are mean + SEM 
of 3 independent experiments. *p<0.05, **p<0.01 t-test. 
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figure 3.5), (Figure 5.3 C and D), which was confirmed by clonogenic assay (Figure 5.4) and 

shown not to be associated with cloning potential (Figure 5.4 C). 

A summary of percentage control growth and survival in response to 10 µM olaparib is shown 

in Table 5.1. 

 

 

Figure 5.3: A) Effect of increasing concentrations of olaparib (PARP inhibitor) by XTT cell proliferation assay in NB 
cell lines, data are mean + SEM from at least 3 independent experiments. B) Percentage control growth when 
treated with 10 µM olaparib plotted for each cell line. Bars represent mean +/- SEM from at least 3 independent 
experiments. Cell lines were split into 2 groups based on MYCN amplification (C) and MYCN protein expression 
above (high) or below (low) median expression (D). Average percentage control growth at 10 µM VE-821 (from B) 
was plotted for cell lines belonging to each group. Data are mean of 3 independent experiments. ns: not significant 
Mann Whitney U test. MNA: MYCN amplified, non-MNA: non-MYCN amplified. 
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Figure 5.4: A) Effect of increasing concentrations of olaparib (PARP inhibitor) by clonogenic survival assay in NB 
cell lines, data are mean + SEM of  3 independent experiments. B)  % survival to 10 µM olaparib plotted for each 
cell line. Bars represent mean +/- SEM from at least 3 independent experiments. C) % survival to 10 µM olaparib 
correlated with cloning potential. Cell lines were split into 2 groups based on MYCN amplification status (D) and 
MYCN protein expression above (high) or below (low) median expression (E). Average survival at 10 µM olaparib 
(from B) was plotted for cell lines belonging to each group. Data are mean of 3 independent experiments. ns: not 
significant Mann Whitney U test. MNA: MYCN amplified, non-MNA: non-MYCN amplified. 
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Table 5.1: Summary of percentage control growth and survival following treatment with 10 
µM olaparib for 72 hours 

Cell line Percentage of control 

growth 10 µM olaparib 

Percentage survival 

10 µM olaparib 

SHSY5Y 27.69 5.93 

SKNAS 79.49 29.38 

SJNB1 15.19 0.0001 

GIMEN 52.99 3.56 

NGP 4.84 0.0001 

N20_R1 33.52 1.13 

NMB 29.96 3.33 

IMR32 4.15 0.046 

KAT100 57.92 5.57 

IGRN91 71.65 2.22 

 

PARP inhibition by olaparib was confirmed by Western blot analysis of poly-ADP ribose (PAR) 

in response to 0.5 µM topotecan and increasing concentrations of olaparib in 4 cell lines, 

SHSY5Y, SKNAS, NGP and N20_R1 (Figure 5.5). PAR chain formation was significantly reduced 

after treatment with 0.3 µM olaparib in all cell lines. Additionally, PARP cleavage, a marker of 

apoptosis (Mullen, 2004), was also observed in the SKNAS and NGP cell lines following 

combined topotecan and olaparib treatment (PARP1 lower band).   

Figure 5.5: PARP inhibition by olaparib.  Western blot analysis of PARP1 and poly-ADP ribose (pADPr) chains 
in the NGP, SKNAS and SHSY5Y cell lines after treatment with 0.5 μM topotecan (topo) with and without 
0.1, 0.3 or 1 μM olaparib for 24 hours. GAPDH was used as a control for protein loading. 
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5.4.2 Role of ATM 

 

To examine the role of ATM in sensitivity to PARP inhibition in NB, the cytotoxicity of 10 µM 

olaparib was examined by 11q deletion status, which includes deletion of ATM (Figure 3.3), 

ATM protein expression and ATM function (Figures 3.5 and 3.11A). There was no significant 

difference in the cytotoxicity of 10 µM olaparib between cell lines with and without 11q 

deletion, although only 3/10 cell lines did not have 11q deletion in this panel (Figure 3.3), high 

and low expression of ATM protein (above and below median expression, Figure 3.5), or ATM 

functional status (ATMS1981 autophosphorylation and phosphorylation of CHK2T68 in response 

to doxorubicin, Figure 3.11A) (Figure 5.6).  
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Figure 5.6: Cell lines were split into 2 groups based on 11q deletion status (A), ATM protein expression above 
(high) or below (low) median expression (B) and ATM function in response to 1 µM doxorubicin (C). Average 
% control growth and survival at 10 µM olaparib (from Figures 5.3 and 5.4 respectively) was plotted for cell 
lines belonging to each group. Data are mean of 3 independent experiments. ns: not significant Mann 
Whitney U test. 
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5.4.3 Role of p53 

 

To investigate whether p53 loss of function would increase PARP inhibitor induced growth 

inhibition and cytotoxicity, the sensitivity of two paired cell lines: IMR32 (TP53 wild type) and 

KAT100 (TP53 mutant), and NGP (TP53 wild type) and N20_R1 (TP53 mutant), to increasing 

concentrations of olaparib was measured by XTT cell proliferation and clonogenic survival 

assays. 

For both these cell line pairs, the TP53 mutant cell lines were more resistant to olaparib than 

the TP53 wild-type ones (Figure 5.7). However, as with ATR inhibition (chapter 4, section 

4.4.3) these cell lines are likely to be generally more drug resistant due to the way they were 

generated. The effect of TP53 mutation alone on PARP inhibitor sensitivity in NB cannot be 

determined using these cell lines and would require isogenic pairs.  

Figure 5.7: XTT cell proliferation and clonogenic survival assay of increasing concentrations of olaparib in A) 
IMR32 (p53 wild type) and KAT100 (p53 mutant) and B) NGP (p53 wild type) and N20_R1 (p53 mutant) paired 
cell lines. Data are mean + SEM of 3 independent experiments. 
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To further explore the impact of mutant p53 on cell proliferation and viability in response to 

PARP inhibition, the sensitivity of the panel of NB cell lines to 10 µM olaparib was analysed 

by TP53 mutation status and p53 function (Figure 3.11B). Although TP53 mutant cell lines 

tended to be more resistant to olaparib cytotoxicity, there was no significant difference in 

sensitivity between TP53 wild type and mutant cell lines (Figure 5.8A). In addition, no 

significant difference in olaparib sensitivity was found between cell lines with or without p53 

function in response to doxorubicin (Figure 5.8B). 

 

 

 

 

 

 

Figure 5.8: Cell lines were split into 2 groups based on p53 mutation status (A) and p53 function in response 
to 1 µM doxorubicin (B). Average % control growth and survival at 10 µM VE-821 (from Figures 5.3 and 5.4 
respectively) was plotted for cell lines belonging to each group. Data are mean of 3 independent experiments. wt: 
wild type, ns: not significant Mann Whitney U test. 
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5.4.4 Other markers of sensitivity to PARP inhibitor cytotoxicity  

 

Other proposed markers of PARP inhibitor sensitivity include overexpression of PARP1. To 

determine if PARP1 expression is predictive of sensitivity to PARP inhibition in NB, the 

sensitivity of the panel of NB cell lines to 10 µM olaparib was analysed by PARP1 protein 

expression. Sensitivity to olaparib was not increased in cells with high PARP1 expression. In 

fact, the trend was for cells with lower PARP1 expression to be more sensitive, but this was 

not significant (Figure 5.9).  

 

As PARP inhibition has been shown to increase RS, cells which have high endogenous RS may 

be more sensitive to olaparib cytotoxicity, as further increases could result in intolerable 

levels of RS. When analysed by two ATR independent markers of endogenous RS, 

phosphorylation of H2AXS139 (γH2AX) and RPA2S8 (pRPA2S8), there was no significant 

difference in growth inhibition or clonogenic survival in response to 10 μM olaparib between 

cell lines with high (above median) and low (below median) baseline expression of γH2AX or 

pRPA2S8 (Figure 5.10). 

 

Figure 5.9: Cell lines were split into 2 groups based on PARP1 protein expression high or low (above 
or below median expression, figure 3.5). A) Average % control growth and B) survival at 10 µM VE-
821 (from Figures 5.3 and 5.4 respectively) was plotted for cell lines belonging to each group. Data are 

mean of 3 independent experiments. ns: not significant Mann Whitney U test. 
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The cytotoxicity of 10 μM olaparib was also analysed by baseline protein expression of ATR 

and CHK1, and ATR activity (CHK1 serine 345 phosphorylation) in a panel of NB cell lines. There 

was no significant difference in the cytotoxicity of 10 µM olaparib between cell lines with high 

(above median expression) and low (below median expression) baseline expression of ATR 

protein (Figure 5.11A). However, when examined by baseline activity of ATR, as indicated by 

pCHK1S345, the cytotoxicity of 10 µM olaparib was greater in cell lines with higher endogenous 

pCHK1S345 levels (Figure 5.11B). 10 µM olaparib was also significantly more cytotoxic to cell 

lines with high baseline expression of CHK1 when analysed by clonogenic survival, and a 

similar trend can be seen by XTT cell proliferation (Figure 5.11C). 

 

 

Figure 5.10: Cell lines were split into 2 groups based on A) γH2AX protein expression and B) phospho-
RPA2S8  (pRPA2S8) protein expression above (high) or below (low) median expression. Average % control 
growth and survival following 10 µM olaparib (from Figures 5.3 and 5.4 respectively) was plotted for cell 
lines belonging to each group. Data are mean of 3 independent experiments. ns: not significant Mann 
Whitney U test. 
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Figure 5.11: Cell lines were split into 2 groups based on ATR protein expression above (high) or below (low) 
median expression (A), CHK1S345 phosphorylation (pCHK1S345) as a measure of baseline ATR activity (B) and 
CHK1 protein expression above (high) or below (low) median expression (C). Average % control growth and 
survival at 10 µM olaparib (from Figures 5.3 and 5.4 respectively) was plotted for cell lines belonging to each 
group. Data are mean of 3 independent experiments. *p<0.05, **p<0.01, ns: not significant Mann Whitney 
U test. 
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5.5 Discussion  

 

The aims of this chapter were to investigate if the determinants of sensitivity to ATR inhibition 

identified in the previous chapter would also determine sensitivity to PARP inhibition using a 

panel of NB cell lines.  

In the data presented here, olaparib had the greatest impact on cell proliferation and viability 

in cell lines which had features contributing to or were indicative of RS, MYCN overexpression, 

high levels of ATR activity (CHK1S345 phosphorylation) and high CHK1 protein expression. 

However, there was no correlation between olaparib induced growth inhibition or cell death 

and H2AX or RPA2 phosphorylation. Several previously identified determinants were not 

confirmed here highlighting the complexity and heterogeneity of cancer cells as described 

below. 

 

5.5.1 MYCN amplification/ expression and RS is not associated with increased sensitivity to 

PARP inhibition  

 

Here, MYCN overexpression alone was confirmed to result in increased olaparib cytotoxicity 

in the SHEPtet21N, as well as the IMR5/75 shMYCN cell line models (Figure 5.1).  However, 

when analysed in a panel of 10 cell lines, neither MYCN amplification nor high MYCN protein 

expression was associated with increased olaparib cytotoxicity (Figures 5.3 and 5.4). MYCN 

amplification and subsequent overexpression in NB cell lines has been shown previously to 

result in increased sensitivity to PARP inhibition (Colicchia et al., 2017; King et al., 2020). 

However, in both studies, the researchers utilised the SHEPtet21N MYCN regulatable cell line 

and confirmed the results in a limited number of cell lines. The suggested mechanism behind 

sensitivity to PARP inhibition in cells which express high levels of MYCN is increased 

replication fork stalling, collapse, and subsequent chromosome segregation errors due to 

intolerable levels of RS. King et al. tested the efficacy of olaparib on the growth of MYCN-

driven tumours using the transgenic Th-MYCN mouse model, and found that tumours 

progressed in 2/5 mice treated with olaparib (King et al., 2020). In this model, MYCN is placed 

under the control of the tyrosine hydroxylase promotor which leads to high MYCN expression 

in cells of the neural crest lineage specifically and the development of tumours histologically 

consistent with NB (Weiss et al., 1997). Although there is some debate about the usefulness 
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of this model, as MYCN expression is driven by the TH promoter, not genomic amplification, 

and is therefore not a true representation of MYCN amplified neuroblastoma, it suggests 

there may be some inherent resistance mechanisms to PARP inhibition.  

Although overexpression of MYCN did not independently determine sensitivity to olaparib in 

the panel of cell lines analysed here, PARP inhibition with olaparib was significantly more toxic 

to cell lines which expressed high levels of CHK1 protein or phosphorylated CHK1S345, a marker 

of ATR activity, compared to cell lines with low expression (Figure 5.11). There was a 

significant positive correlation between CHK1 and MYCN protein expression in these cell lines 

(Chapter 3) and cell lines expressing high baseline levels of phosphorylated CHK1S345 are 

mostly MYCN amplified, with the exception of SJNB1, which expresses high levels of MYCN 

protein in the absence of amplification. Therefore, cell lines which express high levels of 

MYCN also expressed high levels of CHK1 and phosphorylated CHK1S345, suggesting that MYCN 

overexpression does increase olaparib cytotoxicity but too few cell lines have been studied 

here to see a significant difference. There was no association between ATR independent 

markers of RS, endogenous γH2AX or pRPA2S8 expression, and olaparib sensitivity in these cell 

lines. 

 

5.5.2 ATM deficiency or p53 loss of function do not determine sensitivity to single agent 

olaparib 

 

In contrast to previous studies, reduced ATM protein expression or function did not result in 

significant increase in olaparib cytotoxicity in the cell lines tested here. Sanmartin et al. also 

observed that not all cell lines with reduced ATM expression responded to single agent 

olaparib treatment (Sanmartín et al., 2017). In 2017, Tagaki et al. showed that NB cell lines 

deficient in functional ATM protein, indicated by the absence of phosphorylated SMC1 after 

2 Gy of ionising radiation, were more sensitive to olaparib than cell lines with functional ATM 

(Takagi et al., 2017), an observation which was also observed in ATM-deficient lymphoid 

(Weston et al., 2010), breast (Gilardini Montani et al., 2013) gastric (Kubota et al., 2014) and 

colorectal (Wang et al., 2017) cell lines.  

Studies in mantle cell lymphoma and gastric and colorectal cancers have suggested that cells 

which are deficient in both ATM and p53 are especially sensitive to PARP inhibition 
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(Williamson et al., 2012; Kubota et al., 2014; Wang et al., 2017).  Defects in p53 are more 

common in these cancer types than in NB, where mutations in TP53 are rarely observed at 

diagnosis. The effect of TP53 mutation and p53 protein function on olaparib cytotoxicity in 

NB was examined here using a panel of NB cell lines, including 2 paired cell lines. TP53 mutant 

cell lines were found to be generally more resistant to olaparib than TP53 wild type cell lines. 

However, the TP53 mutant cell lines were generated by selecting for resistance to other 

agents, N20_R1 (Drummond et al., 2016) and KAT100 (Xue et al., 2007), or established after 

treatment with chemotherapy, NMB (Brodeur et al., 1977), SKNAS and IGRN91 (Thiele, 1999), 

and it is likely that they have acquired other mechanisms of drug resistance, for instance 

increased expression of drug efflux transporters such as MDR1, which is known to contribute 

to PARP inhibitor resistance (Lawlor et al., 2014). The effect of dual ATM and p53 deficiency 

on PARP inhibitor sensitivity in NB needs to be analysed further, as only two TP53-mutant cell 

lines have low ATM expression in this panel.  

Interestingly, the 2 cell lines which shown the greatest sensitivity to olaparib in both XTT and 

clonogenic assays, NGP and IMR32, have both MNA and deletion of 11q and express low levels 

of ATM. These cell lines were also very sensitivity to ATR inhibition (Chapter 4), suggesting 

that MYCN-induced RS, coupled with loss of ATM, render cells extremely sensitive to further 

RS-inducing treatments, such as PARP inhibition.     

Although Sanmartin et al. did not observe increased sensitivity to olaparib treatment alone in 

cells with low ATM expression, they did show that sensitisation of temozolomide or irinotecan 

cytotoxicity by olaparib was greater in cell lines with low ATM expression compared high ATM 

expressing cell lines (Sanmartín et al., 2017). Low ATM has also been shown to lead to greater 

sensitisation of alkylating agents by PARP inhibitors using ATM complemented ataxia-

telangiectasia (AT) cell lines (Carrozza et al., 2009), ATM-/- mouse embryonic fibroblasts (Löser 

et al., 2010) and in ATM mutant chronic lymphocytic leukaemia (CLL) cells (Weston et al., 

2010). Greater sensitisation of irinotecan by PARP inhibition in ATM deficient cells has also 

been observed in gastric cancers (Subhash et al., 2016). These studies suggest that ATM 

deficient tumours may be particularly vulnerable to PARP inhibition in combination with 

conventional chemotherapeutic agents, such as temozolomide and irinotecan, which are 

currently used to treat NB.  
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5.5.3 The relationship between PARP expression/activity and sensitivity to PARP inhibition 
 

High PARP1 expression in NB is associated with high disease stage and worse overall survival 

(Newman et al., 2015; Colicchia et al., 2017; Avitabile et al., 2020). In the current study, high 

PARP1 protein expression in NB cell lines seemed to indicate resistance to olaparib-induced 

growth inhibition or cell death, although this was not statistically significant (Figure 5.9). A 

study in AML patient-derived bone marrow cells also found that PARP1/2 expression did not 

correlate with olaparib sensitivity (Faraoni et al., 2015). However, in small cell lung cancer and 

CLL, high expression of PARP1 correlated with high PARP1 activity, which was associated with 

increased cytotoxicity of PARP inhibition (Byers et al., 2012; Cardnell et al., 2013; Herriott et 

al., 2015). Endogenous PARP activity in this panel of NB cell lines has not been analysed and 

little correlation between PARP1 protein expression and activity in NB cell lines has been 

shown previously (Zaremba et al., 2009). Investigating PARP activity using an assay, such as 

the PARP assay described by (Pfeiffer et al., 1999), or measurement of endogenous PAR levels 

by Western blot or IHC, is required to determine the role of PARP expression/activity in 

determining sensitivity to PARP inhibition in NB cell lines.  

 

5.5.4 Strengths and limitations  

 

The strength of this study is that sensitivity to olaparib induced cytotoxicity has been 

examined in 2 sets of paired cell lines as well as a panel of cell lines with diverse molecular 

characteristics. Using paired cell lines allows the effect of one gene or protein on sensitivity 

to PARP inhibition to be interrogated but will not identify a robust biomarker that can be used 

clinically. Analysing the effect of gene mutations or protein expression level in a panel of cell 

lines shows that the role of one molecular feature is more complex. The relatively small size 

of the cell line panel limits this study, and increasing the number of cell lines may have 

revealed a significant difference in olaparib cytotoxicity between MYCN amplified and non-

amplified cell lines or cell lines with functional and non-functional ATM.  

This study also analysed the function of ATM and p53 using functional read-outs. Although 

the impact of gene mutation on the function of the protein can be predicted from the amino 

acid or domain affected (Reva et al., 2011; Choi et al., 2012; Sim et al., 2012), functional read-

outs allow for definitive characterisation of protein activity.     
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Interestingly, the increased cytotoxicity in cell lines expressing high levels of MYCN and ATR 

pathway activation suggest RS is key to determining response to olaparib. However, when 

analysed using other markers of RS, H2AXS139 and RPA2S8 phosphorylation levels, there was 

no significant difference in the cytotoxicity of olaparib. Correlating endogenous PARP activity 

with these different indicators of RS may indicate why ATR pathway activation is key to 

determining response to PARP inhibition. 

The work presented in this chapter only investigated the effect of one PARP inhibitor, 

olaparib. The mechanism of cytotoxicity of PARP inhibitors has been shown to not only be 

from inhibition of catalytic activity but also from trapping of PARP1/2 on DNA, creating single 

strand DNA intermediates similar to those generated by topoisomerase I poisons (Ström et 

al., 2011; Murai et al., 2012; Pommier et al., 2016). Clinical PARP inhibitors show a range of 

PARP trapping ability (trapping from least to most potent): veliparib < olaparib/ rucaparib < 

niraparib < talazoparib (Pommier et al. 2016). King et al. showed that talazoparib is more 

potent and more cytotoxic than olaparib or veliparib in both MYCN amplified and non-

amplified cell lines (King et al. 2020). The trapping ability of the different PARP inhibitors must 

be considered when evaluating the efficacy of PARP inhibition in NB, especially in combination 

with other genotoxic agents. Clinical PARP inhibitors also have different toxicity profiles 

(LaFargue et al., 2019), which may influence the choice of inhibitor when it comes to 

combination therapy. 

This chapter focused on evaluating the effect of determinants of ATR inhibition in NB, 

identified in chapter 4, on sensitivity to PARP inhibition and, although there is rationale for 

using markers such as MYCN and ATM expression as determinants of PARP inhibitor 

sensitivity, many of the previously validated biomarkers of sensitivity to PARP inhibitors in 

other tumours, such mutations affecting HRR, have not been evaluated here.   

Other proposed markers of PARP inhibitor sensitivity include expression of SLFN11 and 

mutations in ATRX or ARID1A. SLFN11 is a nuclear restriction factor which blocks replication 

forks and induces cell death in response to RS (Murai et al., 2019). SLFN11 expression is 

associated with sensitivity to PARP inhibitors, whereas lack of expression is associated with 

resistance across cancer types (Murai et al., 2016). SLFN11 has yet to be evaluated in NB but 

is now being considered as a pan-cancer biomarker of sensitivity to PARP inhibitors and DNA 

damaging agents. 
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ATRX and ARID1A are components of the SWI/SNF chromatin remodelling complex. Mutation 

or deletion of ATRX is reported in around 11% of NB and is associated with older age and an 

indolent but fatal disease course (Cheung et al., 2012).  Recently, George et al. identified that 

ATRX mutant cell lines were deficient in HRR and were more sensitive than wild type cell lines 

to the PARP inhibitors talazoparib, olaparib and rucaparib following a high throughput drug 

screen (George et al., 2020a). ARID1A mutations have been reported in around 5% of NB 

tumours (Sausen et al., 2013; Lee et al., 2017). ARID1A deficiency has been shown to lead to 

DNA double strand break repair deficiency and increased olaparib-induced cytotoxicity in 

isogenic cell lines (Park et al., 2019). Further investigation of the role of ATRX and ARID1A in 

PARP inhibitor sensitivity in NB may provide additional markers of PARP inhibitor sensitivity. 

 

5.6 Conclusion 

 

From the results presented in this chapter, it can be concluded that high CHK1 protein 

expression and ATR activity (CHK1S345 phosphorylation) may identify cells which are 

vulnerable to PARP inhibition. Overexpression of MYCN increases sensitivity to olaparib when 

analysed in MYCN expression regulatable cell lines but did not determine sensitivity when 

analysed in a panel of NB cell lines with varied genetic characteristics. In addition, reduced 

ATM expression or p53 mutation did not determine sensitivity to single agent olaparib 

inhibitors in the panel of cell lines studied here. It may be that in the context of complex 

genetic alterations, cells may have acquired a spectrum of features leading to resistance, as 

well as sensitivity, to these inhibitors, making it difficult to predict response.  
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Chapter 6: Exploring ATR inhibition in combination with conventional 

chemotherapeutic agents and PARP inhibition 
 

6.1 Introduction  
 

In the previous chapters, RS and increased signalling through ATR, caused by MYCN 

overexpression or loss of DNA damage signalling through ATM, was identified as a 

determinant of sensitivity to ATR inhibition and may increase sensitivity to PARP inhibition. 

Conventional chemotherapeutic agents, such as temozolomide and topotecan currently used 

to treat NB, increase RS and therefore reliance on ATR signalling (Zhang et al., 2016). 

Temozolomide is an alkylating agent which leads to accumulation of O6-methylguanine 

(O6MeG), N7-methylguanine (N7MeG) and N3-methyladenine (N3MeA) lesions, which are 

removed by base excision repair (BER), generating transient SSB (Fu et al., 2012). Failure to 

remove these lesions blocks DNA replication and activates ATR (Jackson et al., 2019). 

Topotecan is a topoisomerase I (Top1) poison, which traps Top1 on the DNA, forming 

persistent Top1 cleavage complexes resulting in an increase in unrepaired Top1 induced 

single strand breaks (Staker et al., 2002). Collision between Top1 cleavage complexes and 

replication or transcription machinery leads to the formation of double strand breaks, repair 

of which requires activation of HRR through ATR signalling (Jossé et al., 2014).  Inhibition of 

ATR may sensitise NB cells to temozolomide or topotecan, possibly allowing for reduced doses 

of these agents.   

In chapter 3, PARP inhibition by olaparib was shown to increase RS and activate ATR signalling. 

Olaparib is known to trap PARP1 on DNA, leading to DNA-PARP1 complexes in a similar 

mechanism to Top1 cleavage complexes (Murai et al., 2012). Inhibiting ATR in combination 

with PARP inhibition has been shown to overcome replication fork restoration, a key 

mechanism of PARP inhibitor resistance in BRCA deficient ovarian cancer (Yazinski et al., 2017; 

Kim et al., 2020). The combination of PARP and ATR inhibitors has been shown to be 

synergistic in ATM-deficient cancers (Jette et al., 2019; Lloyd et al., 2020). Both PARP and ATR 

have been reported to act at stalled replication forks during RS (Sugimura et al., 2008; Bryant 

et al., 2009; Saldivar et al., 2017), therefore dual inhibition of PARP and ATR should result in 

intolerable levels of RS.   
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Here the effect of MYCN and ATM protein expression, and p53 function on synergism 

between PARP and ATR inhibition is explored in NB cell lines. The effect of dual PARP and ATR 

inhibition on cell cycle checkpoint activation, RS and HRR is also investigated in selected MYCN 

amplified and non-amplified cell lines. 

 

 

 

6.2 Chapter aims 
 

The aims of this chapter were as follows: 

1. To examine the effect of ATR inhibition on temozolomide, topotecan and olaparib 

cytotoxicity in NB cell lines 

 

2. To examine the effect of dual PARP and ATR inhibition on RS, DNA damage repair 

and cell cycle checkpoint arrest in NB cells 
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6.3 Methods  
 

6.3.1 Cells and cell culture 
 

The 10 cell lines included in the NB cell line panel have been characterised in detail in chapter 

3 and were cultured and maintained as described in section 2.1. The MYCN regulatable cell 

lines SHEPtet21N and IMR5/75 shMYCN were maintained as described for the other cell lines 

but incubated with 1 μg/ml doxycycline for 72 hours for MYCN off states prior to experiments.  

 

6.3.2. Reagents  
 

Temozolomide, topotecan, VE-821, AZD6738, olaparib and doxycycline were used and stored 

as described in section 2.2.  

 

6.3.3 Cytotoxicity assays  
 

XTT cell proliferation (Roche) and clonogenic survival assays were carried out as described in 

sections 2.3.  

 

6.3.4 Protein expression analysis  
 

Lysates of NGP, SHSY5Y and SKNAS cell lines were collected as described in section 2.5.1 after 

treatment with indicated concentrations of olaparib and VE-821. Proteins were separated 

using gel electrophoresis using a 4-20% Tris-acetate or 4-20% Tris-glycine polyacrylamide gel 

(Bio-Rad, Hemel Hempstead, UK), transferred onto nitrocellulose and detected using Western 

blotting as described in section 2.5.2. pRPA2S8, γH2AX and GAPDH were detected using 

primary antibodies described in Table 2.5 and the appropriate HRP-conjugated secondary 

antibodies. Protein expression was measured by chemiluminescence from exposure to ECL 

detection reagent using a ChemiDoc imaging system as described in section 2.5.2. 

 

6.3.5 Cell cycle analysis  
 

Cell cycle profiles were analysed after treatment with VE-821 and/or olaparib by flow 

cytometry as described in section 2.7.   
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6.3.6 Immunofluorescence 
 

Cells were immunostained for pRPA2S8, γH2AX and RAD51 after treatment with 1 μM VE-821 

with or without 10 μM olaparib for 24 hours as described in section 2.6. The number of 

pRPA2S8, γH2AX and RAD51 foci in each cell were quantified and the total nuclear 

fluorescence intensity of γH2AX was measured using ImageJ software (Version 1.52p; Java 

1.8.0_172 (64-bit)). 

 

6.3.7 Data analysis  
 

T-test, 2-way ANOVA and Mann Whitney U statistical tests were carried out using GraphPad 

Prism v8 software and p values < 0.05 were taken to be statistically significant.  

The sensitising effect of VE-821 on olaparib cytotoxicity measured by XTT cell proliferation 

and clonogenic survival assay was determined by calculating the sensitisation factor (SF).  

SF= (effect of 1 µM olaparib)/(effect of 1 µM olaparib +1 µM VE-821 normalised to VE-821 

alone).  

Combination Index (CI) values for evaluation of synergy were determined by the Chou–Talalay 

method using CalcuSyn v2 software (Biosoft, Cambridge, UK).  
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6.4. Results  
 

6.4.1 ATR inhibition in combination with chemotherapeutic drugs 
 

To examine the effect of ATR inhibition on topotecan and temozolomide-induced growth 

inhibition, XTT cell proliferation assays were carried out on six NB cell lines, the non-MYCN 

amplified SHSY5Y (TP53 wt) and SKNAS (TP53 mutant) cell lines and the MYCN amplified NGP 

and IMR32 cell lines and their TP53 mutant pairs, N20_R1 and KAT100 respectively, treated 

with increasing concentrations of topotecan or temozolomide alone and with the addition of 

1 µM VE-821.   

Figure 6.1 shows the sensitisation of topotecan induced growth inhibition by 1 µM VE-821. 

TP53 wild type cells were more sensitive to topotecan and were only sensitised by VE-821 

when topotecan-induced growth inhibition was <90%. The crossover in the TP53 wild type 

cell lines is a function of the normalisation as 1 µM VE-821 alone results in 20% growth 

inhibition in the SHSY5Y cell line and 40% and 45% in the NGP and IMR32 cell lines, 

respectively (Chapter 4).  Since the TP53 mutant cells were more resistant to topotecan alone, 

1 µM VE-821 sensitised growth inhibition at all concentrations.  
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These cell lines varied in their sensitivity to temozolomide, with no obvious effect of TP53 or 

MYCN status (Figure 6.2). The concentration range used was not sufficient to cause >90% 

growth inhibition and an IC50 could not be obtained in the SHSY5Y, SKNAS and N20_R1 cell 

lines. Sensitisation by VE-821 was generally greater at concentrations of temozolomide that 

caused >25% growth inhibition in all cell lines and independent of MYCN and TP53. The 

addition of 1 µM VE-821 had little effect on temozolomide sensitivity in the SKNAS cell line, 

which is especially resistant to temozolomide alone.  

 

 

 

Figure 6.114: XTT cell proliferation of the SHSY5Y, SKNAS, NGP, N20_R1, IMR32 and KAT100 neuroblastoma cell 
lines treated with increasing concentrations of topotecan alone (blue) or with the addition of  1 µM VE-821 
(green). Percentage control growth was normalised to effect of VE-821 alone. Data shown are the mean + SEM 
from 3 individual experiments. T-test: *p<0.05, ** p<0.01, ***p<0.001, ****p<0.0001. MNA: MYCN amplified, 
WT: wild type, mut: mutant. 
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6.4.2 ATR inhibition in combination with PARP inhibition 
 

To examine the effect of ATR inhibition on PARP inhibitor sensitivity, growth inhibition by 

increasing concentrations of olaparib alone, and in combination with 0.1 or 1 µM VE-821 was 

measured by XTT cell proliferation assay in the SHSY5Y and SKNAS cell lines and the NGP/ 

N20_R1 and IMR32/ KAT100 cell line pairs (Figure 6.3A). 1 µM VE-821 significantly sensitised 

the MYCN amplified NGP, N20_R1, IMR32 and KAT100 cell lines to 1 µM olaparib (Figure 

6.3B). Although not statistically significant, olaparib induced growth inhibition was increased 

by VE-821 in the non-MYCN amplified SHSY5Y and SKNAS cell lines. Synergism between VE-

821 and olaparib was determined by combination index analysis (calcusyn) where 

combination index (CI) <1 indicates synergy. PARP inhibition was synergistic with ATR 

inhibition in all cell lines, irrespective of MYCN or TP53 status (Figure 6.3C). 

Figure 6.2: XTT cell proliferation of the SHSY5Y, SKNAS, NGP, N20_R1, IMR32 and KAT100 neuroblastoma cell 
lines treated with increasing concentrations of temozolomide alone (blue) or with the addition of  1 µM VE-821 
(green). Percentage control growth was normalised to effect of VE-821 alone. Data shown are the mean + SEM 
from 3 individual experiments. T-test: *p<0.05, ** p<0.01, ***p<0.001, ****p<0.0001. MNA: MYCN amplified, 
WT: wild type, mut: mutant. 
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Figure 6.3: A) XTT cell proliferation of the SHSY5Y, SKNAS, NGP, N20_R1, IMR32 and KAT100 neuroblastoma cell 
lines treated with 0.1, 1 and 10 µM olaparib alone and with the addition of 0 (blue), 0.1 (red) and 1 (green) µM 
VE-821. Percentage control growth was normalised to effect of VE-821 alone. Data shown are the mean + SEM 
from 4 individual experiments. B) Effect of 1 µM VE-821 on cytotoxicity of 1 µM olaparib normalised to the effect 
of VE-821 alone. Data shown are the mean + SEM from 4 individual experiments. 2-way ANOVA: *p<0.05, ** 
p<0.01, C) Combination index (CI) values were calculated using CalcuSyn and plotted in a heat map. 
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The sensitising effect of VE-821 on olaparib cytotoxicity was confirmed by clonogenic survival 

assay in the SHSY5Y, SKNAS, NGP and N20_R1 cell lines (Figure 6.4A), where 1 µM VE-821 

significantly sensitized the MYCN amplified NGP and N20_R1 cell lines to 1 µM olaparib but 

not the non-MYCN amplified SHSY5Y and SKNAS cell lines, although percentage survival was 

decreased (Figure 6.4B). As in chapter 5, there was a greater dynamic range in olaparib 

cytotoxicity when measured by clonogenic survival assay than XTT cell proliferation assay. The 

greater sensitisation of olaparib in MYCN amplified cell lines was much more profound when 

measured by clonogenic assay, with the percentage survival of NGP and N20_R1 cells in 

response to 1 µM olaparib being increased 77- and 16-fold respectively in combination with 

VE-821, compared to 4.6- and 1.79-fold respectively when analysed by XTT (Table 6.1). 

Synergism between VE-821 and olaparib was also confirmed at lower concentrations (< 1 µM) 

by clonogenic assay (Figure 6.4C). However, there is some antagonism (CI>1) seen at the 

highest olaparib concentration in the SHY5Y and N20_R1 cell lines, which is reflected in the 

overlapping survival curves (Figure 6.4A). There is also antagonism in the NGP cell line 

following treatment with 0.1 µM VE-81 and 1 µM olaparib, which is not reflected in the graph. 

 

 

 

 

 

 



137 
 

 

 

 

 

Figure 6.4: A) Clonogenic survival of the SHSY5Y, SKNAS, NGP and N20_R1  neuroblastoma cell lines treated with 
0.1, 1 and 10 µM olaparib alone and with the addition of 0 (blue), 0.1 (red) and 1 (green) µM VE-821. Percentage 
survival was normalised to effect of VE-821 alone. Data shown are the mean + SEM from 3 individual 
experiments. B) Effect of 1 µM VE-821 on cytotoxicity of 1 µM olaparib normalised to the effect of VE-821 alone. 
Data shown are the mean + SEM from 3 individual experiments. 2-way ANOVA: ** p<0.01, ****p<0.0001 C) 
Combination index (CI) values were calculated using CalcuSyn and plotted in a heat map. 
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The sensitising effect of ATR inhibition on PARP inhibitor cytotoxicity was confirmed using 

another ATR inhibitor, AZD6738. Growth inhibition caused by increasing concentrations of 

olaparib alone, and in combination with 0.1 or 1 µM AZD6738 was measured by XTT cell 

proliferation assay in the SHSY5Y, SKNAS, NGP and N20_R1 cell lines (Figure 6.5). 1 µM 

AZD6738 significantly sensitized the TP53 wild type SHSY5Y and NGP cell lines to 1 µM 

olaparib (Figure 6.5B). Although not statistically significant, olaparib induced growth 

inhibition was increased by AZD6738 in the N20_R1 cell line. AZD6738 had the least sensitising 

effect on the SKNAS cell line. This is in contrast with sensitisation with VE-821 where there 

was significant olaparib sensitisation in the NGP and N20_R1 cell lines, but not the SHSY5Y 

and SKNAS cell lines, although olaparib-induced growth inhibition was increased in 

combination with VE-821.    
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The SF of 1 µM olaparib by 1 µM AZD6738 and VE-821 for each cell line by XTT and clonogenic 

assay is reported in Table 6.1.  

 

Figure 6.5: A) XTT cell proliferation of the SHSY5Y, SKNAS, NGP and N20_R1 NB cell lines treated with 0.1, 1 
and 10 µM olaparib alone and with the addition of 0 (blue), 0.1 (red) and 1 (green) µM AZD6738. 
Percentage control growth was normalised to the effect of AZD6738 alone. Data shown are the mean + 
SEM from 4 individual experiments. B) Effect of 1 µM AZD6738 on cytotoxicity of 1 µM olaparib normalised 
to the effect of AZD6738 alone. Data shown are the mean + SEM from 4 individual experiments. 2-way 
ANOVA: ****p<0.0001, ns= not significant.  
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Table 6.1: Summary of cell line DDR defects and sensitisation factor (SF) of AZD6738 and VE-
821 on olaparib cytotoxicity assays. 

Cell line MYCN 

status 

TP53 

status  

ATM protein 

expression  

AZD6738 SF 

XTT  

VE-821 SF 

XTT  

VE-821 SF 

clonogenic 

SHSY5Y Non-amp WT High 2.25 1.41 1.31 

SKNAS Non-amp Mutant High 1.06 1.43 1.86 

NGP Amp WT Low 3.30 4.60 77.93 

N20_R1 Amp Mutant High 1.32 1.79 16.73 

IMR32 Amp WT Low - 2.96 - 

KAT100 Amp Mutant Low - 1.75 - 

 

 

6.4.3 Sensitisation by MYCN status/expression 
 

To determine whether MYCN expression impacts the level of sensitisation to olaparib 

cytotoxicity by ATR inhibition, the SF of 1 µM VE-821 on olaparib induced growth inhibition 

calculated by XTT assay (Table 6.1) was analysed by MYCN protein expression. Although the 

SF was greater in cell lines expressing high levels of MYCN protein, this did not reach 

significance (Figure 6.6A) but the SF was significantly positively correlated with MYCN protein 

expression (Figure 6.6B).   

 

To investigate the effect of MYCN expression alone on sensitisation to olaparib cytotoxicity 

by ATR inhibition, the effect of 1 μM VE-821 on olaparib-induced growth inhibition was 

Figure 6.6: A) Cell lines were split into 2 groups based on MYCN protein expression. VE-821 sensitisation 
factor calculated by XTT assay (Table 6.1) was plotted for cell lines belonging to each group. B) Correlation 
of MYCN protein expression vs. VE-821 sensitisation factor. 
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measured by XTT cell proliferation assay in the MYCN expression regulatable cell lines, 

SHEPtet21N and IMR5/75 shMYCN (Figure 6.7 A and B). In both cell lines, the effect of VE-

821 on olaparib induced growth inhibition was greater in the MYCN overexpressing cells 

compared to cells with low MYCN expression (Figure 6.7C).  The sensitising effect was 

confirmed by inhibition ATR with AZD6738 (Figure 6.8).     

 
 

 
 

 

Figure 6.7:  XTT cell proliferation of the A) IMR5/75 shMYCN and B) SHEPtet21N cell lines in MYCN on (black 
lines) and MYCN off (grey lines) states treated with 0.1, 1 and 10 µM olaparib alone (solid line) and with 1 µM 
VE-821 (dashed line). Percentage control growth was normalised to the effect of VE-821 alone. Data shown are 
the mean + SEM from 4 individual experiments. C) Effect of 1 µM VE-821 on cytotoxicity of 1 µM olaparib 
normalised to the effect of VE-821 alone. Data shown are the mean + SEM from 4 individual experiments. 2- way 
ANOVA: * p<0.05, ****p<0.0001, ns=not significant  
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6.4.4 Sensitisation by ATM/ p53 status 
 

To determine whether the level of ATM expression impacts sensitisation to olaparib 

cytotoxicity by ATR inhibition, the SF of VE-821 on olaparib-induced growth inhibition 

calculated by XTT assay (Table 6.1) was analysed by ATM protein expression.  The SF was 

greater in the cell lines expressing low levels of ATM protein (Figure 6.9A), although this was 

not statistically significant. However, there was no correlation between SF and ATM protein 

expression (Figure 6.9B).   

 

Figure 6.8: XTT cell proliferation of the A) IMR5/75 shMYCN and B) SHEPtet21N cell lines in MYCN on (black 
lines) and MYCN off (grey lines) states treated with 0.1, 1 and 10 µM olaparib alone (solid line) and with 1 
µM AZD6738 (dashed line). Percentage control growth was normalised to the effect of AZD6738 alone. Data 
shown are the mean + SEM from 4 individual experiments. C) Effect of 1 µM AZD6738 on cytotoxicity of 1 
µM olaparib normalised to the effect of AZD6738 alone. Data shown are the mean + SEM from 4 individual 
experiments. 2- way ANOVA:  * p<0.05, ns=not significant 
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The effect of TP53 mutation and p53 protein expression on olaparib sensitisation by VE-821 

was analysed using six cell lines. The SF was greater in TP53 wild type cell lines (Figure 6.10), 

although this was not statistically significant. 

 
 

6.4.5 PARP and ATR inhibitors have the greatest effect on cell proliferation when co-

administered 
 

To examine if inhibiting PARP prior to ATR, or vice versa, has a greater effect on growth 

inhibition or survival of NB cell lines, XTT cell proliferation and clonogenic survival assays were 

carried out on the SHSY5Y, SKNAS and NGP cell lines treated with combined VE-821 and 

olaparib for 72 hours or after pre-treatment with either VE-821 or olaparib for 24 hours 

Figure 6.9: A) Cell lines were split into 2 groups based on ATM protein expression above (high) or below 
(low) median expression. VE-821 sensitisation factor calculated by XTT assay (Table 6.1) was plotted for cell 
lines belonging to each group. B) Correlation of ATM protein expression vs. VE-821 sensitisation factor.   

Figure 6.10: Cell lines were split into 2 groups based on TP53 mutation status. VE-821 sensitisation factor 
calculated by XTT assay (Table 6.1) was plotted for cell lines belonging to each group. wt: wild type.   
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followed by exposure to olaparib or VE-821, respectively, for 72 hours (Figure 6.11). Although 

growth inhibition and cell death were increased when cells were pre-treated with either VE-

821 or olaparib, the greatest effect was seen when cells were treated with both inhibitors at 

the same time. 

 

 
 
 
 

Figure 6.11: Percentage control growth (A) or percentage survival (B), measured by XTT cell proliferation or 
clonogenic survival assays respectively, of the SHSY5Y, SKNAS and NGP cell lines after treatment with 1 µM 
VE-821 and/or 1 µM olaparib for 72 hours. In the two columns on the far right, cells were pre-treated with 
either 1 µM VE-821 or 1 µM olaparib for 24 hours before addition of the other inhibitor. Data are mean + 
SEM of 3 individual experiments.   
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6.4.6 Effect of ATR and PARP inhibition on cell cycle  
 

To examine the effect of PARP and ATR inhibition on the cell cycle, the cell cycle phase 

distribution of asynchronous SHSY5Y, SKNAS and NGP cells were analysed after treatment 

with VE-821 and/or olaparib for 24 hours (Figure 6.12). Olaparib treatment alone increased 

the proportion of cells in S and G2 phase in all cell lines, suggesting activation of S and G2 

checkpoint arrest. This was not observed in cells treated with both olaparib and VE-821, 

suggesting loss of S and G2 checkpoint arrest. VE-821 alone had little effect on the proportion 

of cells in each cell cycle phase compared to control.  
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To confirm that ATR inhibition abrogates olaparib induced S and G2 checkpoints, the effect of 

VE-821 and olaparib on the cell cycle was also analysed by incorporation of 

bromodeoxyuridine (BrdU), to label S phase cells, in these cell lines (Figure 6.13). The 

proportion of cells in each cell cycle phase after treatment with VE-821 and/or olaparib was 

Figure 6.12: Cell cycle analysis using propidium iodide (PI) in response to ATR and PARP inhibition A) Representative 
forward and side scatter density plots and PI density histograms of gated population for NGP cells treated with 1 
μM VE-821 and/or 1 μM olaparib for 24 hours.  B) Cell cycle phase distribution of SHSY5Y, SKNAS and NGP cell lines 
treated with 5 µM (SHSY5Y and SKNAS) or 1 µM (NGP) olaparib in combination with 1 µM VE-821 for 24 hours. 
Data are mean + SEM from 3 independent experiments. MNA: MYCN amplified, wt: wild type, mut: mutant   
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similar to when analysed with PI alone, confirming the loss of olaparib induced S and G2 

checkpoint arrest with the addition of VE-821.  

 

The effect of MYCN overexpression on cell cycle arrest in response to ATR and PARP inhibition 

was analysed by assessing the cell cycle phase distribution of the SHEPtet21N and IMR5/75 

Figure 6.13: Cell cycle analysis using BrdU (FITC) and propidium iodide (PI) in response to ATR and PARP inhibition. 
A) Representative PI vs FITC intensity plots for SHSY5Y cells treated with 1 μM VE-821 and/or 5 μM olaparib for 24 
hours. Populations representing each cell cycle phase were gated as shown.  B) Cell cycle phase distribution of 
SHSY5Y, SKNAS and NGP cell lines treated with 5 µM (SHSY5Y and SKNAS) or 1 µM (NGP) olaparib in combination 
with 1 µM VE-821 for 24 h. Data are mean + SEM from 3 independent experiments. MNA: MYCN amplified, wt: wild 
type, mut: mutant 
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shMYCN MYCN regulatable expression cell lines (Figure 6.14). The proportion of control cells 

in S and G2 phase is greater in the MYCN overexpressing cells of both cell lines compared to 

cells expressing lower MYCN protein levels. Treatment with VE-821 resulted in an increase 

the proportion of MYCN overexpressing cells in G1 phase. The effect of ATR and PARP 

inhibition on the proportion of cells in each cell cycle phase was much less in IMR5/75 

shMYCN cells expressing low levels of MYCN protein compared to high levels. A change in cell 

cycle distribution was only seen in the SHEPtet21N MYCN off cells when treated with both 

inhibitors.  

 

 

 

6.4.7 Replication stress 
 

The effect of ATR and PARP inhibition on replication stress was assessed by Western blot 

analysis of H2AXS139 (γH2AX) and RPA2S8 phosphorylation in NGP, SKNAS and SHSY5Y cells 

Figure 6.14: Cell cycle analysis using propidium iodide of the A) SHEPtet21N and B) IMR5/75 shMYCN 
MYCN regulatable expression cell lines in both MYCN states treated with 1 µM VE-821 and/or 1 µM 
olaparib for 24 hours. Data are mean + SEM from 3 independent experiments.   
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after treatment with 10 μM olaparib with and without 0.3, 1 or 3 μM VE-821 for 24 hours 

(Figure 6.15). Expression of γH2AX increased with increasing VE-821 concentration in 

combination with 10 μM olaparib in all cell lines. This was also the case with RPA2S8 

phosphorylation, except for SHSY5Y, in which the phosphorylation decreased after treatment 

with 1 and 3 μM VE-821. 

 

 

To determine if RPA2S8 or H2AX phosphorylation could be developed as a pharmacodynamic 

biomarker of dual ATR and PARP inhibition, pRPA2S8 and γH2AX foci formation were 

measured by immunofluorescence after treatment with 10 μM olaparib and/or 1 μM VE-821 

in SHSY5Y, SKNAS, NGP and N20_R1 cell lines. Representative γH2AX and pRPA2S8 foci images 

from the NGP cell line, and merged images from the N20_R1, SHSY5Y and SKNAS cell lines, 

treated with 1 μM VE-821, 10 μM olaparib or both are shown in Figure 6.16A and B 

respectively. The average number of foci per cell for each treatment is quantified in Figure 

6.17.  

Figure 6.15: Western blot analysis of γH2AX and phospho-RPAS8 (pRPA2S8) in the NGP, SKNAS and SHSY5Y 
cell lines after treatment with 10 μM olaparib with and without 0.3, 1 or 3 μM VE-821 for 24 hours. GAPDH 
was used as a control for protein loading. 
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Figure 6.16: A) Representative γH2AX and pRPA2S8 foci images from the NGP cell line treated with 1 µM VE-
821, 10 µM olaparib or both for 24 hours. B) Representative merged γH2AX and pRPA2S8 foci images from the 
N20_R1, SHSY5Y and SKNAS cell lines treated with 1 µM VE-821, 10 µM olaparib or both for 24 hours. Scale 
bars represent 20 µm. 
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Treatment with 10 μM olaparib caused a significant increase in RS in all cell lines when 

measured by γH2AX foci but only in SKNAS, NGP and N20_R1 cells when measured by pRPAS8 

foci (Figure 6.17A and B). γH2AX nuclear fluorescence did not increase as substantially as foci 

number in response to 10 μM olaparib, potentially indicating that the number of stalled 

replication forks was increased (Figure 6.17C). VE-821 alone had little or no effect on pRPA2S8 

or γH2AX foci number and generally resulted in a reduction of olaparib-induced foci (Figure 

6.17B).  Intensity of γH2AX nuclear fluorescence significantly increased in response to 

olaparib in combination with VE-821 (Figure 6.17C).   

 

 

 

 

Figure 6.17: Average number of pRPA2S8 (A), γH2AX (B) foci per cell and fold change in mean γH2AX total nuclear 
fluorescence intensity (C)  for SHSY5Y, SKNAS, NGP and N20_R1 cell lines treated with 1 µM VE-821, 10 µM 
olaparib or both.  Data are mean + SEM from 3 independent experiments. * p<0.05, ** p<0.01, *** p<0.001, 
**** p<0.0001, 2-way ANOVA difference from control (DMSO). 
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6.4.8 Homologous recombination  
 

To examine the effect of PARP and ATR inhibition on HRR, RAD51 and γH2AX foci formation 

was measured by immunofluorescence after treatment with 10 μM olaparib and/or 1 μM VE-

821 in SHSY5Y, SKNAS, NGP and N20_R1 cell lines. Representative γH2AX and Rad51 foci 

images from the NGP cell line, and merged images from the N20_R1, SHSY5Y and SKNAS cell 

lines, treated with 1 μM VE-821, 10 μM olaparib or both are shown in Figure 6.18 A and B 

respectively. Treatment with olaparib induced a significant increase in Rad51 foci formation 

in all cell lines except SKNAS, which was suppressed with the addition of VE-821 (Figure 

6.19A). Interestingly, SKNAS cells are relatively resistant to both olaparib and VE-821. The 

formation of γH2AX foci was used to identify cells which sustained DNA damage from ATR 

and/or PARP inhibition (Figure 6.19B).  
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Figure 6.18: A) Representative γH2AX and Rad51 foci images from the NGP cell line treated with 1 µM VE-
821, 10 µM olaparib or both for 24 hours. B) Representative merged γH2AX and Rad51 foci images from the 
N20_R1, SHSY5Y and SKNAS cell lines treated with 1 µM VE-821, 10 µM olaparib or both for 24 hours. Scale 
bars represent 20 µm.  
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Figure 6.19: Average number of Rad51 (A) and γH2AX (B) foci per cell for SHSY5Y, SKNAS, NGP and N20_R1 
cell lines treated with 1 µM VE-821, 10 µM olaparib or both. Data are mean + SEM from 4 independent 
experiments. * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001, 2-way ANOVA difference from control 
(DMSO). 
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6.5 Discussion  
 

In this chapter, ATR inhibition was shown to sensitise NB cell lines to temozolomide and 

topotecan induced growth inhibition and olaparib cytotoxicity. ATR inhibition abrogated 

olaparib induced S and G2 checkpoint arrest, further increased olaparib-induced RS and 

suppressed HRR.    

 

6.5.1 ATR inhibitors sensitize NB cells to topotecan and temozolomide 
 

Topotecan and temozolomide are included in current treatment regimens for NB. Here, the 

effect of ATR inhibition on topotecan and temozolomide induced growth inhibition was 

examined in a panel of cell lines. ATR inhibition with 1 µM VE-821 potentiated topotecan 

induced growth inhibition in all cell lines (Figure 6.1). No obvious relationship between MYCN 

amplification status and sensitisation to topotecan was observed here, but sensitisation 

seemed to be greater in TP53 mutant cell lines. TP53 mutant cell lines were more resistant to 

topotecan in this study, and reported previously (Daniel et al., 2009; Chaturvedi et al., 2016), 

and therefore the sensitising effect of ATR inhibition is easier to observe. The role of p53 

deficiency in sensitisation by ATR inhibition has been reported previously to sensitise colon 

and breast carcinoma cells to Top1 poisons, with p53-deficient cells showing the greatest 

sensitisation (Jossé et al., 2014). The combination of ATR and Top1 inhibitors is being tested 

in several adult clinical trials (identifiers: NCT03896503, NCT04535401, NCT02487095, 

NCT02595931, NCT04514497 https://www.clinicaltrials.gov/). 

Temozolomide-induced growth inhibition was potentiated by 1 µM VE-821 in all cell lines 

except SKNAS cells, which are very resistant to temozolomide by virtue of high MGMT 

expression (Wagner et al., 2007). There was no obvious effect of TP53 or MYCN status on 

temozolomide sensitisation (Figure 6.2) in these cell lines. ATR inhibition with NU6027 was 

shown to enhance temozolomide sensitivity in p53-deficient ovarian cancer cell lines 

(Peasland et al., 2011). Expanding this study to include more cell lines of varying MYCN and 

TP53 status may reveal a relationship between these factors and sensitisation by ATR 

inhibition.     

There is extensive preclinical data regarding the potentiation of topotecan and temozolomide 

by PARP inhibitors (reviewed in (Dréan et al., 2016)), including in NB (Daniel et al. 2009; 

https://www.clinicaltrials.gov/
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Sanmartin et al. 2017). However, the combination of PARP inhibitors with conventional 

chemotherapy in adults leads to increased adverse effects, especially significant 

haematological toxicity, resulting in subsequent dose reductions of both the PARP inhibitor 

and the combined cytotoxic chemotherapy (Zhou et al., 2017; LaFargue et al., 2019). It is 

possible that combining ATR inhibition with systemic chemotherapy may result in intolerable 

off-target effects, especially in paediatric patients, which limit the clinical development of 

these combinations.  

 

6.5.2 ATR inhibitors synergistic with PARP inhibition in NB 
 

The combination of ATR and PARP inhibition in NB cell lines was analysed here. Inhibition of 

ATR with 1 μM VE-821 and PARP inhibition with 1 μM olaparib was synergistic in all cell lines 

when analysed by XTT cell proliferation assay and clonogenic survival (Figures 6.3 and 6.4). 

Enhancement of olaparib-induced growth inhibition by ATR inhibition was confirmed using 

AZD6738 in the SHSY5Y, SKNAS, NGP and N20_R1 cell lines (Figure 6.5). AZD6738 had a 

greater sensitising effect on olaparib-induced growth inhibition in the SHSY5Y cell line than 

VE-821. The reason behind this is unclear as this cell line was not more sensitive to AZD6738 

alone when compared with other cell lines (Chapter 4, Figure 4.9) and may be due to differing 

off target effects of the two different structures of the ATR inhibitors (Rundle et al. 2017).   

When analysed by MYCN protein expression, fold sensitisation (SF) of olaparib-induced 

growth inhibition by VE-821 (Table 6.1) positively correlated with MYCN protein expression 

levels (Figure 6.6). Examination of olaparib sensitisation by ATR inhibition with both VE-821 

and AZD6738 in MYCN expression regulatable cell lines, SHEPtet21N and IMR5/75 shMYCN, 

confirmed that ATR inhibition had a greater sensitising effect in cells expressing high levels of 

MYCN (Figures 6.7 and 6.8). In chapter 4, MYCN overexpressing cells were shown to display 

increased sensitivity to ATR inhibition alone, and the increased sensitisation of olaparib may 

be a reflection of this.   

No relationship between ATM protein expression or TP53 mutation and SF of olaparib-

induced growth inhibition by VE-821 was observed. Previous studies in adult cancers have 

reported greater enhancement of PARP inhibitor sensitivity when combined with ATR 

inhibition in ATM-deficient cell lines when compared to ATM-proficient cells (Jette et al., 
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2019; Jette et al., 2020). The range of ATM protein expression in the cell lines used here was 

very small and limited analysis of the effect of ATM expression on SF. Further analysis with an 

increased number of cell lines with a broader range of ATM expression, or paired ATM 

deficient and proficient cell lines, is required before the effect of ATM protein expression on 

SF can be established in NB.  

Treatment with PARP inhibitors is known to have adverse side effects, in particular 

haematological toxicities (LaFargue et al., 2019). A phase 1 trial combining AZD6738 with 

olaparib in adults with advanced solid tumours (NCT02264678) reported dose limiting 

thrombocytopenia and neutropenia in 5/39 and 6/39 of patients in the dose escalation 

cohorts, leading to a phase 2 recommended doses of AZD6738 160 mg once daily from days 

1-7 and Ola 300 mg twice daily continuously over a 28 day cycle (Krebs et al., 2018). Results 

from an ongoing phase 2 trial of olaparib in combination with AZD6738 at these doses in 

ovarian cancer (CAPRI trial, NCT03462342) reported that the combination was tolerated in 

the 12 patients studied, with mostly low-grade toxicities similar to that of olaparib alone 

(Shah et al., 2020). The toxicity profile of combined ATR and PARP inhibition may be different 

in paediatric patients and will become apparent after enrolment onto a new arm (arm N) of 

the E-SMART trial (NCT02813135), combining olaparib with AZD6738, which will open 

imminently.   

 

6.5.3 Mechanism of synergism between ATR and PARP inhibition  

 

The mechanism underlying synergism between ATR and PARP inhibition in NB was 

investigated in this chapter by examining the effect of the timing of ATR and PARP inhibition 

on cytotoxicity, and the effect of olaparib and VE-821 on cell cycle checkpoint activation, 

expression of RS markers and HRR. 

 

6.5.3.1 Inhibition of ATR and PARP has the greatest cytotoxic effect when inhibited at the 

same time 
 

To test if there is a greater sensitising effect when ATR is inhibited before or after PARP 

inhibition, growth inhibition and clonogenic survival of the NGP, SHSY5Y and SKNAS cell lines 

was measured after combined VE-821 and olaparib treatment following incubation with 

https://cancerres.aacrjournals.org/lookup/external-ref?link_type=CLINTRIALGOV&access_num=NCT02264678&atom=%2Fcanres%2F78%2F13_Supplement%2FCT026.atom
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either VE-821 or olaparib alone for 24 hours. Interestingly, the greatest cytotoxic effect was 

seen when cells were treated with both inhibitors together, rather than sequentially (Figure 

6.11). The mechanism behind this is unclear. Both PARP and ATR have been reported to act 

at stalled replication forks (Sugimura et al., 2008; Bryant et al., 2009; Saldivar et al., 2017) and 

dual inhibition results in impaired replication restart and irreparable chromosome breaks. 

Inhibition of one 24 hours before the other may have slowed proliferation making the cells 

less sensitive to the second inhibitors.   

 

6.5.3.2 Abrogation of S and G2 checkpoints and impaired HRR upon ATR inhibition further 

increases olaparib-induced RS 
 

The effect of dual PARP and ATR inhibition on markers of RS, phosphorylation of H2AXS139 

(γH2AX) and RPA2S8 (pRPA2S8) was analysed in this chapter by Western blot and 

immunofluorescent imaging. RPA2S8 is primarily phosphorylated by ATM and DNA-PK in 

response to DNA damage (Podhorecka et al., 2010), whereas H2AX can be phosphorylated by 

ATM, DNA-PK and ATR (Liu et al., 2012). Treatment with 10 μM olaparib induced expression 

of γH2AX and pRPA2S8 (Figures 6.15, 6.16 and 6.17), consistent with previous reports of PARP 

inhibitor induced RS in NB cells (Colicchia et al., 2017; King et al., 2020), which increased when 

combined with VE-821 in a dose dependent manner in the NGP and SHSY5Y cell lines when 

analysed by Western blotting. When analysed by immunofluorescence, the number of 

olaparib-induced pRPA2S8 foci increased with the addition of 1 μM VE-821 in the NGP cell lines 

but decreased in the N20_R1 and SKNAS cell lines. There was a significant increase in the 

number of γH2AX foci in all cell lines after treatment with 10 μM olaparib, which decreased 

with the addition of VE-821 in all cell lines except NGP (Figure 6.17B). ATR inhibition has been 

shown previously to result in a reduction of UV- or 4NQO-induced γH2AX foci (Chen et al., 

2015b). However, measurement of total nuclear fluorescent intensity of γH2AX staining 

revealed that the γH2AX signal was significantly increased when cells were treated with both 

olaparib and VE-821 compared to untreated in all cell lines (Figure 6.17C), which is consistent 

with the increase in γH2AX expression observed by Western blot (Figure 6.15). Whereas 

γH2AX foci formation localises DNA double strand breaks, pan-nuclear γH2AX staining, which 

can be picked up by measuring total nuclear fluorescence, is associated with the persistence 

of complex DNA lesions and apoptosis (Meyer et al., 2013; Ding et al., 2016). This is consistent 
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with the hypothesis that dual PARP and ATR inhibition will lead to increased replication fork 

stalling and collapse, and chromosome breakage due to collisions between unrepaired DNA 

breaks and replication and transcription machinery. Furthermore, pan-nuclear γH2AX 

formation has been shown to be mediated by ATM and DNA-PK and should be unaffected by 

ATR inhibition.  

Measurement of yH2AX fluorescence intensity may be useful as a pharmacodynamic 

biomarker of dual ATR and PARP inhibition in clinical samples from the upcoming arm of E-

SMART combining AZD6738 with olaparib.  

In the SHSY5Y cell line, olaparib induced RPA2S8 phosphorylation decreased with increasing 

concentrations of VE-821 and there was no significant increase in the pRPA2S8 foci after 

treatment with 10 μM olaparib in the SHSY5Y cell line. It is unclear why pRPA2S8 foci formation 

were unable to be detected in this cell lines when RPA2S8 phosphorylation in response to 

olaparib was detected by Western blot analysis.  

Cell cycle analysis revealed that PARP inhibition with olaparib increased the proportion of 

cells in S and G2 phase for each cell line suggesting activation of S and G2 checkpoint arrest 

(Figures 6.12 and 6.13), confirming previous reports of PARP inhibitor-induced checkpoint 

activation (Murai et al., 2012; Jelinic and Levine, 2014) and accounts for the significant 

increase in RS foci by immunofluorescence signalling to cell cycle arrest and DNA repair 

pathways. This olaparib-induced S and G2 arrest was not observed after treatment with 

olaparib in combination with VE-821, suggesting an attenuation of activation of these 

checkpoints. A reduction of the number of cells in S and G2 phase compared to untreated 

cells was also observed in the NGP and SHSY5Y cell lines after treatment with VE-821 alone, 

suggesting that abrogation of these checkpoints contributes to sensitivity to ATR inhibition 

alone. ATR inhibition has been shown previously to attenuate S and G2 checkpoint arrest 

(Peasland et al., 2011; Kim et al., 2017; Middleton et al., 2018) and result in an increase in cell 

death by mitotic catastrophe as cells divide with unrepaired DNA breaks (Toledo et al., 2017).  

The SKNAS cell line showed the least difference in the percentage of cells in each cell cycle 

phase after ATR and/or PARP inhibition compared to untreated cells. As SKNAS is the most 

resistant to both these inhibitors, exploring the mechanism behind the lack of response in this 

cell line may reveal novel mechanisms of resistance.  
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In both the MYCN expression regulatable cell lines, there were fewer cells in G1 phase in 

untreated MYCN overexpressing cells compared to cells with reduced MYCN expression 

(Figure 6.14), suggesting that the signalling to S phase initiation is very strong in cells 

expressing high levels of MYCN.  ATR inhibition with VE-821 alone reduced the number of 

cells in S and G2 phases, which was more profound in combination with olaparib, in the MYCN 

overexpressing cells. Neither inhibitor had much effect on the cell cycle profiles of the cells 

expressing low levels of MYCN, which is likely due to slower proliferation rates, allowing more 

time to repair or bypass olaparib-induced damage. MYCN overexpressing cells are more 

reliant on the S and G2 phase checkpoints, as the G1 checkpoint is often evaded by strong 

signalling to S phase progression (Bell et al., 2006; Evans et al., 2015; Ryl et al., 2017). 

Attenuation of these checkpoints by ATR inhibition likely contributes to the increased olaparib 

sensitisation of MYCN amplified cell lines by VE-821.  

HRR is required to maintain genome integrity during the repair of replication associated 

breaks and is critical for the repair of toxic PARP inhibitor-induced DNA breaks during S phase 

(Wyman et al., 2004; Bryant et al., 2005). ATR inhibition by VE-821 resulted in a reduction of 

olaparib-induced Rad51 foci, a marker of HRR, in both MYCN amplified and non-MYCN 

amplified cell lines (Figure 6.18), confirming previous reports of impaired HRR function after 

loss or inhibition of ATR (Peasland et al., 2011; Buisson et al., 2017; Yazinski et al., 2017). 

Persistence of PARP inhibitor-induced breaks would lead to prolonged activation of DDR 

pathways, perhaps resulting in the increase in yH2AX signal intensity observed after dual 

PARP and ATR inhibition by immunofluorescence.   

However, the non-MYCN amplified SKNAS cell line, did not show increased Rad51 after PARP 

inhibition and would be considered HRR-defective. HRR-defective cells are usually highly 

sensitive to PARP inhibitors, but the SKNAS cell line is the most resistant to olaparib out of the 

cell lines analysed in this study. Further exploration into the genetics of the SKNAS cell line 

may reveal novel resistance mechanisms to both PARP and ATR inhibitors.  

Measurement of replication fork progression by DNA fibre assay would confirm definitively 

the effect of dual PARP and ATR inhibition on RS (Nieminuszczy et al., 2016), and the 

persistence of PARP inhibitor-induced DNA damage could be measured by COMET assay 

(Møller, 2018). DNA fibre and comet assays could have been performed in the context of this 
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study but were not feasible due to time constraints. However, these techniques require live 

cells and are too labour intensive to be feasible in routine analysis of clinic samples. 

      

6.6 Conclusion 
 

ATR inhibition sensitises NB cell lines to temozolomide and topotecan induced growth 

inhibition and olaparib cytotoxicity. ATR inhibition synergises with PARP inhibition by further 

increasing PARP inhibitor induced RS through impaired S and G2 cell cycle arrest and 

attenuation of HRR.   
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Chapter 7: General Discussion 
 

7.1 Replication stress has a key role in sensitivity to DDR inhibitors 
 

The overall aim of this research was to identify determinants of sensitivity to ATR and PARP 

inhibition, alone and in combination, in preclinical models of HR-NB. Studies in other cancer 

types have identified DNA repair defects and increased RS, through overexpression of 

oncogenes, as contributors of sensitivity to inhibitors of ATR and/or PARP. The baseline level 

of RS and baseline activity and functional responses of DDR kinases ATM and ATR was 

characterised in a panel of NB cell lines as well the mutation and/or deletion status of genes 

which may be synthetically lethal with PARP or ATR inhibition.  

A common genetic abnormality in NB is amplification of the MYCN oncogene, present in 50% 

of HR-NB tumours. In chapter 3, MYCN amplification was confirmed in 6 cell lines by SNP array 

analysis (Figure 3.2) and was associated with high MYCN protein expression (Figure 3.6). 

MYCN expression significantly positively correlated with CHK1 and PARP1 protein expression 

in these cell lines (Figure 3.8), and MYCN knockdown in regulatable cell lines was associated 

with a decrease in CHK1 expression and ATR expression and activity (Figure 4.3). Taken 

together, these data confirm previous reports of MYCN expression leading to increased ATR 

pathway activity (Colicchia et al., 2017). King et al. recently showed that MYCN 

overexpression directly decreased replication fork progression and increased fork stalling by 

DNA fiber assay, a clear indicator of RS (King et al., 2020).  

The ATR inhibitor VE-821 was significantly more toxic to MYCN amplified cell lines, or cell lines 

with high MYCN expression (Figures 4.6 and 4.7). Cell lines with high baseline activity of ATR 

(CHK1S345 phosphorylation) and high CHK1 protein expression were also significantly more 

sensitive to VE-21 (Figure 4.14). As CHK1 protein levels correlate with MYCN protein 

expression, and high MYCN protein levels increase ATR expression and activity, the increased 

toxicity is likely due to the effect of MYCN overexpression. Analysis of more non-MYCN 

amplified cell lines would be required to determine if high CHK1 expression or ATR activity 

independently predict sensitivity to ATR inhibition.  

MYCN amplification or overexpression was not significantly predictive of sensitivity to the 

PARP inhibitor olaparib in this study (Figures 5.3 and 5.4). However, cells with high baseline 
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ATR activity and CHK1 protein expression were significantly more sensitive to olaparib (Figure 

5.11), suggesting that ATR pathway activation does result in vulnerability to PARP inhibition. 

MYCN amplified NB cell lines have been shown to be sensitive to inhibition of checkpoint 

kinases acting downstream of ATR, CHK1 and WEE1 (Xu et al., 2011; Russell et al., 2013; 

Lowery et al., 2017; Ando et al., 2019). Inhibition of these kinases provides additional 

methods of targeting the RS response in NB.   

Amplification of other oncogenes, such as ALK (2p23), MDM2 (12q15) and CDK4 (12p14), have 

been reported, occurring in up to 3% of MYCN-amplified and 1% of non-MYCN amplified 

tumours, and are associated with overexpression of the respective protein (Wang et al., 2013; 

Amoroso et al., 2020). Although rare, the presence of amplicons other than MYCN identifies 

a subset of HR-NB patients with especially poor survival rates, denoted ultra-high-risk 

(Depuydt et al., 2018). Constitutive ALK activation, though gene amplification and 

overexpression or mutation, likely increases RS via mitogen signalling through the RAS-MAPK 

and PI3K-AKT-mTOR pathways. Overexpression of MDM2 and CDK4 results in G1 checkpoint 

dysfunction through preventing accumulation of p53 and uncoupling Rb from E2F allowing 

transcription of S-phase initiation factors, respectively (Nag et al., 2013; Topacio et al., 2019).  

Loss of G1 checkpoint control leads to DNA damage being carried into S phase, where it blocks 

replication, leading to fork stalling, collapse, and chromosome breakage.   

SNP array analysis confirmed co-amplified of ALK and MYCN in the IMR32/ KAT100 cell line 

pair and amplification MDM2 and CDK4, in addition to MYCN, in the NGP/N20_R1 cell line 

pair. It is unclear if these additional amplicons contribute to ATR and PARP inhibitor toxicity 

in these cell lines.  

Another common genetic abnormality, present in around 30% of NB tumours, is unbalanced 

loss of chromosome 11q, often including allelic deletion of the ATM, CHK1, MRE11, and H2AFX 

DDR genes. Deletion of 11q was confirmed in 7/10 of the cell lines studied here, all of which 

included ATM, CHK1 and H2AX (Figure 3.3). However, 11q deletion was not associated with 

reduced ATM or CHK1 protein expression in these cell lines when analysed by Western blot 

(Figure 3.6C and F). Additionally, there was no correlation between ATM and CHK1 protein 

expression, suggesting that there was no relationship between loss of one copy of these genes 

and protein expression in these cell lines. This is in contrast to previous studies which have 
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reported reduced ATM mRNA and protein expression in 11q deleted NB cells (Mandriota et 

al., 2015; Sanmartín et al., 2017). In two of the cell lines with the lowest ATM expression, 

IMR32 and NMB, mutation in ATM was detected by next generation panel sequencing 

(Chapter 3). No ATM function (ATMS1981 auto-phosphorylation or CHK2T68 phosphorylation) 

was detected in response to doxorubicin in these cell lines (Figure 3.11). Mutation in an ATM 

splice site was identified in the IGRN91 cell line, which also showed no ATM function in 

response to doxorubicin. In this study, VE-821 was significantly more toxic to cell lines with 

low ATM protein expression (below median expression) or loss of function in ATM than cell 

lines with functional ATM (Figure 4.10). However, all cell lines with low ATM protein were 

also MYCN amplified. MYCN expression has been shown to lead to downregulation of ATM 

through upregulation of the micro RNA, miR-421 (Hu et al., 2010; Mansour et al., 2013). 

Although it is likely that ATM loss further increased dependency on ATR in these cell lines 

making them extremely vulnerable to its inhibition, it is difficult to differentiate the effect of 

ATM loss from the effect of MYCN overexpression. Again, further analysis of non-MYCN 

amplified cell lines would be required to determine if low ATM expression alone is enough to 

determine sensitivity to ATR inhibitors.  

RS though loss of G1 checkpoint control has been hypothesised to increase sensitivity to ATR 

inhibition. In addition to oncogenic signalling, defects in the p53 pathway result in defective 

G1 checkpoint arrest, allowing cells to progress into S phase with damaged DNA. Molecular 

abnormalities resulting in p53 pathways dysfunction in the panel of cell lines studied here 

were characterised in chapter 3.  Five out of ten of the cell lines studied here have a mutation 

in TP53, and all of these cell lines failed to show p53 activity (p21 upregulation) in response 

to doxorubicin, with the exception of IGRN91 which retained some function. In addition to 

mutation, TP53 deletion through 17p loss was observed in the SKNAS and IGRN91 cell lines 

(see Appendix 1). Mutation of TP53 is rare at diagnosis but is observed in up to 15% of 

relapsed NB tumours (Carr-Wilkinson et al., 2010) and is associated with inferior prognosis. 

MDM2 amplification in the NGP TP53 wild type cell line likely disrupts p53 function by 

targeting it for protein degradation. Like TP53 mutations, MDM2 amplification is rare in NB 

and is not associated with tumour stage or survival (Carr-Wilkinson et al., 2010). Indirect p53 

pathway inactivation through homozygous deletion of CDKN2A, which codes for p14ARF, an 
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inhibitor of MDM2, has been identified in up to 5% of NB tumours at diagnosis, increasing to 

~20% in relapsed biopsies (Carr-Wilkinson et al., 2010; Dreidax et al., 2014). 

In this study, no significant difference in sensitivity to VE-821 or olaparib was observed when 

cell lines were analysed by TP53 mutation status or p53 function. In fact, in paired cell lines, 

TP53 mutant cells were more resistant to VE-821 than the TP53 wild type ones (Figure 4.9), 

an observation also made by Middleton et al. using isogenic breast and colorectal cancer cell 

lines (Middleton et al., 2018). A recent study showed that p53 knockout was associated with 

suppression of RS responses, increased origin firing and decreased DNA breakage in response 

to mitogen and nucleotide deprivation (Benedict et al., 2018), suggesting a mechanism behind 

increased resistance to ATR inhibitor monotherapy. 

A small number of heterozygous mutations in genes affecting the DDR were also detected in 

these cell lines, including BRCA2 in the GIMEN cell line (Table 3.5). Although associated with 

ATR and/or PARP inhibitor sensitivity in other cancers, the effect of these mutations in NB 

cannot be determined from this study. These mutations are extremely rare and may provide 

rationale for inclusion in basket trials based on molecular markers for precision medicine.  

To summarise, MYCN-induced ATR pathway activation results in vulnerability to ATR 

inhibition in NB cells. RS caused by other oncogenic signalling pathways or defective DNA 

repair may also contribute to sensitivity to ATR and PARP inhibitors.  

 

7.2 Mechanisms of synergy between ATR and PARP inhibition 
 

In chapter 6, ATR inhibition with VE-821 sensitised NB cell lines to the cytotoxic effect of the 

PARP inhibitor olaparib, which was synergistic in all cell lines. Fold sensitisation by VE-821 

significantly positively correlated with MYCN protein expression (Figure 6.6), which is likely 

due to these cells being under increased RS when treated. Olaparib was shown to activate 

ATR signalling and increase RS markers (Figure 4.8, Figures 6.15-18), consistent with previous 

reports of PARP inhibition enhancing RS in MYCN amplified cells (Colicchia et al., 2017; King 

et al., 2020).   

PARP inhibition induces S and G2 cell cycle arrest (Figures 6.12 and 6.13 and reported 

previously (Murai et al., 2012; Jelinic and Levine, 2014)). Delayed cell cycle progression is 

required to allow time for repair of the PARP-DNA complexes and persistent single strand 
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lesions due to impaired BER prior to replication, or collapsed replication forks due to collisions 

with replication machinery. The ATR pathway is crucial for the induction of S and G2 arrest, 

especially in the absence of ATM and p53 signalling, and inhibition abrogates checkpoint 

arrest (Figures 6.12 and 6.13 and reported previously (Peasland et al., 2011; Maya-Mendoza 

et al., 2015; Kim et al., 2017; Middleton et al., 2018)). MYCN amplified cells have an increased 

reliance on the S and G2 phase for the repair of DNA damage as the G1/S transition is 

accelerated (Bell et al., 2006; Evans et al., 2015; Ryl et al., 2017), which likely contributes to 

the increased sensitisation by VE-821 in MYCN overexpressing cells.  

To test if PARP and/or ATR inhibition leads to the accumulation of damage in S-phase, γH2AX 

intensity could be correlated with proliferating cell nuclear antigen (PCNA) or BrdU by 

immunofluorescent imaging or flow cytometry. PCNA and incorporation of BrdU are markers 

of active DNA replication. In addition, analysis of single and double strand DNA breaks, by 

comet assay (Møller, 2018), in cells treated with PARP and/or ATR inhibitors will reveal if 

combined inhibition results in an increase in DNA breaks or delayed DNA repair.  

In chapter 6, ATR inhibition by VE-821 was shown to impair HRR in both MYCN amplified and 

non-amplified cell lines (Figure 6.18 and 19), confirming previous reports of impaired HRR 

function after loss or inhibition of ATR (Peasland et al., 2011; Buisson et al., 2017; Yazinski et 

al., 2017). VE-821 resulted in a reduction in olaparib-induced RPA2S8 phosphorylation, which 

is required to initiate HRR after replication arrest (Shi et al., 2010). Inducing HRR defects, or 

“BRCAness”, by targeting HRR or replication fork protection pathways is being explored in 

many adult cancer models to increase sensitivity of BRCA proficient tumours to PARP 

inhibitors (Byrum et al., 2019). This concept underlies the synergy observed between ATR and 

PARP inhibitors in this study.  

S and G2 checkpoint abrogation and HRR deficiency increase the probability of cell death by 

mitotic catastrophe, also known as death by mitotic failure, as cells divide with unrepaired 

DNA breaks (Vitale et al., 2011). Mitotic defects can be measured by quantifying the 

percentage of cells with micronuclei or anaphase bridge formation. Cell death by apoptosis 

can also be measured using techniques such as TUNEL or caspase assays or measuring 

annexin-V staining by flow cytometry.  
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7.3 Future directions  
 

A particular strength of this study is that the effect of PARP and ATR inhibition was analysed 

by two cytotoxicity assays in both paired cell lines and in a panel of cell lines with diverse 

molecular characteristics. High MYCN expression was confirmed to be a robust marker of 

sensitivity to ATR inhibition when analysed by genomic status and protein expression level. 

Expanding the cell line panel may reveal that PARP inhibition is significantly more toxic to 

MYCN-amplified cell lines, as suggested by the current work in matched cell lines and 

reported previously (Colicchia et al., 2017; King et al., 2020). 

Genomic, proteomic and functional evaluation of ATM and p53 revealed that protein 

expression level is not always consistent with genetic status or function, and loss of ATM 

protein expression and/or function may determine sensitivity to ATR inhibition.  However, 

the relatively small size of the cell line panel, with only 4/10 being non-MYCN amplified, 

meant that the role ATM protein expression has in sensitivity to ATR and PARP inhibition could 

not be separated from the effect of MYCN status. Exploring ATM loss using more non-MNA 

cell lines will determine if low ATM protein expression is independently associated with 

sensitivity to these inhibitors.  

Synergism between PARP and ATR inhibitors was confirmed in NB cell lines using two different 

ATR inhibitors, VE-821 and AZD6738, in both cell proliferation and clonogenic survival assay. 

Synergy was observed in all cell lines independently of MYCN or p53 status. While some 

mechanistic analysis of synergy was presented in chapter 6, some questions remain 

unanswered. Further work to establish the effect of dual inhibition on DNA damage and repair 

dynamics, by Comet assay for example, and correlation of DNA damage and S phase markers 

will provide insight into why cells are especially vulnerable to inhibition of both proteins. 

Knockdown of PARP and/or ATR, using siRNA or shRNA mediated techniques, will reveal if the 

presence of the protein is required for synergy, for example PARP trapping on DNA, or just 

loss of catalytic function.  

A thorough in vivo investigation of ATR inhibitors, as monotherapy and in combination with 

PARP inhibition, preferably in patient derived xenograft (PDX) mouse models, is required to 

establish efficacy in both MYCN amplified and non-MYCN amplified tumours.     
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7.4 Translating to the clinic   
 

The data presented in this thesis supports further development of ATR and PARP inhibitors 

for the treatment of HR-NB, especially patients with MYCN amplified tumours. These 

inhibitors have been introduced in combination with existing therapy regimens e.g. PARP 

inhibition and irinotecan, in the first instance. 

 

7.4.1 Potential combinations with existing treatment regimens  
 

In chapter 6, ATR inhibition with VE-821 sensitised NB cells to the topoisomerase I poison 

topotecan, independent of MYCN or TP53 status (Figure 6.1). VE-821 also sensitised NB cells 

to temozolomide (Figure 6.2), with the exception of the SKNAS cell line which is particularly 

resistant due to high MGMT expression (Wagner et al., 2007; Chen et al., 2015a). 

PARP inhibitors have been shown previously to sensitise NB cells to topotecan and 

temozolomide (Daniel et al. 2009; Sanmartin et al. 2017). Results of the recent ESMART trial 

(NCT02813135) investigating olaparib in combination with irinotecan in relapsed or refractory 

paediatric solid tumours harbouring defects in DDR genes, including NB, showed that the 

combination was well tolerated and induced partial responses in 3/23, including one case of 

NB, and disease stabilisation in 8/23 patients (Gatz et al., 2019).  The phase 2 part of this trial 

is ongoing. 

In addition to Top1 poisons and temozolomide, ATR inhibition has been shown to sensitise 

cells to platinum-based agents (Hall et al., 2014; Middleton et al., 2018; Shi et al., 2018; 

Wengner et al., 2020), including NB in the Paediatric Preclinical Testing Program (Kurmasheva 

et al., 2018), and the nucleoside analogue gemcitabine (Liu et al., 2017b; Fordham et al., 

2018). Gemcitabine is not currently included in NB treatment regimens, but cisplatin and 

carboplatin are given during induction therapy as part of the rapid COJEC protocol 

(NCT04221035). PARP inhibition has also been shown to sensitise NB cell lines to carboplatin 

(Norris et al., 2014). Introduction of ATR or PARP inhibitors to current induction regimens may 

increase the efficacy of these agents and reduce the number of cycles required to induce 

remission.  

The combination of PARP inhibitors with conventional chemotherapy in adult trials have 

resulted in increased adverse effects, especially significant haematological toxicity, resulting 
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in subsequent dose reductions of both the PARP inhibitor and the combined cytotoxic 

chemotherapy (Zhou et al., 2017; LaFargue et al., 2019).  Results from a recent phase 1 trial 

investigating M6620 in combination with topotecan in adult advanced solid tumours reported 

that 11/21 patients required dose reductions due to neutropenia, thrombocytopenia or 

decreased creatinine clearance (Thomas et al., 2018). However, tolerable doses were 

established and the phase 2 efficacy arm of this trial is ongoing (NCT03896503).  

ATR and PARP inhibitors have also been shown to sensitise a variety of cancer cells to ionising 

radiation (Fujisawa et al., 2015; Dillon et al., 2017; Lesueur et al., 2017; Middleton et al., 2018; 

Wengner et al., 2020), including in preclinical models of NB (Mueller et al., 2013; Nile et al., 

2016). Ionising radiation induces many single and double strand DNA lesions, and cells rely on 

ATR and PARP signalling pathways for effective cell cycle arrest and repair of damaged DNA 

for survival. Radiotherapy is considered to be more targeted than systemic chemotherapy, as 

radiation can be directed towards the tumour, therefore combining with ATR or PARP 

inhibition should result in fewer toxicities. Radiotherapy is currently given to the site of the 

primary tumour after resection during the consolidation phase of HR-NB treatment. In 

addition to standard radiotherapy, NB patients may receive targeted molecular radiotherapy 

with iodine-131-labelled meta-iodobenzylguanidine (131I-mIBG), a noradrenaline mimetic 

which specifically targets cells expressing the noradrenaline transporter (George et al., 2016).  

Overall, combining ATR or PARP inhibitors with chemo- and radiotherapy has great potential 

for the treatment of HR-NB. Further exploration, especially in in vivo models, is required to 

identify the most synergistic, and hopefully efficacious combinations. 

 
 

7.4.2 Biomarker development 
 

In order to identify patients who may benefit from PARP and/or ATR inhibitors, robust 

predictive biomarkers of sensitivity are required. For clinical trials, there is ongoing debate 

about whether maximum tolerated dose (MTD) or the dose required to inhibit the enzyme in 

the tumour cells, known as optimal biological dose (OBD), which is likely to be much lower 

than the MTD, should be used to guide recommended doses. For PARP and ATR inhibitors the 

OBD may be sufficient for anti-tumour responses, especially in combination with other DNA 



170 
 

damaging agents. Therefore, pharmacodynamic (PD) biomarkers are also required to confirm 

target inhibition.  

 

7.4.2.1 Predictive biomarkers   
 

The evidence reported here and previously suggest that MYCN amplified NB cells are 

vulnerable to inhibition of ATR alone and in combination with PARP inhibitors. MYCN 

amplification is screened for at diagnosis as part of risk classification. Here, high MYCN protein 

expression was shown to be predictive of sensitivity to these inhibitors. NB tumour cells can 

express high levels of MYCN protein in the absence of amplification, as demonstrated in the 

SJNB1 cell line (Chapter 3), therefore staining tumour biopsies for MYCN expression by 

immunohistochemistry (IHC) may identify patients with MYCN non-amplified tumours who 

may benefit from treatment with PARP and/or ATR inhibitors.  

Sensitivity to ATR or PARP inhibition was also associated with high baseline ATR activity 

(CHK1S345 phosphorylation) and high CHK1 protein expression in this study. Optimising 

staining for these markers in NB tumours could also be used to stratify patients who may 

respond to these inhibitors. 

Low ATM protein expression was associated with sensitivity to ATR inhibition. ATM loss is 

currently used to select patient cohorts to receive ATR inhibitors as part of clinical trials 

(NCT03718091, NCT02264678). From the data presented in this thesis, measuring the level of 

ATM protein expression in tumours may be useful to identify patients who would benefit in 

the absence of an inactivating ATM mutation.  

Investigation of these markers in HR-NB tissue microarrays (TMA) was planned as part of this 

project but could not be completed due to time restrictions and would be required to 

determine if the range of expression in NB is broad enough to be used as a biomarker.  

In addition to the markers identified in this thesis, studies by other research groups have 

suggested that expression of nuclear restriction factor SLFN11 may determine sensitivity to 

PARP inhibition, but resistance to ATR inhibition, in a variety of cancer types (Murai et al., 

2016; Murai et al., 2019).  
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Mutations in ATM were associated with loss of function in this study. Although rare, screening 

for mutations in known DDR genes by targeted sequencing may also predict response to these 

inhibitors in the emerging era of personalised medicine.   

 

7.4.2.2 Pharmacodynamic biomarkers  
 

PD biomarkers are required to guide dose escalation of inhibitors and confirm that ATR and/or 

PARP is inhibited in tumour tissue. The most selective marker of ATR inhibitor activity is 

CHK1S345 phosphorylation (pCHK1) (Chen et al., 2015b).  A reduction in pCHK1 levels was used 

in chapter 4 to confirm inhibition of ATR in cell lines after treatment with VE-821 (Figure 4.8). 

However, analysis of ATR inhibition by reduced pCHK1 levels has generally been investigated 

after ATR has been activated by other agents, and although there may be some baseline 

activation in NB, particularly in MYCN amplified tumours, it is likely that the dynamic range of 

baseline pCHK1 is not enough to be useful as a marker for monotherapy. Loss of pCHK1 signal 

could be useful when studying ATR inhibition in peripheral blood mononuclear cells (PBMCs) 

or IHC of biopsy specimens from patients undergoing combinations with PARP inhibitors or 

RS-inducing chemotherapy, which activate ATR. However, it is unlikely there would be a 

chemotherapy alone specimen to compare with, especially for IHC, so it would be difficult to 

say if it had been induced and inhibited or not induced. Ex vivo analysis of ATR inhibition in 

PBMC treated with DNA damaging agents could be used as a surrogate for measuring 

inhibition in the tumour (Chen et al., 2015b).   

Phosphorylation of H2AXS139 (γH2AX) has been used to analyse the effect of ATR inhibition in 

the clinic (Thomas et al., 2018; Yap et al., 2020). However, the level of γH2AX induced by 

genotoxic agents generally decreases after ATR inhibition (Figures 6.16-6.19 and shown 

previously (Chen et al., 2015b; Thomas et al., 2018)). PARP inhibition has been shown to 

increase γH2AX foci formation and staining, and γH2AX is used a marker of PARP inhibitor 

induced DNA damage (Redon et al., 2010). 

PARP inhibition is measured by the reduction in poly-ADP ribose (PAR) compared to control 

(Plummer et al., 2008). Baseline expression of PAR is generally visible in NB cell lines (Nile et 

al., 2016; King et al., 2020) but ex vivo PARP inhibition in PBMCs after activation with other 
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agents may be required for dose escalation, as a surrogate for target inhibition in the tumour 

(Plummer et al., 2008). 

Further pharmacodynamic evaluation of these markers in response to PARP and/or ATR is 

required before they can be used guide OBD in clinical trials. In the meantime, MTDs will be 

continued to be used in the absence of reliable PD biomarkers to examine efficacy of these 

inhibitors in the clinic.   

 

7.5 Summary and conclusion  
 

The data presented in this thesis demonstrates that increased ATR pathway activity is a key 

determinant of sensitivity to ATR inhibitors in NB cell lines. MYCN amplification is associated 

with MYCN protein overexpression and increased ATR pathway activation. MYCN 

amplification is present in 50% HR-NB tumours, representing a large proportion of NB patients 

who may benefit therapeutically from these inhibitors. ATR inhibition sensitises NB cells to 

RS-inducing agents, such as topotecan, temozolomide, and the PARP inhibitor olaparib, and 

is synergistic with olaparib inhibition, independent of MYCN status. Mechanistically, ATR 

impairs HRR and abrogates S and G2 checkpoint arrest induced by PARP inhibition, 

exacerbating RS and increasing cell death. ATR inhibitor sensitivity in NB is summarised in 

Figure 7.1.   

Although further work is required to develop robust and reliable predictive and PD 

biomarkers, the work presented here provides strong rationale for the introduction of ATR 

and PARP inhibitors to HR-NB treatment regimens to try and improve survival in this 

aggressive childhood cancer.   
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7.6 Graphical conclusion 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7.1: Increased replication stress in neuroblastoma tumours, caused by intrinsic features or induced 
therapeutically, activates ATR signalling, leading to cell cycle arrest, decreased replication origin firing and DNA 
repair via homologous recombination repair (HRR) (pathway A). Inhibition of ATR impairs HRR and abrogates 
cell cycle arrest and allows new origin firing, leading to replication fork collapse, mitotic failure, and death 
(pathway B).  
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Appendix 1: SNP array cell lines 
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Figure 1: SNP array for IMR32 cell line. Log2 ratio representing amplicons and numerical and segmental chromosomal aberrations (NCAs and SCAs) (top) and the B allele 
frequency (BAF) shows segmental heterozygosity (bottom). The following criteria was used: chromosomal gain ≥+0.15; chromosomal loss ≤-0.25, gene amplification > 0.7 and 
SCA cut off ≥3Mb.  
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Figure2: SNP array for KAT100 cell line. Log2 ratio representing amplicons and numerical and segmental chromosomal aberrations (NCAs and SCAs) (top) and the B allele 
frequency (BAF) shows segmental heterozygosity (bottom). The following criteria was used: chromosomal gain ≥+0.15; chromosomal loss ≤-0.25, gene amplification > 0.7 and 
SCA cut off ≥3Mb. 
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Figure 3: SNP array for NGP cell line. Log2 ratio representing amplicons and numerical and segmental chromosomal aberrations (NCAs and SCAs) (top) and the B allele 

frequency (BAF) shows segmental heterozygosity (bottom). The following criteria was used: chromosomal gain ≥+0.15; chromosomal loss ≤-0.25, gene amplification > 0.7 

and SCA cut off ≥3Mb. 
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Figure 4: SNP array for N20_R1 cell line. Log2 ratio representing amplicons and numerical and segmental chromosomal aberrations (NCAs and SCAs) (top) and the B allele 

frequency (BAF) shows segmental heterozygosity (bottom). The following criteria was used: chromosomal gain ≥+0.15; chromosomal loss ≤-0.25, gene amplification > 0.7 

and SCA cut off ≥3Mb. 
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Figure 5: SNP array for NMB cell line. Log2 ratio representing amplicons and numerical and segmental chromosomal aberrations (NCAs and SCAs) (top) and the B allele 
frequency (BAF) shows segmental heterozygosity (bottom). The following criteria was used: chromosomal gain ≥+0.15; chromosomal loss ≤-0.25, gene amplification > 0.7 
and SCA cut off ≥3Mb. 
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Figure 615: SNP array for IGRN91 cell line. Log2 ratio representing amplicons and numerical and segmental chromosomal aberrations (NCAs and SCAs) (top) and the B 
allele frequency (BAF) shows segmental heterozygosity (bottom). The following criteria was used: chromosomal gain ≥+0.15; chromosomal loss ≤-0.25, gene amplification 
> 0.7 and SCA cut off ≥3Mb. 
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Figure 7: SNP array for GIMEN cell line. Log2 ratio representing amplicons and numerical and segmental chromosomal aberrations (NCAs and SCAs) (top) and the B allele 
frequency (BAF) shows segmental heterozygosity (bottom). The following criteria was used: chromosomal gain ≥+0.15; chromosomal loss ≤-0.25, gene amplification > 0.7 
and SCA cut off ≥3Mb. 



212 
 

 

 

 

Figure 8: SNP array for SHSY5Y cell line. Log2 ratio representing amplicons and numerical and segmental chromosomal aberrations (NCAs and SCAs) (top) and the B allele 
frequency (BAF) shows segmental heterozygosity (bottom). The following criteria was used: chromosomal gain ≥+0.15; chromosomal loss ≤-0.25, gene amplification > 0.7 
and SCA cut off ≥3Mb. 
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Figure 9: SNP array for SKNAS cell line. Log2 ratio representing amplicons and numerical and segmental chromosomal aberrations (NCAs and SCAs) (top) and the B allele 
frequency (BAF) shows segmental heterozygosity (bottom). The following criteria was used: chromosomal gain ≥+0.15; chromosomal loss ≤-0.25, gene amplification > 0.7 
and SCA cut off ≥3Mb. 
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Figure 10: SNP array for the tetraploid SJNB1 cell line. Log2 ratio representing amplicons and numerical and segmental chromosomal aberrations (NCAs and SCAs) (top) and 
the B allele frequency (BAF) shows segmental heterozygosity (bottom). The following criteria was used: chromosomal gain ≥+0.15; chromosomal loss ≤-0.25, gene 
amplification > 0.7 and SCA cut off ≥3Mb. 
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Appendix 2: Whole exome sequencing paired cell lines 
 

Table 7: Parental cell lines specific mutations identified by whole exome sequencing. Mutations 
predicted to affect the DDR are highlighted in yellow.  

Cell 
Line 

Genes Codes for AA 
Change 

Variant Effect SIFT class 
(score) 

IMR32 CLCA2 Calcium-activated chloride 
channel regulator 2 

P536L missense_variant Deleterious
(1.000) 

IMR32 RPRD2 Regulation of nuclear pre-
mRNA domain-containing 
protein 2 

S597* stop_gained - 

IMR32 YY1AP1 YY1-associated protein 1 V527F missense_variant Deleterious
(1.000) 

IMR32 FMO3 Dimethylaniline 
monooxygenase [N-oxide-
forming] 3 

G162E missense_variant,
splice_region_var
iant 

Deleterious
(1.000) 

IMR32 HMCN1 Hemicentin-1 - splice_region_var
iant,intron_varian
t 

- 

IMR32 FCAMR High affinity immunoglobulin 
alpha and immunoglobulin mu 
Fc receptor 

Q535K missense_variant Deleterious
(0.998) 

IMR32 CRYBG3 Very large A-kinase anchor 
protein 

G569* stop_gained - 

IMR32 CCDC80 Coiled-coil domain-containing 
protein 80 

K329N missense_variant Deleterious
(0.989) 

IMR32 ZSWIM6 Zinc finger SWIM domain-
containing protein 6 

R717W missense_variant Deleterious
(1.000) 

IMR32 PDE6A Phosphodiesterase 6A - splice_donor_vari
ant 

- 

IMR32 PLEKHG1 Pleckstrin homology domain-
containing family G member 1 

E55* stop_gained - 

IMR32 CASD1 N-acetylneuraminate 9-O-
acetyltransferase 

R461Q missense_variant Deleterious
(1.000) 

IMR32 MUC12 Mucin-12 S71I missense_variant Deleterious
(0.999) 

IMR32 NOS3 Nitrix oxide synthase 1 - splice_region_var
iant,intron_varian
t 

- 

IMR32 TDRD7 Tudor domain-containing 
protein 7 

W932C missense_variant Deleterious
(1.000) 

IMR32 QSER1 Glutamine and serine-rich 
protein 1 

S364R missense_variant Deleterious
(0.990) 

IMR32 ATM Serine-protein kinase ATM V2716A missense_variant Deleterious
(1.000) 
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IMR32 PDE6H Phosphodiesterase 6H - splice_region_var
iant,intron_varian
t 

- 

IMR32 SLC38A2 Sodium-coupled neutral 
amino acid transporter 2 

G216V missense_variant,
splice_region_var
iant 

Deleterious
(1.000) 

IMR32 OSBPL8 Oxysterol Binding Protein Like 
8 

S203* stop_gained - 

IMR32 PRKAB1 Protein Kinase AMP-Activated 
Non-Catalytic Subunit Beta 1 

P208Q missense_variant Deleterious
(1.000) 

IMR32 RNF6 Ring Finger Protein 6 R135I missense_variant Deleterious
(1.000) 

IMR32 SERPINA
12 

Serpin Family A Member 12 
(protease inhibitors) 

K155N missense_variant Deleterious
(0.999) 

IMR32 DMXL2 DmX-like protein 2 C781F missense_variant Deleterious
(1.000) 

IMR32 IQGAP1 IQ Motif Containing GTPase 
Activating Protein 1 

E1578G missense_variant Deleterious
(1.000) 

IMR32 ACSM2A Acyl-CoA Synthetase Medium 
Chain Family Member 2A 

Q91H missense_variant Deleterious
(0.989) 

IMR32 SGSM2 Small G Protein Signaling 
Modulator 2 

N852S missense_variant Deleterious
(0.989) 

IMR32 OR1D5 Olfactory Receptor Family 1 
Subfamily D Member 5 

W149C missense_variant Deleterious
(0.999) 

IMR32 NXPH3 Neurexophilin 3 G185V missense_variant Deleterious
(0.996) 

IMR32 USP32 Ubiquitin Specific Peptidase 32 A717S missense_variant Deleterious
(0.989) 

IMR32 FCGBP Fc Fragment Of IgG Binding 
Protein 

G1190V missense_variant Deleterious
(1.000) 

IMR32 TFF3 Trefoil Factor 3 C72* stop_gained - 
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Table 8: Daughter cell lines specific mutations identified by whole exome sequencing. Mutations 
predicted to affect the DDR are highlighted in yellow. 

Cell 
Line 

Genes Codes for AA 
Change 

Variant Effect SIFT class 
(score) 

KAT100 DNM3 Dynamin 3 R850L missense_variant Deleterious
(1.000) 

KAT100 CEP350 Centrosomal Protein 350 V188F missense_variant Deleterious
(0.989) 

KAT100 OPTC Opticin I304F missense_variant Deleterious
(1.000) 

KAT100 ZNF670 Zinc Finger Protein 670 S88* stop_gained - 

KAT100 IGKV4-1 Immunoglobulin Kappa Variable 
4-1 

Q68H missense_variant Deleterious
(0.999) 

KAT100 GZMA Granzyme A A67S missense_variant Deleterious
(1.000) 

KAT100 CEP120 Centrosomal Protein 120 K561E missense_variant Deleterious
(0.999) 

KAT100 MDC1 Mediator Of DNA Damage 
Checkpoint 1 

Q1463H missense_variant Deleterious
(1.000) 

KAT100 PRPH2 Peripherin 2 P210T missense_variant Deleterious
(1.000) 

KAT100 RUNX2 RUNX Family Transcription 
Factor 2 

M39R missense_variant Deleterious
(0.999) 

KAT100 TTYH3 Tweety Family Member 3 
(chloride channel) 

- splice_region_var
iant,intron_varian
t 

- 

KAT100 OSBPL3 Oxysterol Binding Protein Like 3 R279I missense_variant Deleterious
(0.999) 

KAT100 FANCG Fanconi anemia group G protein C75* stop_gained - 

KAT100 PPRC1 PPARG Related Coactivator 1 L1375F missense_variant Deleterious
(1.000) 

KAT100 TRIM49
B 

Tripartite Motif Containing 49B R408* stop_gained - 

KAT100 OR1S2 Olfactory Receptor Family 1 
Subfamily S Member 2 

P223L missense_variant Deleterious
(1.000) 

KAT100 KLRF2 Killer Cell Lectin Like Receptor 
F2 

I175M missense_variant Deleterious
(0.990) 

KAT100 SRGAP1 SLIT-ROBO Rho GTPase 
Activating Protein 1 

- splice_region_var
iant,intron_varian
t 

- 

KAT100 INF2 Inverted Formin, FH2 And WH2 
Domain Containing 

Q366* stop_gained - 

KAT100 PLCB2 Phospholipase C Beta 2 G534V missense_variant,
splice_region_var
iant 

Deleterious
(0.999) 

KAT100 MYO5C Myosin VC E1077* stop_gained - 

KAT100 UNC13C Unc-13 Homolog C G798* stop_gained - 

KAT100 CD19 B-lymphocyte antigen CD19 E527* stop_gained - 
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KAT100 TP53 Tumour suppressor protein 53 C135F missense_variant Deleterious
(1.000) 

KAT100 HSD17B
1 

Hydroxysteroid 17-Beta 
Dehydrogenase 1 

G136* stop_gained - 

KAT100 RBL1 RB Transcriptional Corepressor 
Like 1 

L206F missense_variant Deleterious
(1.000) 

KAT100 NLGN3 Neuroligin 3 F546L missense_variant Deleterious
(1.000) 

KAT100 SLC9B1P
1 

Putative SLC9B1-like protein 
SLC9B1P1 

K222* stop_gained - 

N20R1 CLCNKA Chloride Voltage-Gated Channel 
Ka 

T492N missense_variant Deleterious
(1.000) 

N20R1 GBP4 Guanylate Binding Protein 4 L272Q missense_variant Deleterious
(1.000) 

N20R1 RFX5 DNA-binding protein RFX5 V565G missense_variant Deleterious
(1.000) 

N20R1 IGFN1 Immunoglobulin Like And 
Fibronectin Type III Domain 
Containing 1 

E2796D missense_variant Deleterious
(0.989) 

N20R1 BROX BRO1 domain-containing 
protein BROX 

K158N missense_variant,
splice_region_var
iant 

Deleterious
(0.998) 

N20R1 ANKRD3
6C 

Ankyrin Repeat Domain 36C R1582T missense_variant Neutral(0.9
77) 

N20R1 IL18R1 Interleukin 18 Receptor 1 L400F missense_variant Deleterious
(1.000) 

N20R1 DNAH7 Dynein Axonemal Heavy Chain 7 V1183A missense_variant Deleterious
(0.996) 

N20R1 ACAD9 Acyl-CoA Dehydrogenase Family 
Member 9 

A176S missense_variant Deleterious
(1.000) 

N20R1 NUDT6 Nudix Hydrolase 6 R90* stop_gained - 

N20R1 FKBP6 Inactive peptidyl-prolyl cis-trans 
isomerase FKBP6 

S74Y missense_variant Deleterious
(1.000) 

N20R1 KMT2C Lysine methyltransferase 2C G908C missense_variant Deleterious
(1.000) 

N20R1 WDFY4 WD repeat- and FYVE domain-
containing protein 4 

G1342E missense_variant Deleterious
(1.000) 

N20R1 LDHAL6
A 

Lactate Dehydrogenase A Like 
6A 

L165M missense_variant Deleterious
(1.000) 

N20R1 DAGLA Diacylglycerol Lipase Alpha S12Y missense_variant Deleterious
(1.000) 

N20R1 CDAN1 Codanin 1  P560Q missense_variant Deleterious
(1.000) 

N20R1 CENPN Centromere Protein N S195I missense_variant Deleterious
(1.000) 

N20R1 TP53 Tumour suppressor protein 53 P152T missense_variant Deleterious
(1.000) 

N20R1 TP53 Tumour suppressor protein 53 P98H missense_variant Deleterious
(1.000) 
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N20R1 TCEB3C Elongin-A3 member B E379D missense_variant Deleterious
(0.999) 

N20R1 KHSRP Far upstream element-binding 
protein 2 

R394S missense_variant,
splice_region_var
iant 

Deleterious
(0.989) 

N20R1 ZC3H4 Zinc finger CCCH domain-
containing protein 4 

G431* stop_gained - 

N20R1 SSC5D Soluble scavenger receptor 
cysteine-rich domain-containing 
protein SSC5D 

E1348* stop_gained - 

N20R1 ZSCAN5
A 

Zinc finger and SCAN domain-
containing protein 5A 

D270G missense_variant Deleterious
(0.996) 

N20R1 GNAS Guanine nucleotide-binding 
protein G(s) subunit alpha 
isoforms Xlas 

K943N missense_variant Deleterious
(1.000) 
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AACR virtual conference 2, 2020 - Poster presentation – Title: Preclinical investigation of ATR 
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pre-clinical models of high risk neuroblastoma and synergises with inhibition of ATR  

PARP conference 2019, Budapest – Poster presentation – Title: PARP inhibition causes replication 
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the ATR inhibitor VE-821 alone and in combination with the PARP inhibitor olaparib in neuroblastoma 

 


