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Abstract 
 

Neuroblastoma is the most common extracranial solid tumour of childhood. 

Amplification of the MYCN oncogene is observed in 20% of neuroblastoma cases 

and is always associated with high-risk disease. The overall survival rate for high-risk 

disease remains below 50%, highlighting a need for novel therapeutics which can 

improve the efficacy of current treatment strategies. High MYCN expression induces 

greater levels of replication stress and DNA damage, and this sensitises cells to 

inhibition of DNA repair and replication stress limiting pathways. The Fanconi 

anaemia (FA) pathway functions to repair DNA inter-strand crosslinks and limit 

replication stress. We hypothesised the FA pathway is a potential therapeutic target 

in MYCN-amplified neuroblastoma. 

We demonstrated MYCN overexpression and amplification induced 

transcriptional upregulation of FANC and HRR-associated FA pathway genes in 

neuroblastoma cell lines and tumours, and observed direct binding of MYCN at the 

promoter of most FA genes. Expression of MYCN also induced greater FA pathway 

activation. FA pathway inhibition by curcumin increased replication stress and R-loop 

accumulation in MYCN-expressing cells, indicating FANCD2 functions in the 

suppression of MYCN-induced R-loops. Curcumin was selectively more toxic in 

MYCN-expressing cells, suggesting increased FA pathway activation is required to 

limit MYCN-induced replication stress to tolerable levels. Curcumin also sensitised 

neuroblastoma cells to DNA crosslinking chemotherapeutics. Altogether our results 

indicate MYCN expression induces a greater FA pathway dependency which could 

be therapeutically exploited.  

REDACTED 

Overall, this thesis demonstrates the therapeutic potential of exploiting MYCN-

induced replication stress to sensitise neuroblastoma cells to FA pathway inhibition, 

REDACTED. 
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Chapter 1. Introduction 
 

1.1 Neuroblastoma  
 

1.1.1 Survival statistics of neuroblastoma  
 

Neuroblastoma is an embryonal neuroendocrine tumour arising from aberrant 

development of the peripheral sympathetic nervous system (Maris, 2010; Matthay et 

al., 2016; Ponzoni et al., 2022). Accounting for 6% of childhood cancer registrations 

in the UK, neuroblastoma is the most common extracranial solid tumour of childhood 

and is the most common malignancy diagnosed in the first year of life (Maris, 2010). 

The average age of diagnosis is 2 years old, with 90% of cases occurring in those 

less than 5 years old (Qiu and Matthay, 2022). Primary tumours can occur anywhere 

in the sympathetic nervous system such as the abdomen, thorax and neck, however 

over 50% of cases form in the medulla of the adrenal glands (Vo et al., 2014). The 

most common sites of metastases are the bone marrow, bone, lymph nodes, brain 

and liver (DuBois et al., 1999; Cohn et al., 2009). Although outcomes have improved, 

neuroblastoma accounts for 15% of all paediatric cancer mortality and the five-year 

survival of those with high-risk neuroblastoma remains at 50% (Gatta et al., 2002; 

Maris, 2010;  Park et al., 2013; Irwin et al., 2021). This highlights the need for novel 

neuroblastoma therapeutics with greater efficacy. 

 

1.1.2 Neuroblastoma risk group classification  
 

Neuroblastoma risk-group assignment has been globally unified by the 

International Neuroblastoma Risk Group Staging System (INRGSS) (Cohn et al., 

2009; Irwin et al., 2021). Patients are classified into very low, low, intermediate and 

high-risk groups (Table 1.1). The statistically significant prognostic features that 

define risk group classification are; tumour stage, an age threshold of 18 months, 

tumour histology, grade of tumour differentiation, MYCN amplification status, 

chromosome 11q aberrations and DNA ploidy (Brodeur et al., 1984; London et al., 

2005; Cohn et al., 2009; Irwin et al., 2021). The INRGSS enables prognosis 

prediction and treatment stratification despite a broad heterogeneity of 

neuroblastoma clinical phenotypes (Cohn et al., 2009; Maris, 2010). Clinical 
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behaviour ranges from spontaneous regression without treatment to metastatic 

progression or relapse despite escalation in dose-intensive, multimodal treatment 

(Maris, 2010; Qiu and Matthay, 2022). Extensive diversity between risk groups is 

reflected in the reduction of five-year survival from 98% in low-risk cases to 50% in 

high-risk cases (Matthay et al., 1999; Perez et al., 2000; Cohn et al., 2009; Maris, 

2010; Park et al., 2013; Irwin et al., 2021).  

 

 
Table 1.1 International Neuroblastoma Risk Group (INRG) pre-treatment classification. 
Neuroblastoma cases are classified into very low, low, intermediate, and high-risk groups 
according to these prognostic features. INRG stages classified as: L1; tumour confined to 
organ of origin with no image-defined risk factors, L2; locoregional tumour with image-
defined risk factors, M; distant metastases, MS; distant metastases limited to skin, liver and 
bone marrow in patients below 18 months. GN; ganglioneuroma, GNB; 
ganglioneuroblastoma. Blank field = ‘any’. Table adapted from Cohn et al., (2009). 

 

 

1.1.3 Neuroblastoma treatment pipelines 
 

1.1.3.1 Treatment of low- and intermediate-risk neuroblastoma 
 

Development of risk-adapted treatment strategies has reduced treatment 

intensity for those with low- and intermediate-risk disease whilst maintaining a five-

year survival rate of 98% and 96% respectively (Perez et al., 2000; Baker et al., 

2010; Strother et al., 2012; Irwin et al., 2021). Most localised low-risk neuroblastoma 
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cases require surgery alone (Perez et al., 2000; London et al., 2005; Strother et al., 

2012; Park et al., 2013). Low-risk cases, in particular those with stage MS disease, 

show frequent spontaneous regression meaning expectant observation is often 

considered safe primary therapy (Cole and Everson, 1956; Carlsen, 1990; Hero et 

al., 2008; Cohn et al., 2009; Nuchtern et al., 2012; Strother et al., 2012). Patients 

with metastatic or locally advanced disease of intermediate-risk undergo surgery and 

four to eight cycles of moderate-dose, multi-agent chemotherapy (Matthay et al., 

1998; Baker et al., 2010; Rubie et al., 2011; Park et al., 2013). However, a phase III 

clinical trial is currently being undertaken to determine the outcome of observation 

alone in asymptomatic intermediate-risk cases with favourable disease biology (Qiu 

and Matthay, 2022). Low- and intermediate-risk treatment optimisation therefore 

aims to further reduce treatment intensity to minimise long term adverse effects such 

as hearing loss and secondary malignancies (Gurney et al., 2007; Laverdiére et al., 

2009; Rubie et al., 2011; Cohen et al., 2014; Applebaum et al., 2015; Zheng et al., 

2018; Geurten et al., 2019; Norsker et al., 2020). 

 

 

 

1.1.3.2 Treatment of high-risk neuroblastoma  
 

Half of all neuroblastoma cases are classified as high-risk at diagnosis. High-

risk neuroblastoma is often characterised by unfavourable tumour histology, an age 

over 18 months, MYCN amplification, loss of heterozygosity at 1p or 11q loci, and 

disease metastasis (Huang and Weiss, 2013; Matthay et al., 2016; Qiu and Matthay, 

2022). In contrast to low-risk therapy minimisation, high-risk neuroblastoma 

treatment is intensive and multimodal. The high-risk treatment strategy consists of 

multi-agent induction chemotherapy, surgical resection, high-dose myeloablative 

consolidation chemotherapy with autologous stem cell  transplant (ASCT), 

radiotherapy, differentiating therapy and GD2-directed immunotherapy (Figure 1.1) 

(Matthay et al., 1999; Simon et al., 2004; Pritchard et al., 2005; Park et al., 2013; 

Smith and Foster, 2018; Qiu and Matthay, 2022). 
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The SIOP European Neuroblastoma group employs rapid COJEC based 

induction chemotherapy in which the chemotherapeutics cisplatin, vincristine, 

carboplatin, etoposide and cyclophosphamide are given in eight treatment cycles 

delivered at 10 day intervals (Qiu and Matthay et al., 2022). Cisplatin, carboplatin 

and cyclophosphamide are DNA crosslinking agents which most commonly attack 

guanine bases on DNA to form intra- and inter-strand crosslinks (Eastman, 1986; 

Deans and West, 2011). Vincristine inhibits microtubule polymerisation and therefore 

disrupts spindle formation and mitosis (Skubnik et al., 2021). Etoposide inhibits 

topoisomerase II enzymes by binding to the enzyme-DNA complex and preventing 

re-ligation of the DSB generated by topoisomerase II (Montecucco et al., 2015). This 

results in higher levels of DNA damage and a reduction in the levels of 

topoisomerase II available to relieve DNA supercoiling (Montecucco et al., 2015). 

Induction chemotherapy response rates range from 71% to 85%, and patients which 

respond to induction chemotherapy have longer event-free survival (Ladenstein et 

al., 2017; Park et al., 2019; Pinto et al., 2019; Garaventa et al., 2021). Efforts have 

therefore been made to intensify induction therapy to improve response rates, 

however addition of further chemotherapy cycles did not significantly improve event-

free survival (Ladenstein et al., 2017; Garaventa et al., 2021). Alternative strategies 

to improve the efficacy of induction chemotherapeutics are therefore required.  

Following surgical resection, busulfan and melphalan are used in high-dose 

myeloablative consolidation chemotherapy followed by ASCT (Matthay et al., 1999; 

Berthold et al., 2005). Busulfan and melphalan are bifunctional alkylating agents 

which commonly induce formation of inter- and intra-strand crosslinks, particularly 

Figure 1.1. High-risk neuroblastoma treatment schema.  
Induction chemotherapy delivered at 10-day intervals (eight cycles), surgical resection, 
myeloablative consolidation chemotherapy with autologous stem cell transplant (ASCT), 
radiotherapy and minimal residual disease (MRD) therapy. Drugs used in the UK for each 
stage are listed. 
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between guanine bases (Osborne and Lawley 1993; Myers et al., 2017). 

Radiotherapy is then delivered at a dose of 21Gy to the primary tumour bed (Matthay 

et al., 1999; Haas-Kogan et al., 2003). This high-dose consolidation therapy has 

increased risks of acute and long-term organ toxicities and it is therefore desirable to 

minimise the need for these treatments through development of targeted 

therapeutics.  

Maintenance therapy is then used to treat minimal residual disease and 

reduce relapse risk. This involves treatment with 13-cis-retinoic acid to differentiate 

residual tumour cells and immunotherapies such as anti-GD2 antibodies (Matthay et 

al., 2009; Yu et al., 2010; Ladenstein et al., 2018; Yu et a. 2021). GD2 is a 

disialoganglioside expressed on the surface of neuroectodermal tumours (Voeller 

and Sondel 2019). Anti-GD2 monoclonal antibodies induce death of neuroblastoma 

cells through antibody-dependent cell-mediated cytotoxicity and complement-

dependent cytotoxity (Voeller and Sondel 2019). Development of immunotherapies 

to overcome the suppression of anti-tumour immunity induced by high-risk 

neuroblastomas is currently a large area of ongoing research (Bernards et al., 1986; 

Raffaghello et al., 2004; Wölfl et al., 2005; Asgharzadeh et al., 2012; Mina et al., 

2015; Federico et al., 2017; Melaiu et al., 2017; Mody et al., 2017; Mody et al., 2020; 

Furman, 2021; Furman et al., 2022; Theruvath et al., 2022). Relapsed disease is 

treated with established salvage chemotherapy regimens including temozolomide 

with irinotecan or topotecan (Kushner et al., 2006; London et al., 2011; Bagatell et 

al., 2011; Di Giannatale et al., 2014).  

 Improvements in treatment efficacy over the past few decades have resulted 

in an increase in five-year survival from below 20% to approximately 50% (Qiu and 

Matthay, 2022). However, given the high toxicity and extensive late-onset adverse 

effects induced by current treatments, further progress in treatment efficacy is 

unlikely to be achieved through further escalation in treatment intensity (Matthay et 

al., 1999; Gurney et al., 2007; Laverdiére et al., 2009; Rubie et al., 2011; Bhatnagar 

and Sarin, 2012; Park et al., 2013; Cohen et al., 2014; Applebaum et al., 2015; 

Zheng et al., 2018; Geurten et al., 2019; Norsker et al., 2020; Qiu and Matthay, 

2022). Novel, targeted therapy is therefore required to reduce long-term side-effects 

and improve high-risk neuroblastoma survival (Qiu and Matthay, 2022). Correlating 

the genetic profiles of tumours with tumour-specific pathway dependencies enables 

identification of novel targets for personalised therapy. Recent clinical trials 
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demonstrate the potential direct translation of neuroblastoma molecular target 

identification into novel therapy, such as the development of ALK inhibitors which 

target neuroblastoma cells harbouring ALK gain of function aberrations (George et 

al., 2008; Infarinato et al., 2016; Mosse et al., 2017; Mossé et al., 2017; Schulte and 

Eggert 2021; Foster et al., 2021). However, development of novel neuroblastoma 

therapeutics is further complicated by inadequate agent formulation for 

administration to young children (Park et al., 2013; Barone et al., 2019). 

 

1.1.4 Cellular origin of neuroblastoma 
 

Neuroblastoma arises from cells of the developing sympathetic nervous 

system. During normal embryonic development, multipotent neural crest cells 

(NCCs) undergo an epithelial-to-mesenchymal transition (EMT) following closure of 

the central nervous system (CNS) neural tube (Kerosuo et al., 2018; Leathers and 

Rogers, 2022). NCCs then migrate from the dorsal neural tube and differentiate to 

form the sympathetic chain, suprarenal sympathetic ganglion and adrenal medulla 

neuroendocrine cells (Dong et al., 2020; Jansky et al., 2021; Kameneva et al., 2021; 

Kildisiute et al., 2021). Early migrating NCCs primarily differentiate into 

sympathoadrenal progenitor cells and subsequently into sympathetic ganglion cells 

and a small population of adrenal chromaffin cells (Tsubota et al., 2017; Ponzoni et 

al., 2022). Late-migrating NCCs differentiate into Schwann cell precursors (SCPs) 

and subsequently into the majority of adrenal medulla chromaffin cells (Furlan et al., 

2017; Tsubota et al., 2017; Ponzoni et al., 2022). Neuroblastomas form in the 

adrenal gland or along the sympathetic chain and therefore likely originate from the 

malignant transformation of NCCs or their downstream SCPs (Qiu and Matthay, 

2022). Differentiation along these lineages is tightly regulated by a network of 

transcription factors which drive changes in the epigenetic and transcriptional 

landscapes (Ponzoni et al., 2022). Whilst tumorigenesis results from disruption of 

this regulation, expression of neural crest markers and key temporally-regulated 

transcription factors are also observed in neuroblastoma cells (Gershon et al., 2005; 

Kerosuo et al., 2018; Kildisiute et al., 2021). For example, expression of GD2 

biosynthetic enzymes, ALK, human norepinephrine transporter (hNET), and MYCN, 

is often observed (Cheung et al., 1985; DuBois et al., 2012; Jansky et al., 2021; 

Dong et al., 2020; Kildisiute et al., 2021; Kameneva et al., 2021). 
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Correlating the development of neural crest lineages to the origin of different 

neuroblastoma stages is important in understanding the vast clinical heterogeneity 

observed. Recent single-cell transcriptomic analyses demonstrate that 

neuroblastoma cells transcriptionally resemble cells of different stages along the 

normal lineage of embryonic neural crest differentiation (Jansky et al., 2021; 

Kameneva et al., 2021). Neuroblastomas containing a greater proportion of cells with 

a mature, differentiated neuroblast phenotype have better prognoses than those with 

more early neuroblast-like cells (Jansky et al., 2021; Kameneva et al., 2021).  

Resemblance of different neural crest lineage stages also partially accounts 

for intra-tumour heterogeneity. Both differentiated adrenergic (ADRN) and less-

differentiated mesenchymal (MES) cell populations regulated by distinct super-

enhancer landscapes are observed within singular neuroblastomas (Boeva et al., 

2017; van Groningen et al., 2017; van Groningen et al., 2019). Super-enhancers are 

large clusters of enhancers with high levels of transcription factor binding. The super-

enhancer landscape describes the position of such active enhancers within the 

genome, with different landscapes driving high expression of genes which typically 

define cell identity (Kai et al., 2021). This super-enhancer landscape and cell identity 

is often promoted and maintained in a positive feedback loop in which the 

transcription factors that bind to the super-enhancers are themselves regulated by 

super-enhancers. However, epigenetic modifications can drive evolution of super-

enhancer landscapes throughout cellular differentiation, enabling differentiation of 

stem cells down different lineages (Kai et al., 2021). 

Neuroblastoma cell lines comprise either a mixture of both cell types or a 

singular MES or ADRN cell type (Biedler et al., 1973; Boeva et al., 2017). These two 

cell types are induced by establishment of two different core regulatory circuitries 

(CRCs) (Boeva et al., 2017; van Groningen et al., 2017; Zeid et al., 2018). CRCs are 

a set of super-enhancer marked transcription factors which bind and define virtually 

all active enhancer and super-enhancer profiles to induce and maintain lineage 

specification in an auto-regulatory loop (van Groningen et al., 2017; Durbin et al., 

2018). The MES-specific CRC consists of 20 transcription factors which induce an 

NCC-like state including TWIST1 and NOTCH2, whereas the ADRN-specific CRC 

includes 18 transcription factors involved in sympathoadrenal lineage specification 

including PHOX2B and HAND1 (van Groningen et al., 2017; van Groningen et al., 

2019). MES cells display greater chemo-resistance and are enriched for in following 
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chemotherapy treatment (Boeva et al., 2017; van Groningen et al., 2017). Given 

these two cell states are interchangeable, this enrichment could be accounted for by 

both MES selection and ADRN to MES trans-differentiation (Boeva et al., 2017; van 

Groningen et al., 2017; van Groningen et al., 2019). For example, ADRN-to-MES 

transition conferred resistance to ALK inhibitors (Westerhout et al., 2022). These two 

cell states therefore contribute to the dynamic nature of intra-tumoral heterogeneity 

in neuroblastoma. Interestingly, distinct super-enhancer signatures were also 

observed between neuroblastoma risk subtypes, suggesting CRCs also contribute to 

inter-tumoral heterogeneity (Gartlgruber et al., 2021). The ability to target both ADRN 

and MES cell types despite their divergent gene expression profiles is important in 

the treatment of minimal residual disease to prevent relapse. 

 

1.1.5 Genetic characteristics of neuroblastoma 
 

1.1.5.1 Familial neuroblastoma: Germline aberrations in PHOX2B 
and ALK 

 

A rare subgroup of neuroblastomas, accounting for 2-3% of cases, arise from 

autosomal dominant germline mutations (Knudson and Strong, 1972; Friedman et 

al., 2005; Mossé et al., 2008). The genetic aetiology of familial neuroblastoma is 

largely attributed to inherited inactivating aberrations in PHOXB2 or activating 

aberrations in ALK (Amiel et al., 2003; Mosse et al., 2004; Trochet et al., 2004; 

Raabe et al., 2007; Mossé et al., 2008). PHOX2B encodes a transcription factor 

which is a master regulator of neural crest lineage specification, whilst ALK encodes 

a receptor tyrosine kinase expressed exclusively in the developing nervous system 

with a putative function in neuronal differentiation (Amiel et al., 2003; Mosse et al., 

2004; Trochet et al., 2004; Raabe et al., 2007; Mossé et al., 2008). Both PHOX2B 

and ALK therefore function in sympathoadrenal development.  

Activating ALK aberrations are observed in 80% of familial neuroblastomas, 

but also occur somatically in 3-14% of sporadic neuroblastomas (George et al., 

2008; Mossé et al., 2008; Janoueix-Lerosey et al., 2009; De Brouwer et al., 2010; 

Schönherr et al., 2012; Hasan et al., 2013; Takagi et al., 2017). Expression of 

activating ALK mutations in the neural crest of transgenic mice induces 

neuroblastoma formation (Heukamp et al., 2012). A role in cell proliferation, 
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migration and invasion explains the tumorigenic potential of ALK activating mutations 

(Hasan et al., 2013). ALK mutation and amplification is associated with poor 

prognosis and frequently occurs in parallel with amplification of MYCN (De Brouwer 

et al., 2010; Jeison et al., 2010). In fact, ALK activating mutations and coincident 

MYCN mis-expression synergistically drive NCC transformation and neuroblastoma 

tumorigenesis (Berry et al., 2012; Heukamp et al., 2012; Schönherr et al., 2012; Zhu 

et al., 2012; Hasan et al., 2013; Schulte et al., 2013). This synergistic tumorigenic 

effect may occur via ALK-mediated upregulation and stabilisation of MYCN 

(Schönherr et al., 2012; Hasan et al., 2013). Similarly, MYCN directly upregulates 

ALK expression to establish a MYCN-inducing positive feedback loop, leading to 

rapid MYCN-induced malignant transformation (Berry et al., 2012; Schönherr et al., 

2012; Hasan et al., 2013). ALK therefore also potentiates the oncogenic activity of 

MYCN and is therefore a promising therapeutic target (George et al., 2008; Park et 

al., 2013; Infarinato et al., 2016; Mosse et al., 2017; Schulte and Eggert, 2021; 

Foster et al., 2021). 

 

1.1.5.2 Common somatic aberrations in neuroblastoma 
 

Somatic genetic alterations primarily define neuroblastoma clinical behaviour 

(Park et al., 2013). Similar to other paediatric tumours, neuroblastoma rarely exhibits 

recurrent driver mutations yet displays a high frequency of characteristic 

chromosomal copy number changes  (Pugh et al., 2012; Pugh et al., 2013; Janoueix-

Lerosey et al., 2009; Tsubota and Kadomatsu, 2017). Genomic sequencing of 240 

high-risk neuroblastomas showed most mutations, predominantly in neuritogenesis 

genes, occur at frequencies below 1% (Cheung et al., 2012; Molenaar et al., 2012; 

Kumps et al., 2013; Pugh et al., 2013). A recurrent MYCN point mutation, inducing 2-

fold MYCN expression, was observed in 2% of cases (Pugh et al., 2013). 

 Chromosome copy number imbalances and segmental alterations therefore 

drive neuroblastoma progression (Attiyeh et al., 2005; Janoueix-Lerosey et al., 2009; 

Schleiermacher et al., 2010; Kumps et al., 2013). Gain or loss of whole 

chromosomes can result in hyperdiploidy, and this is associated with favourable 

prognosis in non-MYCN amplified (non-MNA) disease (George et al., 2005). In 

contrast, segmental chromosome alterations are associated with poor prognosis 

(Bown et al., 1999; Maris et al., 2000; Janoueix-Lerosey et al., 2009; Carén et al., 
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2010; Matthay et al., 2016). Recurrent characteristic chromosomal aberrations 

include 17q gain and loss of heterozygosity (LOH) at 1p or 11q (Brown et al., 1999; 

Guo et al., 1999; Attiyeh et al., 2005; White et al., 2005; Sanmartín et al., 2017b). 

Less frequent alterations observed to correlate with poor prognosis include loss of 

3p, 4p, 5p, 6q, 9p, or 18q (Depuydt et al., 2018; Qiu and Matthay, 2022). 17q gain is 

observed in 50% of neuroblastomas and is the most frequent alteration in high-risk 

cases (Bown et al., 1999). Given the proposed transcriptional addiction to the CRC 

in neuroblastoma cells, it has been suggested that 17q gain confers selective 

advantage through increased expression of the neuroblastoma CRC transcription 

factor TBX2 encoded at this locus (Decaesteker et al., 2018). LOH at 1p is observed 

in 23-35% of neuroblastoma cases and correlates with MYCN amplification (Maris et 

al., 2000; Attiyeh et al., 2005; White et al., 2005; Thompson et al., 2016). In contrast, 

LOH at 11q is observed in 11-48% of cases and is almost mutually exclusive with 

MYCN amplification (Guo et al., 1999; Luttikhuis et al., 2001; Maris et al., 2001; 

Plantaz et al., 2001; Spitz et al., 2003; Attiyeh et al., 2005; Carén et al., 2010). Both 

11q and 1p deletions are associated with reduced event-free survival, likely due to 

the tumour suppressor genes encoded at 1p loci such as CHD5, CAMTA1, ARID1A, 

AJAP1, KIF1B and CASZ1 (Maris et al., 2000; Fujita et al., 2008; Okawa et al., 2008; 

Henrich et al., 2012; Sausen et al., 2013; Shi et al., 2020), and at 11q loci such as 

ATM, CHK1, MRE11A and H2AFX (Luttikhuis et al., 2001; Mandriota et al., 2015; 

Sanmartin et al., 2017b; Mlakar et al., 2017; Carén et al., 2010; Takagi et al., 2017). 

 Several specific gene alterations are also frequently observed in 

neuroblastomas, such as amplification of MYCN and rearrangements at the TERT 

locus. Chromosomal rearrangements which position super-enhancers near the 

TERT locus are observed in 25% of high-risk neuroblastomas (Peifer et al., 2015; 

Valentijn et al., 2015; Ackermann et al., 2018; Roderwieser et al., 2019). This 

induces TERT overexpression and therefore upregulates telomerase activity to 

maintain telomere length. MYCN amplification is observed in approximately 20% of 

neuroblastomas, and is always associated with high risk disease due to its 

association with an aggressive clinical phenotype (Kohl et al., 1983; Schwab et al., 

1983; Brodeur et al., 1984; Schwab, 1990; Moreau et al., 2006; Cohn et al., 2009). 

The role of MYCN in neuroblastoma is further discussed below in Chapter 1.1.6. 
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1.1.6 MYCN in neuroblastoma 
 

1.1.6.1 MYCN in embryonic development 
 

 MYCN is a transcription factor that regulates a wide array of cellular 

processes including differentiation, proliferation, growth, metabolism, and apoptosis 

(Huang and Weiss, 2013). Whilst MYCN is not usually expressed in adult tissues, 

spatial and temporal regulation of MYCN expression is essential during 

embryogenesis (Zimmerman et al., 1986). Homozygous knockout of MYCN function 

is lethal in mouse embryos, with defects in cranial and spinal ganglia observed 

(Charron et al., 1992). MYCN is particularly crucial for brain development, with 

inactivation of MYCN specifically in neuronal progenitor cells resulting in ataxia and 

behavioural abnormalities (Jakobovits et al., 1985; Knoepfler et al., 2002; Hatton et 

al., 2006). Heterozygous germline loss-of-function alterations in MYCN results in 

Feingold syndrome, characterised by digital abnormalities, microcephaly, 

gastrointestinal atresia and variable learning disabilities (Cognet et al., 2011). This 

highlights the vital and pluripotent role of MYCN in human embryonic development. 

 Neuroblastomas arise from aberrant sympathoadrenal development (Figure 

1.2). Temporal changes in MYCN expression are vital in normal sympathoadrenal 

development. Initially, MYCN is highly expressed in NCCs to promote expansion and 

ventral migration from the neural plate border (Wakamatsu et al., 1997; Ponzoni et 

al., 2022). However, MYCN is then downregulated to very low levels during NCC 

migration (Ponzoni et al., 2022). Subsequently MYCN is expression is re-induced in 

sympathoadrenal progenitors by Wnt signalling to promote neuronal fate 

commitment and cellular expansion of neural precursors before it is gradually 

downregulated to enable terminal differentiation into sympathetic neuronal or 

chromaffin cells (Zimmerman et al., 1986; Wakamatsu et al., 1997; Knoepfler et al., 

2002; Hansford et al., 2004; ten Berge et al., 2008; Kapeli and Hurlin, 2011; Alam et 

al., 2009; Ponzoni et al., 2022). 
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Figure 1.2. Neuroblastoma initiation during embryonic sympathoadrenal 
development.  
During embryonic development, MYCN is downregulated in neural crest cells (NCCs) to 
promote NCC migration from the neural plate. NCCs differentiate into sympathoadrenal 
progenitors (SA progenitors) which upregulate MYCN expression to high levels to promote 
expansion and neural lineage commitment. Early migrating NCCs primarily differentiate into 
sympathetic neurons/ganglia via SNPCs (Sympathetic Neural Progenitor Cells). Late 
migrating NCCs primarily differentiate into adrenaline-producing chromaffin cells in the 
adrenal medulla, whilst some differentiate into intra-adrenal sympathetic neurons. MYCN is 
downregulated during this terminal differentiation. Aberrant differentiation at any stage 
along this pathway has the potential to induce neuroblastoma formation, with 
neuroblastoma cells often resembling NCCs. For example, aberrant high expression of 
MYCN in sympathetic neurons may promote neuroblastoma tumorigenesis.  
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1.1.6.2 MYCN amplification in high-risk neuroblastoma 
 

Deregulation of the MYCN oncogene has been implicated in the pathogenesis 

of several childhood cancers including neuroblastoma, medulloblastoma, 

retinoblastoma and Wilm’s tumour, as well as adult cancers such as non-small cell 

lung cancer, prostate cancer, basal cell carcinoma and breast cancer (Kohl et al., 

1983; Armstrong and Krystal et al., 1992; Marshall et al., 2014; Rickman et al., 

2018). MYCN amplification occurs in 20-25% of neuroblastomas, inducing a 20- to 

140-fold amplification in expression (Kohl et al., 1983; Brodeur et al., 1984; Schwab 

et al., 1984; Moreau et al., 2006; Maris, 2010). MYCN amplified (MNA) disease is 

characterised by stroma-poor, undifferentiated tumours in patients over one year of 

age (Shimada et al., 1995; Moreau et al., 2006; Cohn et al., 2009). Clinically, MYCN 

amplification significantly correlates with rapid tumour progression, early chemo-

resistance and reduced event-free survival, even in localised disease (Kohl et al., 

1983; Brodeur et al., 1984; Seeger et al., 1985; Moreau et al., 2006; Canete et al., 

2009; Maris, 2010). MNA neuroblastomas are therefore always classified as high-

risk, independent of tumour stage (Cohn et al., 2009; Irwin et al., 2021). As such, 

MYCN amplification has important clinical value as one of the most reliable, 

independent prognostic biomarkers for high-risk disease and advanced tumour 

stage, as indicated by an increase in MYCN amplification prevalence to 50% in stage 

3 and 4 neuroblastomas alone (Seeger et al., 1985; Moreau et al., 2006; Thompson 

et al., 2016). However, activation of the MYCN pathway has been suggested to be 

more prognostically relevant than amplification of its genomic locus (Valentijn et al., 

2012; Suenaga et al., 2014). MYC-signalling is hypothesised to be important for 

induction of an aggressive neuroblastoma phenotype as MYC overexpression is 

often observed in high-risk cases without MYCN amplification (Breit and Schwab, 

1989). Despite improvements in the intensive multimodal treatment strategies, the 

five-year survival rate for MNA neuroblastoma remains below 50%. Even in high-risk 

cases with unfavourable histology, MYCN amplification further reduced progression-

free survival from 29% to 13% (Shimada et al., 1995). This highlights a need for 

novel therapeutics which improve current treatment efficacy.  
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1.1.6.3 MYCN drives tumour progression 
 

It is well established that aberrant oncogene expression drives malignant 

transformation and progression (Tonini et al., 1994; Schwab, 1999). Activation of 

proto-oncogenes can occur via; increased singular gene expression, activating 

mutations, genetic rearrangement, or DNA amplification (Kohl et al., 1983; Brodeur 

et al., 1984). Although the precise timing or mechanism of MYCN amplification in 

neuroblastoma is unknown, MYCN amplification is present at diagnosis and is never 

acquired during later tumour progression (Cohn et al., 2009). This suggests 

amplification or mis-expression of MYCN is an early driver event in neuroblastoma, 

in contrast to most other cancers in which gene amplifications are usually observed 

in late tumorigenesis (Matthay et al., 2016; Rickman et al., 2018).  

Multiple studies have demonstrated that mis-expression of MYCN is sufficient 

for tumorigenesis (Tsubota et al., 2018; Otte et al., 2021). Initially, MYCN mis-

expression was shown to induce the neoplastic transformation of cultured embryonic 

rat cells (Schwab et al., 1985). Similarly, MYCN mis-expression is sufficient to 

transform primary neural crest cells into neuroblastoma cells with tumorigenic 

potential (Olsen et al., 2017). Weiss et al., (1997) demonstrated that targeted MYCN 

overexpression in neuroectodermal cells is sufficient to induce neuroblastoma in TH-

MYCN transgenic mice. During normal development, an excess of sympathoadrenal 

precursors are produced which undergo controlled apoptosis during final maturation 

stages following a reduction in neural growth factor signalling (Yuan and Yakner, 

2000). As a master regulator of proliferation, differentiation and apoptosis, MYCN 

has been shown to induce neuroblastoma formation by promoting the proliferation 

and inhibiting the differentiation and apoptosis of neural progenitors (Rickman et al., 

2018). For example, Hansford et al., (2004) showed that whilst normal mice 

developed neuroblast hyperplasia at birth which fully regressed by two weeks, 

targeted MYCN overexpression in TH-MYCN mice induced an increase in 

neuroblastoma hyperplasia formation and delayed hyperplasia regression leading to 

tumour formation six weeks after birth. This suggested MYCN mis-expression 

induced tumorigenesis by preventing the normal apoptosis of sympathoadrenal 

precursor cells (Hansford et al., 2004). Similarly, Alam et al., (2009) observed that 

MYCN drives formation of neuroblastoma in TH-MYCN mice by promoting the 

expansion and inhibiting the differentiation of PHOX2B-expressing neural 
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progenitors, leading to observation of hyperplastic lesions in the sympathetic ganglia 

in the first few weeks after birth. Also, Zhu et al., (2012) showed that mis-expression 

of MYCN in zebrafish sympathoadrenal progenitor cells induced neuroblastoma 

formation by aberrantly maintaining progenitor multipotency and blocking 

development of chromaffin cells.   

  

1.2 Molecular functions of MYCN 
 

1.2.1 MYCN in the MYC family of transcription factors 
 

The human MYC family of helix-loop-helix/leucine zipper transcription factors 

comprises MYC, MYCN and MYCL genes encoding c-Myc, N-Myc and L-Myc 

proteins respectively (Kohl et al., 1983; Brodeur et al., 1984; Zeid et al., 2018). For 

clarity, these genes are referred to as MYCC, MYCN and MYCL, and their proteins 

are referred to as MYCC, MYCN and MYCL throughout this thesis. MYC 

transcription factors heterodimerize with Max at consensus E-box motifs to regulate 

a vast array of transcriptional targets and therefore regulate a wide variety of cellular 

processes including promotion of proliferation, growth, pluripotency and self-renewal 

and inhibition of cell cycle arrest and differentiation (Schwab et al., 1985; 

Yancopoulos et al., 1985; Cavalieri and Goldfarb, 1988; Alex et al., 1992; Torres et 

al., 1992; Huang and Weiss, 2013). As master regulators of many cancer hallmarks, 

MYC transcription factors are widely recognised as major drivers of tumorigenesis. 

This is evidenced by the high frequency of MYC gene alteration and deregulation 

observed across many malignancies, and the ability of MYC protein misexpression 

to promote tumorigenesis (Schwab et al., 1985; Weiss et al., 1997; Hansford et al., 

2004; Alam et al., 2009; Zhu et al., 2012; Dang, 2012; Olsen et al., 2017; Rickman et 

al., 2018; Schaub et al., 2018). In particular, MYCC is deregulated in up to 70% of 

malignancies, and amplification of at least one MYC family member is observed in 

28% of all cancers (Dang, 2012; Schaub et al., 2018).  

The MYCN oncogene was initially identified in neuroblastoma cell lines as a 

region of amplified DNA with high homology to viral MYCC (Schwab et al., 1983). 

MYCN is localised on chromosome 2p23-24 however the MYCN amplification locus 

varies (Cox et al., 1965; Kohl et al., 1983; Schwab et al., 1983, Brodeur et al., 1984; 

Schwab et al., 1984). The three MYC isoforms are highly structurally and functionally 
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homologous, with highly conserved amino acid sequences termed ‘MYC boxes’ 

defining binding regions for DNA and key interacting proteins that are necessary for 

MYC function (Kohl et al., 1986; Baluapuri et al., 2020). Similar biological function 

and partial functional redundancy is demonstrated by the prevention of embryonic 

lethality and rescue of immune function in MYCC-knockout mice following knock-in 

of MYCN at the MYCC locus (Malynn et al., 2000). An example of shared 

functionality is the ability of both MYCN and MYCC to maintain stem cell pluripotency 

and self-renewal. Mis-expression of either isoform reverts fibroblasts to induced 

pluripotent stem cells (iPSCs) (Varlakhanova et al., 2010). This accounts for the 

reduced differentiation observed in MNA-neuroblastomas (Moreau et al., 2006). 

Frequent MYC deregulation in high-risk cases without MYCN amplification suggests 

MYC-signalling may be vital for this aggressive phenotype (Breit and Schwab, 1989).  

Despite these shared cellular functions and tumorigenic capabilities, it should 

be noted that each MYC paralogue also has unique properties as demonstrated by 

differences in the characteristics and dependencies of tumours with aberrant 

expression of different MYC proteins (Cole et al., 1986; Huang and Weiss, 2013; 

Baluapuri et al., 2020). Functional redundancy is also limited endogenously due to 

spatiotemporal differences in regulation during embryonic development and in adult 

tissues. Zimmerman et al., (1986) observed tissue-specific differences in the 

expression patterns of MYCC and MYCN in both new-born and adult mice. During 

embryonic development MYCN expression is predominantly observed in 

haematopoietic stem cells and neuronal precursors, with high expression observed 

in the brain and kidney of new-born mice (Zimmerman et al., 1986; Nagy et al., 1998; 

Knoepfler et al., 2002). In adult mice tissues, virtually no MYCN expression was 

observed, consistent with the lack of MYCN expression observed postnatally in 

human sympathetic ganglia (Zimmerman et al., 1986; Kerosuo et al., 2018). In 

contrast, MYCC was expressed more ubiquitously throughout many tissues in new-

born mice, with highest expression observed in the thymus, spleen and liver 

(Zimmerman et al., 1986). MYCC expression was substantially reduced in most adult 

tissues, however low expression levels were observed in the thymus, spleen and 

intestine (Zimmerman et al., 1986). MYCC and MYCN therefore demonstrated 

higher expression in the developing tissues that give rise to their characteristic 

malignancies (Kohl et al., 1986; Zimmerman et al., 1986; Stanton et al., 1992). As 

such, endogenous MYCC expression is unable to compensate for MYCN-knockout 
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during mouse embryonic development leading to morphological central nervous 

system defects and embryonic lethality (Charron et al., 1992; Stanton et al., 1992; 

Sawai et al., 1993). Also, endogenous MYCN expression is unable to compensate 

for MYCC-knockout during embryonic development, resulting in early embryonic 

lethality (Davis et al., 1993). Similarly, whilst knockout of MYCN in neural stem and 

progenitor cells resulted in decreased proliferation of cerebellar granule neural 

precursors, knockout of MYCC had no effect (Kenney et al., 2003; Hatton et al., 

2006). MYCN and MYCC also transcriptionally regulate each other, meaning 

expression of each isoform is often mutually exclusive (Breit and Schwab, 1989; 

Rosenbaum et al., 1989; Westermann et al., 2008).  

 

1.2.2 Mechanisms of gene regulation employed by MYCN 
 

As neuroblastoma is predominantly diagnosed in early childhood and rarely 

exhibits recurrent driver mutations, the ability of MYCN overexpression to drive 

neuroblastoma progression is unlikely due to mutations in MYCN target genes (Pugh 

et al., 2013). MYCN-induced differential expression therefore has a major role in 

driving the aggressive MNA phenotype. MYC proteins regulate the global 

transcriptional profile through multiple mechanisms (Baluapuri et al., 2020). Firstly, 

MYC transcription factors are observed to activate or repress a discrete set of target 

genes (Walz et al., 2014; Sabò et al., 2014; Zeid et al., 2018). MYC transcription 

factors predominantly induce upregulation of target genes transcribed by RNA Pol I 

and RNA Pol III but can either upregulate or downregulate target genes transcribed 

by RNA Pol II (Gomez-Roman et al., 2003; Grandori et al., 2005; Sabò et al., 2014). 

MYC and MYCN have been observed to regulate distinct sets of target genes which 

are often highly dependent on the cell type and experimental conditions (Baluapuri et 

al., 2020). In contrast, MYC proteins have also been shown to bind to all active 

promoters and enhancers to induce a global upregulation of all active genes and 

enhance the overall rate of transcription (Lin et al., 2012; Nie et al., 2012; Zeid et al., 

2018).  

These two seemingly conflicting observations can be accounted for by the 

gene-specific affinity model (Zeid et al., 2018; Baluapuri et al., 2020). Promoters and 

enhancers differ in their MYC binding affinity, and as such the level of MYC required 

for MYC-induced regulation differs (Zeid et al., 2018). Therefore MYC proteins can 
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regulate different sets of genes depending on its own expression level (Yustein et al., 

2010; Zeid et al., 2018). At physiological levels, MYC transcription factors directly 

regulate target genes by high-affinity binding to consensus MYC E-box motifs within 

promoters and enhancers. In neuroblastoma, these high affinity targets comprise 

genes involved predominantly in growth and proliferation (Murphy et al., 2009; 

Valentijn et al., 2012; Zeid et al., 2018). At deregulated oncogenic levels, excess 

MYC can invade the active and accessible cis-regulatory landscape, binding to low-

affinity non-canonical E-boxes which are prevalent within promoters and enhancers 

to induce further pleiotropic regulation and a weak upregulation of all active genes 

(Zeid et al., 2018; Baluapuri et al., 2020). This is highly dependent on the cell’s pre-

established chromatin landscape and explains the tissue and tumour-type specificity 

of global upregulation observed (Murphy et al., 2009; Valentijn et al., 2012; Zeid et 

al., 2018). Given the weaker MYC binding affinity, genes regulated by MYC proteins 

in a distal enhancer dominant manner display the greater transcriptional sensitivity to 

changes in MYC expression. In neuroblastoma, these low affinity targets comprise 

genes involved predominantly in de-differentiation (Zeid et al., 2018). For example, 

key neuroblastoma oncogenes and neural crest markers such as HAND2 and TH 

are regulated by MYCN enhancer invasion and display the greatest transcriptional 

sensitivity to MYCN perturbation (Zeid et al., 2018). 

The CRC and resulting active enhancer landscape therefore drives both 

lineage specification and tumour-type specific responses to changes in MYCN 

expression (Perini et al., 2005; Zeid et al., 2018). This could suggest MYCN 

amplification may therefore induce divergent phenotypes in MES and ADRN cell 

types which have differing CRCs. However, it has been observed that MYCN 

upregulates expression of ADRN CRC transcription factors such as PHOX2B, 

HAND2, GATA3 and ASCL1 through enhancer invasion to promote an ADRN 

phenotype (Zeid et al., 2018; Wang et al., 2019). Similarly, MYCN is expressed in 

sympathoadrenal progenitors during normal neural crest differentiation to promote 

neural fate commitment (Knoepfler et al., 2002; ten Berge et al., 2008; Kapeli and 

Hurlin, 2011). As such, the majority of MYCN-amplified neuroblastoma cell lines 

have an ADRN phenotype (Boeva et al., 2017; Durbin et al., 2018). Furthermore, 

Durbin et al., (2018) identified 147 potential gene dependencies specific to MNA 

neuroblastoma cells using an unbiased genome-scale CRISPR-Cas9 approach. 

Many ADRN CRC transcription factors were detected among these gene 
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dependencies, demonstrating that MNA neuroblastoma cells are addicted to the 

ADRN CRC. In support of this, MNA cells were shown to be dependent on the ADRN 

CRC to maintain high MYCN expression (Durbin et al., 2018), with another study 

observing that some MYCN amplicons are regulated by translocated ADRN CRC-

driven super-enhancers (Helmsauer et al., 2020).  

The affinity-based model of MYCN function is further complicated by the 

ability of MYCN to bind transcriptional targets via protein-protein interactions 

(Baluapuri et al., 2020). Similarly, interaction of MYCN with multiple epigenetic 

remodellers enables MYCN expression to redefine the global active cis-regulatory 

landscape that it regulates (Figure 1.3) (Baluapuri et al., 2020). For example, MYCN 

associates with EZH2; a methyltransferase in Polycomb Repressive Complex 2 

(PRC2) that is responsible for H3K27 trimethylation (Figure 1.3A) (Corvetta et al., 

2013). MYCN overexpression therefore downregulates PRC2 target genes (Tsubota 

et al., 2018). This is mechanism is important in NCC transformation, as evidenced by 

the reduction in tumour formation in TH-MYCN mice upon EZH2 knockdown 

(Tsubota et al., 2018). MYCN also interacts with DNA methyltransferases such as 

DNMT3A to methylate CpG islands at promoters and repress gene expression 

(Figure 1.3B) (Murphy et al., 2009). This mediates silencing of genes such as CDK 

inhibitor p21CIP1, resulting in the inhibition of cell cycle arrest upon MYCN 

overexpression (Brenner et al., 2005). Finally, MYCN upregulates expression of 

histone deacetylases such as HDAC1, HDAC2 and SIRT1 in neuroblastoma (Figure 

1.3C) (Knoepfler et al., 2006; Huang and Weiss, 2013; Zeid et al., 2018). SIRT1 

stabilises MYCN to create a feed-forward loop (Marshall et al., 2011). 
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Recent studies have demonstrated that MYCN also regulates global gene 

expression by regulating RNA Pol II transcription elongation. Zeid et al., (2018) 

demonstrated that depletion of MYCN from promoters resulted in loss of initiating 

and elongating RNA Pol II and subsequently a downregulation of global transcription. 

This suggested that, similarly to MYC, MYCN regulates Pol II binding to promoters 

and the release of Pol II from promoter-proximal pausing into productive transcription 

elongation. Subsequently it was demonstrated that MYCN associates with TFIIIC 

and RAD21 at active Pol II promoters to promote Pol II promoter escape and release 

of Pol II from promoter-proximal pausing (Büchel et al., 2019). Additionally, Baluapuri 

et al., (2019) demonstrated that MYCN promoted the processivity of transcription. 

This likely occurred through a similar mechanism to that employed by MYC. MYC 

binds SPT5, a subunit of the elongation factor DSIF, and it recruits to active 

promoters (Baluapuri et al., 2019). MYC then transfers SPT5 to Pol II in a CDK7-

dependent manner, enabling Pol II to engage in productive transcription elongation 

(Baluapuri et al., 2019). High oncogenic levels of MYC sequester SPT5 into non-

functional complexes, resulting in reduced expression of growth-suppressive genes 

 

A B 

C 

Figure 1.3. Mechanisms of epigenetic regulation by MYCN. 
(A) MYCN associates with EZH2, a methyltransferase in Polycomb Repressive 
Complex 2 (PRC2) responsible for H3K27 trimethylation which marks regions of 
transcriptional silencing. (B) MYCN interacts with DNMT3A, a DNA 
methyltransferase which methylates CpG islands in gene promoters to repress gene 
expression. (C) MYCN upregulates histone deacetylases such as HDAC1, HDAC2 
and SIRT1 in neuroblastoma. SIRT1 stabilises MYCN, creating a feed-forward loop. 
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(Baluapuri et al., 2019). Regulation of gene expression by MYCN is therefore highly 

complex and includes both target gene-specific and broad global mechanisms. 

 

1.2.3 Cellular impact of MYCN expression 
 

Through target-gene specific and global mechanisms, MYCN regulates the 

expression of a vast array of genes involved in proliferation, survival, pluripotency, 

self-renewal, metastasis and angiogenesis (Figure 1.4) (Valentijn et al., 2012). As 

such, the impact of MYCN-induced differential expression on the cell is pleiotropic, 

and has a major role in driving the aggressive MNA neuroblastoma phenotype 

(Huang and Weiss, 2013). 

 

 

1.2.3.1 MYCN regulates cellular proliferation via cell cycle 
checkpoint inhibition 

 

MYCN was first demonstrated to induce proliferation in quiescent fibroblasts 

(Cavalieri and Goldfarb, 1988). MYCN promotes proliferation and cell cycle 

progression by regulating expression of genes involved in the G1 to S-phase 

transition (Figure 1.5). As such, knockdown of MYCN in MNA neuroblastoma cells 

increases the population of cells in G1 (Bell et al., 2006). MYCN promotes 

Figure 1.4. Summary of the cellular impact of MYCN expression in neuroblastoma 
progression.  
The role of MYCN mis-expression or amplification in tumour progression is multifaceted, 
involving promotion of metastasis, angiogenesis, self-renewal, pluripotency, proliferation, 
survival and apoptosis, and downregulation of anti-metastasis, anti-angiogenesis, 
differentiation, cell cycle arrest, and immune surveillance proteins. 
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expression of cyclin D and CDK4 genes (Bouchard et al., 1999; Bouchard et al., 

2001; Westermann et al., 2008). This promotes partial Rb phosphorylation by the 

cyclin D/CDK4 complex, enabling E2F-mediated transcription of cyclin E. Full Rb 

phosphorylation and inactivation by cyclin E/CDK2 enables E2F transcription factors 

to induce S-phase. MYCN also promotes S-phase entry by inducing expression of 

E2F transcription factors and upregulating ID2 which inhibits Rb tumour suppressor 

(Lasorella et al., 2000; Lasorella et al., 2002; Woo et al., 2008; Pickering et al., 

2009). Additionally, MYCN promotes bypass of the G1 checkpoint by upregulating 

SKP2 and EZH2, resulting in reduced expression of the p21 CDK inhibitor (Bell et 

al., 2007; Kramer et al., 2016; Liu et al., 2017). Similarly, MYCN expression reduces 

protein levels of the CDK inhibitor p27, likely due to its sequestration in excess cyclin 

D/CDK4 complexes (Bouchard et al., 1999; Woo et al., 2008). As such, MYCN 

overexpression prevents arrest in G1 following DNA damage in MNA-neuroblastoma 

cell lines by attenuating p21WAF1 induction (Bell et al., 2006; Gogolin et al., 2013). 

MYCN also regulates proliferation through direct transcriptional repression of 

antiproliferative proteins such as Dickkopf-1 and CDKL5, and upregulation of 

proliferation drivers such as BMI1, NLRR1 and MYBL2, and genes which function in 

DNA replication such as MCM genes (Koppen et al., 2007a; Koppen et al., 2007b; 

Hossain et al., 2008; Huang et al., 2011a; Valli et al., 2012). 

 

 

Figure 1.5. MYCN regulation of G1 to S-phase transition. 
Summary of the mechanisms employed by MYCN to promote G1 to S-phase 
transition.  MYCN  promotes expression of cyclin D and CDK4 genes. This promotes 
partial Rb phosphorylation by the cyclin D/CDK4 complex, enabling E2F-mediated 
transcription of cyclin E. Full Rb phosphorylation and inactivation by cyclin E/CDK2 
enables E2F transcription factors to induce S-phase. MYCN also promotes bypass 
of the G1 checkpoint by upregulating SKP2 and EZH2, resulting in reduced 
expression of the p21 CDK inhibitor. 
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1.2.3.2 MYCN inhibits differentiation and promotes self-renewal 
and pluripotency 

 

MYCN expression promotes pluripotency and self-renewal and is therefore 

able to revert fibroblasts into induced pluripotent stem cells (iPSCs) (Alam et al., 

2009; Varlakhanova et al., 2010; Izumi and Kaneko, 2012). MYCN promotes and 

maintains this stem-like phenotype through induction of self-renewal and 

pluripotency genes such as KLF2, ID2, KLF4, LIN28B, SSEA-1, BMI1 and DLL3 

(Yaari et al., 2005; Cotterman and Knoepfler, 2009; Zhao et al., 2009; Ochiai et al., 

2010; Izumi and Kaneko, 2012). 

MYCN also inhibits differentiation, as indicated by the upregulation of late 

neuroblast-specific genes and neuronal differentiation markers such as NSE, TrkA 

and TrkC following depletion of MYCN in MNA neuroblastoma cells (Kang et al., 

2006; Nara et al., 2007; Cotterman and Knoepfler, 2009; Varlakhanova et al., 2010; 

Gómez-Casares et al., 2013; Jansky et al., 2021). Additionally it has been observed 

that induction of differentiation in neuroblastoma cells by retinoic acid is associated 

with reduced MYCN expression, which precedes morphological differentiation 

(Thiele et al., 1985). MYCN has been shown to block induction of neuronal 

differentiation by nerve growth factor signalling by repressing oestrogen receptor-á 

(ESR1) (Loven et al., 2010; Dzieran et al., 2018).  However, as previously noted in 

Chapter 1.1.6.1, the role of MYCN in embryonal neural crest differentiation is highly 

temporally dependent. Whilst MYCN is initially expressed in NCCs to promote 

pluripotency, expansion and migration, MYCN is subsequently re-expressed in 

sympathoadrenal progenitors to promote neuronal fate commitment (Wakamatsu et 

al., 1997; Knoepfler et al., 2002; Hansford et al., 2004; ten Berge et al., 2008; Alam 

et al., 2009; Kapeli and Hurlin, 2011; Ponzoni et al., 2022). Similarly, it has been 

demonstrated that MYCN expression is required for the induction of differentiation in 

neuroblastoma cells (Guglielmi et al., 2014). Overall, the ability of MYCN to promote 

pluripotency and inhibit differentiation accounts for the reduced differentiation 

observed in MNA neuroblastomas (Moreau et al., 2006). 
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1.2.3.3 MYCN promotes EMT, invasion, metastasis and 
angiogenesis 

 

Wakamatsu et al., (1997) demonstrated that MYCN expression promoted 

migration of NCCs during chick embryo development. Similarly, MYCN amplification 

correlates with increased invasion and metastasis in neuroblastoma and is therefore 

associated with advanced stage disease (Zaizen et al., 1993). At the cellular level, 

MYCN promotes miR-9 microRNA to supress E-cadherin and promote EMT (Ma et 

al., 2010). Direct upregulation of ALK has also been observed to contribute to 

MYCN-induced migration (Hasan et al., 2013). MYCN-induced adhesion reduction is 

mediated through down-regulation of integrins a1 and β1 and upregulation of focal 

adhesion kinase to promote detachment from the extra-cellular matrix (ECM) (van 

Golen et al., 2003; Tanaka and Fukuzawa, 2008; Megison et al., 2013). MYCN 

promotes ECM degradation and invasion through suppression of TIMP-2; a matrix 

metalloprotease (MMP) antagonist (Noujaim et al., 2002). MYCN amplification also 

correlates with increased vascularity and dissemination (Meitar et al., 1996; Ribatti et 

al., 2002; Ozer et al., 2007). MYCN promotes angiogenesis by suppressing anti-

angiogenic factors such as Activin A, LIF, and IL-6, and inducing pro-angiogenic 

factors such as angiogenin and VEGF (Hatzi et al., 2000; Hatzi et al., 2002a, Hatzi et 

al., 2002b; Kang et al., 2008; Dungwa et al., 2012). 

 

1.2.3.4 MYCN regulates metabolic reprogramming 
 

MYCN induces metabolic reprogramming via the Warburg effect to enable 

high tumour cell growth and proliferation rates (Naifeh and Varacallo, 2018; Wang et 

al., 2018). However, MYCN overexpression promotes mitochondrial metabolism, 

including oxidative phosphorylation and glutaminolysis (Wang et al., 2018; Oliynyk et 

al., 2019; Yoshida, 2020). In fact, MYCN amplification is associated with 

glutaminolysis addiction in neuroblastoma, leading to heightened reactive oxygen 

species (ROS) generation (Wang et al., 2018). Furthermore, MYCN promotes fatty 

acid uptake and upregulates enzymes associated with fatty acid β-oxidation and this 

is a critical metabolic dependency for MNA neuroblastomas (Yoshida 2020; Tao et 

al., 2022). 
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1.2.3.5 MYCN regulates p53-dependent apoptosis 
 

Similarly to MYCC, MYCN paradoxically sensitises neuroblastoma cells to 

apoptosis simultaneously to promoting proliferation (Chen et al., 2010; Petroni et al., 

2011; Huang and Weiss, 2013). p53 induces cell cycle arrest or apoptosis following 

detection of DNA damage or replication stress. MDM2 is an E3 ubiquitin-ligase which 

ubiquitinates p53 for degradation and therefore promotes survival (Slack et al., 

2005). MDM2 is a target of p53-mediated transcription, enabling auto-regulation of 

p53 activation by p53 itself in a negative feedback loop (Slack et al., 2005). MYCN 

directly upregulates both TP53 and its signalling suppressor MDM2, and therefore 

sensitises neuroblastoma cells to p53-dependent apoptosis induced by DNA-

damaging chemotherapy (Figure 1.6A) (Slack et al., 2005; Chen et al., 2010; Petroni 

et al., 2011; Gu et al., 2012; Agarwal et al., 2018). 

 

 

A 

B 

Figure 1.6. MYCN sensitises neuroblastoma cells to p53-mediated apoptosis. 
Following detection of DNA damage or replication stress, p53 induces cell cycle 
arrest or apoptosis. MDM2 ubiquitinates p53 for degradation, promoting survival. 
MDM2 is a target of p53-mediated transcription, enabling auto-regulation of p53 
activation by p53 itself in a negative feedback loop. (A) MYCN directly upregulates 
p53 and MDM2 and therefore sensitises MNA tumour cells to p53-mediated 
apoptosis. (B) Following relapse, neuroblastoma tumours often harbour inactivating 
mutations in TP53. These tumours accumulate DNA damage without inducing p53-
mediated apoptosis. A positive feedback loop between MYCN and MDM2 is 
established to promote survival and proliferation of these resistant cells.  
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Additionally, HIPK2 phosphorylates p53 at Ser46 in response to ATM 

activation following detection DNA damage (D’Orazi et al., 2001; Petroni et al., 

2011). This results in p53-mediated induction of PTEN which restrains MDM2 

expression and function, forming an apoptotic amplification cycle (Mayo et al., 2002; 

Chang et al., 2004). HMGA1 inhibits HIPK2 activity by promoting relocalisation of 

HIPK2 to the cytoplasm (Pierantoni et al., 2007). MYCN also further sensitises cells 

to p53-mediated apoptosis by upregulating both HIPK2 and HMGA1 (Petroni et al., 

2011).  

TP53 mutations are rare in primary neuroblastoma tumours at diagnosis 

(Komuro et al., 1993; Petroni et al., 2011, Petroni et al., 2012). Upregulation of p53-

dependent apoptotic pathways therefore accounts for the high initial response rate of 

MNA neuroblastomas to chemotherapy (Qiu and Matthay, 2022). p53 must be 

functionally inactivated in these tumours to evade this apoptotic response, perhaps 

via MYCN-induced upregulation of p53 signalling suppressors such as MDM2, BMI1 

and miRNA-380-5p (Slack et al., 2005; Swarbrick et al., 2010; Gu et al., 2012; 

Petroni et al., 2012). p53 is also frequently functionally inactivated in neuroblastoma 

cells by cytoplasmic sequestration (Davidoff et al., 1992; Moll et al., 1995; Isaacs et 

al., 1998). However, this functional inactivation is reversible (Goldman et al., 1996; 

Isaacs et al., 1998; McKenzie et al., 1999).  

Following relapse, neuroblastoma tumours often harbour loss-of-function 

TP53 mutations. These tumours accumulate DNA damage without inducing p53-

mediated apoptosis. Additionally, Gu et al., (2012) showed that MDM2 upregulates 

MYCN expression by stabilising MYCN mRNA and inducing its translation. Genetic 

inactivation of p53 therefore results in the formation of a positive feedback loop 

between MYCN and MDM2 which further promotes the survival and proliferation of 

these chemotherapy-resistant cells, in mechanism independent of p53 function 

(Figure 1.6B)  (He et al., 2011). This accounts for the frequent gain of therapeutic 

resistance upon relapse of MNA-neuroblastoma. 
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1.3 Targeting MYCN in neuroblastoma 
 

1.3.1 Targeting MYCN directly is challenging 
 

Targeting genetic driver events that initiate and maintain cancer cell 

proliferation and survival enables the development of tumour-targeted therapeutics. 

Constitutive oncogenic signalling often results in the over-reliance of cancer cells on 

a specific oncogene in a concept called oncogene addiction (Weinstein, 2002). 

Oncogene addiction was initially observed in MYCC-driven tumours in mice, where 

brief MYCC inactivation resulted in the sustained tumour regression (Jain et al., 

2002). Similarly, multiple studies have demonstrated that MNA neuroblastoma cells 

are ‘addicted’ to MYCN. Depletion of MYCN using siRNA or antisense 

oligonucleotides inhibited proliferation and induced differentiation and apoptosis in 

MNA neuroblastoma cells and reduced tumour growth a transgenic MNA 

neuroblastoma mouse model (Negroni et al., 1991; Burkhart et al., 2003; Tonelli et 

al., 2005; Kang et al., 2006). 

However, the pleiotropic roles of MYCN and the challenges in transcription 

factor targeting have led to difficulty in identifying direct MYCN inhibitors with 

therapeutic potential (Murphy et al., 2009; Park et al., 2013; Whitfield et al., 2017). 

Many studies therefore aim to target MYCN indirectly. Inhibitors of bromodomain and 

extra-terminal domain (BET) proteins have been shown to inhibit MYCN transcription 

and demonstrated efficacy in neuroblastoma cell lines and multiple MYCN-driven 

neuroblastoma mouse models (Puissant et al., 2013; Henssen et al., 2016). MYCN 

can also be indirectly targeted by blocking pathways which stabilise MYCN to 

promote MYCN degradation (Figure 1.7).   
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For example, ALK and RAS signalling activates AKT which then 

phosphorylates GSK-3β (Huang and Weiss, 2013). This inactivates GSK-3β to 

prevent it promoting MYCN degradation. Inhibition of RAS or AKT inhibits the 

proliferation of MNA neuroblastoma cells (Yaari et al., 2005; Le Grand et al., 2020), 

whilst ALK inhibitors show high efficacy in inhibiting neuroblastoma growth and are 

currently in clinical trials for addition to high-risk treatment (George et al., 2008; 

Infarinato et al., 2016; Mosse et al., 2017; Schulte and Eggert, 2021; Foster et al., 

2021). Similarly, the PI3K/mTOR pathway stabilises MYCN and inhibitors of this 

pathway selectively killed MYCN-expressing neuroblastoma cells and induced 

apoptosis in TH-MYCN mouse neuroblastomas (Schramm et al., 2013; Vaughan et 

al., 2016). LIN28B induces AURKA-mediated inhibition of GSK-3β to prevent MYCN 

degradation (Molenaar et al., 2012; Schnepp et al., 2015; Chen et al., 2020). AURKA 

inhibitors also induce regression of MYCN-driven neuroblastomas and are currently 

in clinical trials for relapsed neuroblastomas (Brockmann et al., 2013; Gustafson et 

Figure 1.7. MYCN stabilisation pathways. 
ALK and RAS signalling activates AKT via PI3K. AKT phosphorylates GSK-3β to 
prevent GSK3β-mediated promotion of MYCN degradation. PI3K/mTOR signalling 
also promotes MYCN stabilisation. LIN28B induces AURKA-mediated inhibition of 
GSK-3β. NCYM is a cis-antisense gene of MYCN which stabilises MYCN via GSK-
3β inhibition. NGF; Nerve growth factor. NGFR; Nerve growth factor receptor. 
 

 

 MYCN 
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al., 2014; Büchel et al., 2017; DuBois et al., 2018; Du et al., 2019; DuBois et al., 

2020). Additionally, NCYM, a cis-antisense gene of MYCN that is co-amplified and 

co-expressed with MYCN, stabilises MYCN via GSK-3β inhibition (Armstrong and 

Krystal, 1992; Suenaga et al., 2014). 

 

1.3.2 Targeting MYCN downstream pathways 
 

Given the difficulties in targeting MYCN, alternative therapeutic strategies 

which target the molecular mechanism of MYCN or the downstream cellular effects 

of MYCN overexpression are currently being investigated. For example, MYCN-

driven neuroblastomas are dependent on MYCN-induced overexpression of CDKs to 

promote cell cycle progression, and inhibitors of CDKs selectively inhibit MYCN-

driven proliferation of neuroblastoma cells and induce tumour regression in MYCN-

driven mouse models (Molenaar et al., 2009; Chipumuro et al., 2014; Delehouzé et 

al., 2013; Gogolin et al., 2013; Rader et al., 2013). Efficacy of CDK4/6 inhibitors are 

currently in clinical trial (Geoerger et al., 2017). Additionally, MYCN-driven 

proliferation is dependent on the cell-cycle checkpoint kinase WEE1 and the WEE1 

inhibitors Adavosertib is in early phase clinical trials (Cole et al., 2020). MYCN also 

upregulates the p53-dependent apoptotic pathway and its regulators, and this can 

also be therapeutically exploited. Inhibition of MDM2 by the small molecule Nutlin-3 

stabilised p53, induced HIPK2, and promoted apoptosis preferentially in MNA 

neuroblastoma cells (Petroni et al., 2011; Veschi et al., 2012). Nutlin-3 also induced 

tumour regression and inhibited metastasis in neuroblastoma xenografts (Petroni et 

al., 2011). MYCN also upregulates MDM2 to promote neuroblastoma cell survival, 

and deficiency or inhibition of MDM2 suppresses MYCN-driven tumour growth 

(Barbieri et al., 2006; Chen et al., 2009; He et al., 2011; Wang et al., 2017; Van 

Goethem et al., 2017; Chen et al., 2019). MYCN-induced metabolic dependencies 

are also being investigated. For example, inhibitors of the serine-glycine-one-carbon 

pathway and fatty acid transport are selectively cytotoxic to MNA cells and tumours 

(Tao et al., 2022; Xia et al., 2019). Inhibitors of polyamine biosynthesis inhibit 

MYCN-driven proliferation and are currently in clinical trial in for treatment of high-

risk neuroblastoma in combination with induction chemotherapeutics (Hogarty et al., 

2008; Sholler et al., 2018).  
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Targeting the molecular mechanism of MYCN involves inhibiting its ability to 

induce global transcriptomic changes via direct DNA binding or epigenetic regulation. 

Heterodimerisation with Max is required for binding of MYCN to DNA. Development 

of inhibitors which block the interaction between MYC and Max proteins is a 

promising therapeutic strategy but is currently limited by lack of specificity and 

bioavailability (Berg et al., 2002; Fletcher and Prochownik, 2015). MYCN mediates 

repression of many differentiation-inducing or growth inhibiting genes through 

association with the methyltransferase EZH2 (Corvetta et al., 2013; Tsubota et al., 

2018). This is important for MYCN-induced oncogenic transformation of NCCs 

(Tsubota et al., 2018). As such, depletion or inhibition of EZH2 induces cell death 

selectively in MNA neuroblastoma cells and inhibits tumorigenesis in TH-MYCN mice 

(Chen et al., 2018; Tsubota et al., 2018). Additionally, it was demonstrated that MNA 

neuroblastomas are dependent on the histone acetyltransferase EP300 to control 

the enhancer landscape and facilitate ADRN CRC-driven transcription, and were 

sensitised to its targeted degradation (Durbin et al., 2022).  

Durbin et al., (2018) demonstrated that analysis of changes in the 

transcriptomic profile induced by MYCN amplification identifies gene dependencies 

specific to MNA-neuroblastoma, enabling identification of new therapeutic targets. A 

genome-wide CRISPR-Cas9 screen identified 147 MNA-neuroblastoma dependency 

genes whose expression was selectively essential for MNA-neuroblastoma cell 

growth and survival relative to 26 other tumour types (Durbin et al., 2018). In 

particular, ADRN CRC transcription factors were identified among the top gene 

dependencies in MNA neuroblastoma, with MNA cells reliant on the ADRN CRC to 

maintain high MYCN expression and a transformed phenotype (Durbin et al., 2018; 

Helmsauer et al., 2020). Dual inhibition of BRD4 and CDK4, encoded by ADRN CRC 

target genes, downregulated CRC transcription factor expression and induced cell 

death selectively in MNA cells (Durbin et al., 2018). This screen also identified that 

MNA neuroblastoma cells were highly dependent on DNA repair genes, likely due to 

the high levels of genomic instability induced by MYCN overexpression as discussed 

below (Durbin et al., 2018).  
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1.3.3 Oncogene-induced replication stress is therapeutically exploitable 
 

Oncogene activation promotes cellular proliferation through the deregulation 

of many cellular processes. For example, oncogenes induce deregulation of DNA 

replication, known as replication stress (Kotsantis et al., 2018). Chronic replication 

stress manifests as increased replication fork stalling or collapse and ultimately 

results in replication-born DNA damage. Increased replication stress therefore 

results in higher genomic instability and is an important early driver of tumorigenesis 

(Bartkova et al., 2005; Gorgoulis et al., 2005; Bartkova et al., 2006;). Oncogene-

induced replication stress is attributed to a range of factors, including aberrant origin 

firing, increased replication-transcription collisions, increased R-loop accumulation, 

induction of reactive oxygen species (ROS), and impaired nucleotide metabolism (Di 

Micco et al., 2006; Bester et al., 2011; Kotsantis et al., 2018). 

However, oncogene-induced replication stress is also a tumour specific 

vulnerability that is therapeutically exploitable. Oncogene-driven cancer cells are 

more dependent on replication-stress limiting pathways to maintain endogenous 

replication stress at tolerable levels (Kotsantis et al., 2018; Nazareth et al., 2019). 

Oncogene-induced activation therefore sensitises cells to inhibition of DNA repair 

and replication-stress limiting pathways (Nazareth et al., 2019). For example, 

overexpression of MYCC sensitises tumour cells to inhibition of ATR or CHK1 DNA 

damage response (DDR) proteins (Schoppy et al., 2012; Murga et al., 2011).  

 The DDR is commonly activated by DNA damage sensors ATR and ATM in 

response to replication stress and DNA damage (Kastan and Bartek, 2004; Cimprich 

and Cortez, 2008; Maréchal and Zou, 2013). Activation of the DDR induces cellular 

senescence, apoptosis or a transient cell cycle block via checkpoint activation 

(Kastan and Bartek, 2004; Cimprich and Cortez, 2008; Maréchal and Zou, 2013). 

This enables DNA repair before mitosis, preventing inheritance of mutations into 

daughter cells (Kastan and Bartek, 2004; Cimprich and Cortez, 2008). DDR 

signalling also recruits DNA repair proteins to resolve the DNA damage or aberrant 

DNA replication intermediates. Whereas ATM is activated by double strand breaks 

(DSBs) alone, ATR is the primary responder to replication stress and is primarily 

activated by accumulation of single stranded DNA (ssDNA) at aberrant replicative 

structures and DSBs (Figure 1.8) (Cobb et al., 2005; Labib and Hodgson, 2007; 

Petermann and Helleday, 2010; Toledo et al., 2011; Maréchal and Zou, 2013; 
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Srinivasan et al., 2013). Persistent replicative stress within tumours therefore 

activates both ATM and ATR DDR pathways due to the formation of DSBs at 

collapsed replication forks (Shreeram et al., 2006; Murga et al., 2011). ATM 

phosphorylates CHK2 and activates p53 to induce cell cycle arrest at G1-S, intra-S 

or G2-M checkpoints, or to induce apoptosis. ATR phosphorylates CHK1 to induce 

cell cycle arrest at intra-S or G2-M checkpoints. CHK1 and CHK2 can phosphorylate 

Cdc25A and Cdc25C depending on the type of DNA damage. ATM and ATR 

therefore have overlapping but non-redundant DDR functions due to multiple points 

of pathway crosstalk (Cimprich and Cortez, 2008; Lempiäinen and Halazonetis, 

2009; Maréchal and Zou, 2013). 

Figure 1.8. ATM and ATR link DNA damage and repair to cell cycle 
progression.  
ATM and ATR DNA damage response (DDR) proteins mediate regulation of cell 
checkpoint activation and  apoptosis following induction by DNA damage and 
replicative stress, with overlapping but non-redundant DDR functions due to multiple 
points of pathway crosstalk. ATM is activated by blunt DSBs whereas ATR is the 
primary activated by ssDNA accumulation at resected DSBs and aberrant S-phase 
replicative structures. ATM phosphorylates CHK2 and activates p53 to induce cell 
cycle arrest at G1/S, intra-S or G2/M checkpoints, or induce apoptosis. ATR 
phosphorylates CHK1 to induce cell cycle arrest at intra-S or G2/M checkpoints. 
DSBs; double strand breaks. 
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It should be noted that whilst oncogene-induced replication stress sensitises 

cancer cells to inhibition of the DDR, loss of DDR function promotes tumorigenesis. 

During tumorigenesis, oncogene-induced replication stress activates the DDR to 

induce apoptosis, senescence or cell cycle arrest to limit pre-neoplastic expansion 

(Di Micco et al., 2006). For example, MYC-induced replication stress reduced 

lymphoma tumorigenesis in transgenic Eì-Myc mice by inducing apoptosis via ATM 

and p53 (Shreeram et al., 2006; Reimann et al., 2007; Murga et al., 2011). DDR 

disruption is therefore necessary for tumorigenesis, with 48% of neuroblastomas 

harbouring ATM defects often via LOH at 11q (Kastan and Bartek, 2004; Bartkova et 

al., 2005; Gorgoulis et al., 2005; Takagi et al., 2013, Takagi et al., 2017; Mandriota et 

al., 2015). Therefore, more specifically, tumour cells displaying high oncogene-

induced replicative stress therefore have a greater dependence on non-disrupted 

DDR and DNA repair pathways. This is indicated by the mutual exclusivity of 

neuroblastoma ATM single nucleotide variants (SNVs) with SNVs in other DDR-

associated genes, such as FANCM, FAN1, PALB2 and MRE11A (Molenaar et al., 

2012; Pugh et al., 2013; Takagi et al., 2017).  

 

1.3.4 High MYCN expression induces replication stress and DNA 
damage 
 

Multiple studies have demonstrated that MYCN amplification or 

overexpression induces higher levels of replication stress and genomic instability. Gu 

et al (2015) observed that MYCN amplification increased ATR/Chk1 signalling and 

increased ã-H2AX levels. Similarly, King et al., observed that MYCN overexpression 

induced an increase in ã-H2AX, 53BP-1, phospho-RPA (pRPA) and RAD51 foci 

(King et al., 2020; King et al., 2021). In addition, MYCN overexpression reduced 

replication fork speed and increased replication fork stalling and new origin firing 

(King et al., 2020; King et al., 2021). 

MYC proteins drive replication stress and genomic instability through multiple 

mechanisms, such as forced S-phase entry and promotion of DNA replication 

(Felsher and Bishop, 1999; Ray et al., 2006; Robinson et al., 2009). Both MYCN and 

MYCC accelerate progression through the G1-S phase checkpoint by modulating the 

expression of genes involved in cell cycle regulation such as cyclins D1 and D2, 
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CDK4, p21, ID2 and E2F transcription factors (Bouchard et al., 1999; Bouchard et 

al., 2001; Westermann et al., 2008; Pickering et al., 2009; Woo et al., 2008; 

Lasorella et al., 2000; Lasorella et al., 2002; Bell et al., 2007; Kramer et al., 2016; Liu 

et al., 2017). MYCN has also been shown to upregulate genes involved in DNA 

replication such as MCM genes (Koppen et al., 2007b), and MYCC has been shown 

to upregulate the DNA replication licensing factor CDT1 (Valovka et al., 2013). 

MYCC also promotes DNA replication independently from its transcription 

factor function. MYCC interacts with the DNA pre-replicative complex to recruit 

Cdc45, thereby increasing the density of active replication origins and altering the 

spatiotemporal profile of replication initiation (Dominguez-Sola et al., 2007; 

Srinivasan et al., 2013). This increased origin firing overwhelms pathways that 

regulate fork restart, progression, and termination, meaning MYCC-driven replication 

forks are more prone to stall, collapse and generate DSBs (Srinivasan et al., 2013). 

Given the high functional homology between MYCC and MYCN, and the increased 

new origin firing observed upon MYCN overexpression, it is postulated that MYCN 

also promotes DNA replication through similar transcription-independent functions 

(King et al., 2021). 

It is speculated that the ability of MYC proteins to globally amplify transcription 

initiation and elongation may also enhance replication stress levels, as this would 

increase the number of collisions between transcription and replication machinery. 

Transcription-replication conflicts also results in the formation of R-loops (Santos-

Pereira and Aguilera, 2015; Alonso and Noordermeer, 2021). R-loops are three-

stranded nucleic acid structures, composed of an RNA-DNA hybrid and displaced 

ssDNA which is vulnerable to damage (Santos-Pereira and Aguilera, 2015). As such, 

R-loops are both a source of, and a product of, replication stress and genomic 

instability (Santos-Pereira and Aguilera, 2015). Although R-loops are postulated to 

function in modulating gene expression, DNA repair and telomere lengthening, 

inhibition of R-loop accumulation is necessary to limit genomic instability (Santos-

Pereira and Aguilera, 2015; Alonso and Noordermeer, 2021; Petermann et al., 

2022). 

Interestingly, MYCN has been shown to drive multiple mechanisms of R-loop 

resolution. It has been observed that MYCN promotes escape of RNAPII from 

transcriptional pause sites in promoters to limit promoter-proximal R-loop formation 

and enhance transcriptional activation (Herold et al., 2019; Zeid et al., 2018; Büchel 
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et al., 2017). However, Herold et al., (2019) observed that when RNAPII escape fails 

during high replication and transcription stress, MYCN recruits BRCA1 to promoter-

proximal regions. BRCA1 stabilises mRNA de-capping complexes to resolve the 

MYCN-induced accumulation of promoter-proximal R-loops. Additionally Roeschert 

et al., (2021) observed that MYCN recruited AURKA during S-phase to promote 

incorporation of histone H3.3 into promoter regions and therefore prevent co-

transcriptional R-loop formation. Recruitment of AURKA also stabilised MYCN at 

promoters blocking binding of the SCFFBXW7-ligase and it was speculated that this 

promoted recruitment of BRCA1 (Otto et al., 2009; Roeschert et al., 2021). Similarly, 

Büchel et al., (2017) demonstrated that the recruitment of AURKA to MYCN during 

S-phase antagonised recruitment of TFIIIC and RAD21, and therefore blocked 

MYCN-dependent release of RNAPII from promoters. As such, MYCN employs 

multiple mechanisms to modulate its own ability to drive transcription, and MNA cells 

are dependent on these mechanisms to limit transcriptional and replication stress. 

The proteins involved in these mechanisms are therefore potential therapeutic 

targets specific to MNA cells. For example, MYCN amplification sensitises cells to 

AURKA inhibition (Brockmann et al., 2013; Gustafson et al., 2014; DuBois et al., 

2018; Du et al., 2019; Büchel et al., 2017).  

 

1.3.5 Targeting DNA repair pathways in MNA neuroblastoma  
 

 Determining pathway dependencies induced by MYCN amplification may 

exploit oncogene addiction in MNA neuroblastoma. Durbin et al., (2018) 

demonstrated that analysis of the effect of MYCN amplification on the transcriptional 

profile of neuroblastoma cells identifies gene dependencies and therefore potential 

therapeutic targets. Multiple studies have demonstrated that ‘DNA repair’ is among 

the most significantly upregulated gene ontology groups in neuroblastomas with high 

MYCN expression (Valentijn et al., 2012; Hallett et al., 2016; Durbin et al., 2018). 

Similarly, MYCN has been shown to transcriptionally upregulate many DDR and 

DNA repair genes in neuroblastoma including CHK1, MRE11, PARP-1/2, BLM, 

BRCA1, and components of alternative non-homologous end joining (alt-NHEJ) such 

as DNA Ligase I and DNA Ligase III (Cole et al., 2011; Valentijn et al., 2012; Chayka 

et al., 2015; Gu et al., 2015;  Newman et al., 2015; Hallett et al., 2016; Petroni et al., 

2016; Colicchia et al., 2017; Newman et al., 2017; Durbin et al., 2018; Petroni et al., 
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2018; Zhang et al., 2018; Herold et al., 2019; King et al., 2020). Increased 

expression of CHK1, alt-NHEJ components, and PARP-1/2 were observed to 

correlate with increased activity of the DNA repair pathways they function in (Gu et 

al., 2015; King et al., 2020; Newman et al., 2015). Furthermore, high expression of 

these DNA repair genes correlates with poor prognosis in neuroblastoma (Chayka et 

al., 2015; Hallett et al., 2016; Durbin et al., 2018; Petroni et al., 2018; Herold et al., 

2019; King et al., 2020). This suggests MNA neuroblastoma has a therapeutically 

exploitable dependency on DDR and DNA repair pathways, which are required to 

limit MYCN-induced replication stress and DNA damage. Indeed, it has been 

observed that MYCN amplification or overexpression sensitises neuroblastoma cells 

to inhibition of ATR, CHK1, MRE11 and PARP (Cole et al., 2011; Murga et al., 2011; 

Gu et al., 2015; Newman et al., 2015; Colicchia et al., 2017; Petroni et al., 2018; 

King et al., 2020; Southgate et al., 2020; King et al., 2021). This MYCN-induced 

sensitivity was often associated with an induction of intolerable levels of replication-

stress dependent DNA damage (Colicchia et al., 2017; Petroni et al., 2018; King et 

al., 2020; Southgate et al., 2020; King et al., 2021). Similarly, blocking the binding 

site of PCNA, an essential protein for efficient DNA replication, with peptide R9-

caPep interfered with DNA replication fork extension to exacerbate MYCN-induced 

replication stress, resulting in selective lethality in MNA-neuroblastoma cells (Gu et 

al., 2015). 

MYCN amplification therefore sensitises neuroblastoma cells to inhibition of 

DNA repair pathways which exacerbates MYCN-dependent replication-stress and 

DNA damage to intolerable levels. Upregulation of other DNA repair pathways by 

MYCN may be indicative of a putative dependency specific to MNA tumour cells 

which could be exploited therapeutically. Hallett et al., (2016) identified a gene 

signature that is associated with poor prognosis in MNA neuroblastoma, and that 

therefore predicts dependencies and therapeutic targets in MNA tumours. Genes 

involved in the Fanconi Anaemia (FA) DNA repair pathway were enriched in this 

gene signature, suggesting a putative dependency of MNA cells on FA pathway 

function. However, the impact of MYCN amplification on FA pathway expression and 

sensitivity to FA pathway inhibition is unknown.  
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1.4 The FA pathway as a chemotherapeutic target 
 

1.4.1 The FA pathway in DNA repair 
  

 In the context of neuroblastoma, a previously unstudied pathway involved in 

DNA repair and replication stress is the Fanconi anaemia (FA) pathway. The FA 

pathway is a DNA damage response network which co-ordinates proteins from 

multiple other DNA repair pathways such as nucleotide excision repair (NER), 

translesion synthesis (TLS) and homologous recombination repair (HRR) primarily to 

resolve DNA inter-strand crosslinks (ICLs) in a replication-dependent manner 

(Sasaki, 1975; Taniguchi et al., 2002a; Räschle et al., 2008; Moldovan and 

D’Andrea, 2009; Rodriguez and D’Andrea, 2017). ICLs represent a class of DNA 

lesions that covalently link both DNA strands together, preventing unwinding by DNA 

helicases and therefore blocking progression of replication and transcription 

machineries (Deans and West, 2011; Kim and D’Andrea, 2012; Kotteman and 

Smogorzewska 2013). Unrepaired ICLs are therefore highly cytotoxic. The FA 

pathway also contributes to the replication-dependent repair of a range of other DNA 

lesions, including those induced by UV and IR (Garcia-Higuera et al., 2001; Howlett 

et al., 2002; Taniguchi et al., 2002b; Dunn et al., 2006; Moldovan and D’Andrea, 

2009). However, these lesions can be repaired by multiple alternative repair 

mechanisms (Garcia-Higuera et al., 2001; Taniguchi et al., 2002b; Houghtaling et al., 

2003; Niedzwiedz et al., 2004; Bridge et al., 2005; Dunn et al., 2006). In contrast, the 

FA pathway is the primary mechanism for efficient and high-fidelity ICL repair 

(Sasaki et al., 1975; Akkari et al., 2000; Taniguchi et al., 2002a). Many FA pathway 

proteins also function to limit replication stress through several repair-independent 

mechanisms to prevent accumulation of replication stress-associated DNA damage 

(Sobeck et al., 2006; Schwab et al., 2010; Schlacher et al., 2012; Garcia-Rubio et 

al., 2015). Given the FA pathway acts to repair DNA in a replication-dependent 

manner, FA pathway activation is observed almost exclusively in S-phase (Akkari et 

al., 2000; Taniguchi et al., 2002a).  

 By combining all KEGG-defined FA pathway genes with four more recently 

identified FA pathway genes, we define the FA pathway as network of proteins 

encoded by 58 FA pathway-associated genes. Within this, 23 key FA 

complementation genes have so far been identified as being vital for FA pathway 
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function, and we refer to these as FANC genes (Velleuer and Carlberg, 2020). For 

clarity, these genes are listed in Table 1.2. 

 

 

 

 

FANC 
Gene 

Alternative 
Gene 
Name 

Reference 

FANCA - (Lo Ten Foe et al., 1996) 
FANCB - (Meetei et al., 2004) 
FANCC - (Strathdee et al., 1992) 

FANCD1 BRCA2 (Howlett et al., 2002) 
FANCD2 - (Timmers et al., 2001) 
FANCE - (de Winter et al., 2000a) 
FANCF - (de Winter et al., 2000b) 
FANCG - (de Winter et al., 1998) 
FANCI - (Dorsman et al., 2007; Sims et al., 2007; 

Smogorzewska et al., 2007) 
FANCJ BRIP1 (Levitus et al., 2005) 
FANCL - (Meetei et al., 2003) 
FANCM - (Meetei et al., 2005; Singh et al., 2009; 

Bogliolo et al., 2018; Catucci et al., 
2018) 

FANCN PALB2 (Reid et al., 2007) 
FANCO RAD51C (Vaz et al., 2010) 
FANCP SLX4 (Kim et al., 2011; Stoepker et al., 2011) 
FANCQ ERCC4 (Bogliolo et al., 2013) 
FANCR RAD51 (Ameziane et al., 2015; Wang et al., 

2015) 
FANCS BRCA1 (Sawyer et al., 2015) 
FANCT UBE2T (Hira et al., 2015;  Rickman et al., 2015; 

Virts et al., 2015) 
FANCU XRCC2 (Park et al., 2016) 
FANCV REV7 (Bluteau et al., 2016) 
FANCW RFWD3 (Knies et al., 2017) 
FANCY FAAP100 (Ling et al., 2007; Amenábar et al., 

2019) 
 

 

 

Table 1.2. 23 key FA complementation group (FANC) genes vital for FA 
pathway function.  
Bi-allelic germline mutation of one of these genes causes Fanconi anaemia. 
References referring to their identification as FANC genes are provided. 
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1.4.1.1 The mechanism of ICL repair by the FA pathway 
 

The FA pathway coordinates three classic repair pathways to mediate 

replication-dependent ICL repair; NER to promote incision at ICLs, TLS to bypass 

the resulting DNA adduct, and HRR to repair the subsequent DSB (Rodriguez and 

D’Andrea, 2017) (summarised in Figure 1.9).  
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Figure 1.9. Mechanism of ICL repair by the Fanconi anaemia pathway. 
(A) The FANCM-FAAP24 heterodimer recognises the ICL, stabilises the stalled 
replication fork, recruits the FA core complex, and initiates the ATR DNA damage 
response. (B) FANCD2-FANCI complex is targeted to chromatin following ATR-
mediated FANCI phosphorylation. In cooperation with the E2 conjugating enzyme 
FANCT, FANCL E3 ubiquitin ligase in the FA core complex monoubiquitylates 
FANCD2 and FANCI. This is a key regulatory step in FAP activation. Mono-
ubiquitinated FANCD2-FANCI colocalises at DNA repair foci with HRR proteins. 
Mono-ubiquitinated FANCD2 recruits SLX4/FANCP to the stalled replication fork. 
(C) SLX4 acts as a scaffold protein for nucleotide excision repair (NER) 
endonucleases which unhook the crosslink to generate a DSB and DNA adduct. 
(D) The DNA adduct is bypassed by translation synthesis (TLS) to restore the 
nascent strand. (E) The DSB is preferentially repaired by high fidelity HRR. (F) 
The FA pathway is inactivated via de-ubiquitination of FANCD2-FANCI by USP1-
WDR48/UAF1. 
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ICLs may originate endogenously, for example by liver metabolites such as 

reactive aldehydes which are produced during alcohol detoxification and lipid 

peroxidation, or exogenously, for example by DNA crosslinking chemotherapeutics 

such as cisplatin (Ridpath et al., 2007; Langevin et al., 2011; Rosado et al., 2011; 

Clauson et al., 2013; Garaycoechea and Patel, 2014). ICLs block DNA replication 

forks, converging from both directions, with  forks stalling 20-40 nucleotides from the 

crosslink (Räschle et al., 2008). One replication fork then moves further, stopping 

one nucleotide before the crosslink (Räschle et al., 2008). Stalled replication forks 

activate ATR signalling which induces the phosphorylation and therefore activation of 

the DNA translocase FANCM at Ser1045 (Singh et al., 2013). This, along with 

interaction of FANCM with the Bloom syndrome complex (BLM-TOP3A-RMI1-RMI2), 

promotes recruitment of FANCM to the stalled fork in complex with FAAP24, MHF-1 

and MHF-2, where FANCM recognises and binds to the ICL site (Meetei et al., 2003; 

Xue et al., 2008; Deans and West, 2009; Collis and Boulton, 2010; Ling et al., 2016). 

Similarly, FANCM can activate ATR signalling following detection of ICLs to induce 

cell cycle arrest and promote recruitment of proteins which stabilise stalled 

replication forks (Collis et al., 2008). FANCM translocase activity regresses 

replication forks, while FAAP24 binding stabilises ssDNA at the stalled fork (Xue et 

al., 2008; Deans and West, 2009; Moldovan and D’Andrea, 2009; Collis and Boulton, 

2010). Furthermore, the FANCM-FAAP24-MHF complex recruits the FA core 

complex to the ICL site (Ciccia et al., 2007; Deans and West, 2009). 

The FA core complex is a large asymmetric multi-protein complex which 

comprises three sub-complexes; FANCB-FANCL-FAAP100, FANCA-FANCG-

FAAP20, and FANCC-FANCE-FANCF (Huang et al., 2014; Swuec et al., 2017; van 

Twest et al., 2017; Shakeel et al., 2019). The FANCA-FANCG-FAAP20 sub-complex 

promotes FA core complex nuclear localisation and chromatin association (Yuan et 

al., 2012; Huang et al., 2014). The FANCB-FANCL-FAAP100 sub-complex is the 

catalytic subcomplex with E3 ligase activity (Huang et al., 2014). The FANCC-

FANCE-FANCF sub-complex mediates interaction of the FA core complex with its 

substrate FANCD2-FANCI complex, selectively in the DNA-bound form (Huang et 

al., 2014; Swuec et al., 2017; van Twest et al., 2017).  

Structurally, two FANCB-FAAP100 heterodimers form a scaffold flanked by 

two FANCL E3 ligases which have different conformations, suggesting functional 
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asymmetry (Swuec et al., 2017; Shakeel et al., 2019). FANCL selectively binds to 

the E2 ubiquitin-conjugating enzyme UBE2T/FANCT to determine the high substrate 

specificity of the FA core complex ubiquitin ligase activity (Hodson et al., 2014). In 

co-operation with UBE2T, FANCL mono-ubiquitinates FANCD2 and FANCI at 

Lysine-561 and -523 respectively (Sims et al., 2007; Smogorzewska et al., 2007; Joo 

et al., 2011; Rajendra et al., 2014). The FANCD2-FANCI heterodimer is targeted to 

chromatin following ATR-mediated FANCI phosphorylation, which also promotes 

complex dissociation and interface exposure, enabling access to these lysine 

residues (Ishiai et al., 2008; Sareen et al., 2012; Alcón et al., 2020). This mono-

ubiquitination of FANCD2 stabilises the FANCD2-FANCI complex on DNA in a 

closed clamp conformation (Alcón et al., 2020). Mono-ubiquitination of FANCD2 is a 

key regulatory step in FA pathway activation that is necessary for recruitment of 

proteins that function in downstream ICL resolution (Knipscheer et al., 2009). 

Mono-ubiquitinated FANCD2 recruits SLX4/FANCP to the stalled replication 

fork (Yamamoto et al., 2011; Klein Douwel et al., 2014; Zhang and Walter, 2014; 

Zhang et al., 2019a). SLX4 acts as a scaffold protein for NER endonucleases such 

as MUS81-EME1, ERCC1-ERCC4/FANCQ, SLX1, and FAN1, which cleave either 

side of the crosslink on one parental DNA strand (De Silva et al., 2000; Kuraoka et 

al., 2000; Niedernhofer et al., 2004; Hanada et al., 2006; Bhagwat et al., 2009; 

Castella and Taniguchi, 2010; Kratz et al., 2010; Liu et al., 2010; MacKay et al., 

2010; Smogorzewska er al. 2010; Yoshikiyo et al., 2010; Bogliolo et al., 2013; Kim et 

al., 2013; Benitez et al., 2014; Klein Douwel et al., 2014; Zhang and Walter, 2014). 

This effectively ‘unhooks’ the crosslink to generate a DSB on the cleaved parental 

DNA strand, and an ICL adduct on the opposite parental DNA strand (Molodovan 

and D’Andrea, 2009). It has been suggested that the primary endonuclease 

employed by the FA pathway is ERCC4-ERCC1, whose preferred substrate is the 

splayed arms DNA structure induced by ICLs, whilst other endonucleases act 

redundantly in ICL repair (Klein Douwel et al., 2014; Zhang and Walter, 2014; Zhang 

et al., 2019). However, whilst it has been observed that mono-ubiquitinated FANCD2 

is responsible for SLX4 recruitment (Yamamoto et al., 2011; Klein Douwel et al., 

2014), other studies have demonstrated that SLX4 can be recruited to ICLs in a 

FANCD2-independent manner (Sarkar et al., 2006; Lachaud et al., 2014). 

The resulting DNA adduct is bypassed by TLS polymerases (Waters et al., 

2009). The FA core complex and ubiquitinated PCNA recruits TLS polymerases such 
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as REV1, REV7/FANCV, REV3L, POLK, POLN and POLI to complete nascent DNA 

synthesis across the ICL adduct (Niedzwiedz et al., 2004; Nojima et al., 2005; Guo et 

al., 2006; Mirchandani et al., 2008; Moldovan and D’Andrea, 2009, Kim et al., 2012; 

Budzowska et al., 2015; Roy and Schärer, 2016). Given TLS is error-prone, 

mutations are introduced around the ICL site at a frequency of 1% (Budzowska et 

al., 2015). The NER machinery then removes the unhooked crosslink from the 

parental DNA strand. The resulting repaired duplex strand can be used in HRR-

mediated repair of the DSB (Moldovan and D’Andrea, 2009). 

The DSB is repaired by high fidelity HRR, which is promoted by recruitment of 

HRR proteins by mono-ubiquitinated FANCD2 (Perry and Evans, 1975; Niedzwiedz 

et al., 2004; Nakanishi et al., 2005; Niedernhofer et al., 2005; Yamamoto et al., 

2005). Briefly, FANCD2 cooperates with BRCA1/FANCS to recruit DNA helicases 

and exonucleases BLM, CtIP, MRN and EXO1 to resect the parental DNA strand of 

the DSB and generate an RPA-coated 3’ overhang (Molodovan and D’Andrea, 2009; 

Murina et al., 2014; Ceccaldi et al., 2016). The Rad51 recombinase, aided by 

BRCA2/FANCD1, PALB2/FANCN, RAD51C/FANCO, BRIP1/FANCJ, 

BRCA1/FANCS and XRCC2/FANCU, promotes RPA eviction and drives strand 

invasion of the 3’ overhang into the repaired DNA duplex to form a D-loop (Johnson 

et al., 1999; Takata et al., 2001; Taniguchi et al., 2002a; Niedzwiedz et al., 2004; 

Somyajit et al., 2010; Long et al., 2011; Foo and Xia, 2022). The D-loop is extended 

and DNA synthesis occurs. This enables high-fidelity extension of the nascent DNA 

strand and second end capture to form a double Holliday junction resulting in full 

DSB resolution. It is worth noting that ICL-induced DSBs can also be repaired by two 

other pathways; single strand annealing (SSA) and non-homologous end joining 

(NHEJ) (Yuan et al., 2012; Ceccaldi et al., 2016; Benitez et al., 2018). However, 

given many FANC genes are well-established HRR factors, and the presence of a 

readily available HRR template following TLS, HRR is identified as the preferential 

pathway over error-prone NHEJ (Palovcak et al., 2017). These pathways require 

different levels of existing homology and DSB end resection Following completion of 

ICL repair, the FA pathway is inactivated by the USP1-UAF1-RAD51AP1 complex 

which de-ubiquitinates the FANCD2-FANCI complex, releasing it from the site of 

damage (Nijman et al., 2005; Cukras et al., 2016; Arkinson et al., 2018; Liang et al., 

2019b). 
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It should be noted that a replication- and HRR- independent mechanism of 

ICL resolution has been observed outside of S-phase, in which the crosslink is 

recognised and unhooked by NER machinery and subsequently bypassed by 

multiple TLS polymerases (Schärer et al., 2005; Sarkar et al., 2006). However, it has 

also been observed that the majority of crosslinks are repaired  during S-phase, and 

therefore FA pathway activation is the primary mechanism of ICL repair (Akkari et 

al., 2000; Taniguchi et al., 2002a).  

 

1.4.1.2 FA pathway activation is integrated with DDR activity 
 

The ATR pathway is initiated by, and can itself initiate, FA pathway activation 

(Collis et al., 2008; Singh et al., 2013) (Figure 1.10). Collis et al., (2008) observed 

that activation of FANCM-FAAP24 following detection of stalled replication forks is 

necessary for efficient ATR checkpoint signalling, which is activated to halt cell cycle 

progression upon detection of replication stress. Similarly, Schwab et al., (2010) 

observed impaired ATR pathway activation in FANCM-deficient cells. Singh et al., 

(2013) demonstrated that ATR signalling induces phosphorylation and therefore 

activation of FANCM at Ser1045, which promotes recruitment of FANCM to ICLs to 

initiate FA pathway activation. Similarly phosphorylation of multiple FANC proteins 

by ATR pathway kinases is necessary for efficient downstream FA pathway 

activation. ATR-mediated FANCG phosphorylation enables FA core complex 

assembly, while ATR-mediated FANCA phosphorylation enables FA core complex 

nuclear localisation (Qiao et al., 2004; Wilson et al., 2008; Collins et al., 2009). Chk1-

mediated FANCE phosphorylation inhibits core complex E3 ligase activity (Wang et 

al., 2007). ATR phosphorylates FANCI to promote chromatin binding and interface 

exposure of the FANCD2-FANCI complex to enables its mono-ubiquitination (Ishiai 

et al., 2008; Sareen et al., 2012; Chen et al., 2015a; Alcón et al., 2020). ATR 

deficiency therefore impairs FA pathway activation (Andreassen et al., 2004). 
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1.4.2 The FA pathway in replication stress limitation 
  

Increasing evidence demonstrates that many FANC proteins have alternative 

cellular functions independent from ICL repair (Sumpter and Levine, 2017), as 

summarised in Table 1.3. For example, many FANC proteins function to limit 

replication stress in a repair-independent manner by stabilising stalled replication 

forks, regulating replication fork dynamics, or promoting R-loop resolution (Fajardo et 

al., 2022). This prevents the accumulation of replication-associated DNA damage 

(Sobeck et al., 2006). However, many of these alternative FA pathway functions act 

independently of FANCD2 mono-ubiquitination. 

 

 

 

Figure 1.10. FA pathway activation is integrated with DDR activity. 
Upon detection of stalled forks, the FANCM-FAAP24 complex activates  ATR 
signalling to restrict cell cycle progression. FANCM-FAAP24 is also necessary for 
downstream ATR checkpoint signalling. ATR pathway kinases phosphorylate 
multiple FANC proteins to enable efficient FA pathway activation. ATR 
phosphorylates FANCM to promote its recruitment to ICLs. ATR also phosphorylates 
FANCI to promote recruitment of FANCD2-FANCI to chromatin and promote 
interface exposure for mono-ubiquitination. FANCG and FANCA are phosphorylated 
by ATR to promote core complex assembly and nuclear localisation respectively. 
Chk1 phosphorylates FANCDE to inhibit core complex E3 ligase activity. 
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Cellular 
Function 

Known FANC 
proteins 
involved 

Description Reference 

Stalled 
replication 
fork 
stabilisation 

FANCD2 
FANCI 
RAD51/FANCO 
BRCA1/FANCS 
BRCA2/FANCD1 

Stabilises stalled 
replication forks by 
protecting ssDNA to 
prevent collapse and DSB 
generation. 

(Howlett et al., 2005; 
Schwab et al., 2010; 
Schlacher et al., 2011; 
Schlacher et al., 2012) 

Resolution of 
R-loops 

FANCD2 
FANCM 
BRCA1/FANCS 
BRCA2/FANCD1 

Detects and resolves R-
loops upon transcription-
replication collisions to 
prevent DNA damage and 
further fork stalling. 

(García-Rubio et al., 
2015; Schwab et al., 
2015; Okamoto et al., 
2019; Herold et al., 
2019; Liang et al., 
2019a) 

Regulation 
of replication 
fork 
dynamics 

FANCA 
BRCA2/FANCD1 
FANCD2 
FANCI 
FANCJ 
 

Regulates DNA replication 
initiation and restart of 
stalled replication forks. 

(Chaudhury et al., 2013; 
Lossaint et al., 2013; 
Yeo et al., 2014; 
Raghunandan et al., 
2015) 

NHEJ 
suppression 

BRCA1/FANCS FA proteins prevent DSB 
access to NHEJ factors to 
channel DSB repair into 
HRR. 

(Cao et al., 2009; Adamo 
et al., 2010;  Bouwman 
et al., 2010; Bunting et 
al., 2010; Pace et al., 
2010; Eccles et al., 
2018) 

ATR-
dependent 
DNA 
damage 
checkpoint 

FANCM FANCM activates the ATR 
pathway to initiate DDR 
upon detection of DNA 
lesion. 

(Collis et al., 2008) 

ATM-
dependent 
intra-S 
checkpoint 

FANCD2 Upon DSB detection by 
MRN, ATM is activated and 
phosphorylates FANCD2 at 
Ser222 to enable activation 
of the intra-S checkpoint. 

(Taniguchi et al., 2002b) 

Alternative 
Lengthening 
of Telomeres 
(ALT) 

FANCM 
BRCA1/FANCS 
FANCD2 

Limits replication stress 
and R-loop formation 
during ALT in telomerase-
null cells. 

(Fan et al., 2009; Pan et 
al., 2017; Lu et al., 2019; 
Pan et al., 2019; Silva et 
al., 2019; Xu et al., 2019) 

Ultrafine 
DNA bridge 
resolution 

BRCA2/FANCD1 
FANCD2 
FANCI 

Prevents appearance of 
DNA ultrafine bridges 
linking separating 
condensed chromosomes 
during mitosis. 

(de Oca et al., 2005) 

Suppression 
of sister 
chromatid 
exchange 
(SCE) 

FANCM FANCM dissociates 
RAD51-induced D-loops to 
suppress sister chromatid 
exchange. 

(Sun et al., 2008; 
Prakash et al., 2009; 
Raya et al., 2009) 

 

 

 

Table 1.3. Alternative cellular functions of FANC proteins.  
Summary of the alternative cellular functions of FANC proteins.  
ssDNA; single stranded DNA. DSB; double strand break. HR; homologous 
recombination. (Table continues overleaf). 
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Cellular 
Function 

Known FANC 
proteins 
involved 

Description Reference 

Maintenance 
of G-rich 
DNA 
sequences 

BRIP1/FANCJ Unwinds G-quadraduplex 
secondary structures at 
sites of stalled replication 
forks. 

(Bosch et al., 2014) 

Handling 
ROS 

FANCC 
FANCD2 

FANCC interacts with 
GSTP1, and FANCD2 
interacts with FOXO3a, to 
prevent ROS accumulation. 
FANC proteins also protect 
the promoters of antioxidant 
defence genes. 

(Schindler et al., 1988; 
Cumming et al., 2001; 
Li et al., 2010; Du et al., 
2012) 

Modulation 
of 
mitochondria
l stress 
response 

FANCD2 FANCD2 limits activation of 
the mitochondrial stress 
response and prevents 
mitochondrial dysfunction. 

(Fernandes et al., 2021) 

Promotion of 
mitophagy 

FANCA 
FANCF 
FANCC 
FANCL 
FANCD2 
FANCS/BRCA1  
FANCD1/BRCA2 

Promote removal of 
damaged mitochondria. 

(Sumpter and Levine, 
2016) 

 

 

1.4.2.1 FANC proteins stabilise stalled replication forks 
 

Prolonged stalling of replication forks leads to replisome dissociation and fork 

collapse (Fajardo et al., 2022). The aberrant replicative intermediates resulting from 

fork collapse are highly recombinogenic and therefore increase genomic instability. 

Additionally, stalled forks themselves are vulnerable to exonuclease degradation. FA 

pathway proteins protect the fidelity of stalled replication forks, as evidenced by an 

increase in fork breakage and deletion mutations in FA pathway deficient cells 

(Howlett et al., 2005; Gari et al., 2008; Schwab et al., 2010; Schlacher et al., 2011; 

Schlacher et al., 2012; Yang et al., 2015; Madireddy et al., 2016). For example, 

several FANC proteins protect nascent DNA strands from exonuclease degradation. 

At stalled forks, mono-ubiquitinated FANCD2 connects BRCA1- and BRCA2-

stabilised RAD51 to replisome components such as PCNA (Schlacher et al., 2011; 

Schlacher et al., 2012; Daza-Martin et al., 2019). This promotes RAD51 loading to 

Table 1.3. Alternative cellular functions of FANC proteins (continued).  
Table legend on previous page. 
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protect stalled forks from nucleolytic degradation and fork collapse. This mechanism 

of fork protection is dependent on FANCD2 mono-ubiquitination (Schlacher et al., 

2012). FA machinery and BRCA proteins therefore display linked functionality in both 

ICL repair and protection of stalled replication forks. Additionally, FANCM promotes 

regression of stalled replication forks, which can aid in the repair of replication-

blocking lesions and promote fork restart (Higgins et al., 1976; Postow et al., 2001; 

Gari et al., 2008; Schwab et al., 2010).  

 

1.4.2.2 FANC proteins regulation DNA replication fork dynamics 
 

FA pathway proteins also regulate replication fork dynamics by modulating 

new origin firing, fork restart and fork progression (Lossaint et al., 2013; Yeo et al., 

2014; Raghunandan et al., 2015). This occurs independently from FANCD2 mono-

ubiquitination (Lossaint et al., 2013; Yeo et al., 2014; Raghunandan et al., 2015). 

ATR signalling promotes the interaction of FANCD2 with the MCM helicase to 

restrain replication fork progression during high replication stress (Lossaint et al., 

2013). It has also been observed that BRIP1, BRCA2, FANCD2 cooperate with BLM, 

ATRX and CtIP to promote restart of stalled replication forks and suppress new 

origin firing upon induction of replication stress (Chaudhury et al., 2013; Yeo et al., 

2014; Raghunandan et al., 2015; Madireddy et al., 2016; Thompson et al., 2017; 

Raghunandan et al., 2020). Chen et al., (2015) observed that whilst ATR-mediated 

FANCI phosphorylation inhibited new origin firing and promoted restart of stalled 

forks, FANCI deficiency results in reduced new origin firing. FANCD2 and FANCI 

therefore have common as well as independent and potentially opposing roles in 

regulating replication fork dynamics (Chaudhury et al., 2013; Thompson et al., 2017).  

 

1.4.2.3 FANC proteins regulate R-loop suppression 
 

High levels of replication stress and DNA damage induce an increase in the 

number of transcription-replication collisions, leading to an increase in R-loop 

formation. R-loops are both a product of, and a source of, replication stress (Santos-

Pereira and Aguilera, 2015). R-loop accumulation therefore further escalates 

replication stress levels (Allison and Wang, 2019). This occurs frequently at common 

fragile sites (CFSs); conserved genomic loci prone to replication-stress-induced 
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breakage and R-loop formation (Okamoto et al., 2018b; Pladevall-Morera et al., 

2019). Multiple FA pathway proteins have been observed to function in the 

suppression of co-transcriptional R-loops, with FA-deficient cells displaying 

enhanced R-loop accumulation (Bhatia et al., 2014; Garcia-Rubio et al., 2015; Hatchi 

et al., 2015; Schwab et al., 2015; Matos et al., 2020).  

It has been shown that both BRCA1 and BRCA2 function in R-loop resolution. 

Bhatia et al., (2014) initially demonstrated that BRCA2 contributes to the resolution 

of R-loops, likely through association with TREX-2 mRNA export factor PCID2. It has 

also been shown that BRCA2 recruits RNase H2 to modulate the levels of DSB-

associated RNA-DNA hybrids (D’Alessandro et al., 2018). BRCA1 is recruited to R-

loops at transcription termination sites, where it mediates the recruitment of 

senataxin to promote R-loop resolution (Hatchi et al., 2015). This is required to 

prevent formation of R-loop driven DNA damage at these transcriptional pause sites. 

Additionally, it was observed that loss of function of BRCA1 induced enrichment of 

R-loops at the 5’ end of genes which display promoter-proximal pausing of RNAPII in 

breast cancer cells (Zhang et al., 2017). This suggested RNAPII pausing contributes 

BRCA1-associated R-loop accumulation (Zhang et al., 2017). Similarly, BRCA1 is 

specifically recruited by MYCN to resolve promoter-proximal R-loops in 

neuroblastoma cells, enabling MYCN to promote transcription elongation without 

exacerbating replication stress (Herold et al., 2019). BRCA1 mediates this resolution 

of MYCN-induced R-loops by recruiting mRNA de-capping complexes (Herold et al., 

2019). 

Garcia-Rubio et al., (2015) demonstrated that FANCD2 and FANCA are 

involved in R-loop resolution and that many DNA breaks that accumulate in 

FANCD2- and FANCA-deficient cells are R-loop dependent. Additionally, formation 

of FANCD2 foci was largely R-loop dependent, further suggesting FANCD2 functions 

at sites of R-loops. Schwab et al., (2015) demonstrated that R-loop accumulation 

activates the FA pathway, and that FANCD2 is required to prevent replication fork 

arrest and DNA damage resulting from co-transcriptional R-loops. Altogether this 

suggested FANCD2 mono-ubiquitination functions in the resolution of co-

transcriptional R-loops and associated damage. In agreement with this, it was 

subsequently demonstrated that R-loop binding by FANCD2 induces its mono-

ubiquitination (Liang et al., 2019a). It has also been shown that high replication 

stress induced accumulation of FANCD2 at R-loops in CFSs (Madireddy et al., 2016; 
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Okamoto et al., 2018b; Okamoto et al., 2019). It was further demonstrated that 

FANCD2 suppresses R-loop levels at CFSs through association with RNA 

processing factors such as hnRNP U and DDX47 which promote efficient processing 

of long RNA transcripts (Okamoto et al., 2018a; Okamoto et al., 2019). Additionally, 

FANCD2 was also observed to localise at CFSs with ATRX; a chromatin remodeller 

which limits genomic instability at CFSs (Pladevall-Morera et al., 2019).  It is 

therefore suggested that FANCD2 mono-ubiquitination promotes R-loop resolution 

primarily through recruitment of R-loop processing factors such as hnRNP U, DDX47 

and BRCA1-SETX and BRCA2-TREX complexes (Garcia-Rubio et al., 2015; 

Schwab et al., 2015; Liang et al., 2019; Okamoto et al., 2019; Pladevall-Morera et 

al., 2019). FANCM was also shown to directly promote R-loop resolution through its 

translocase activity which was observed to induce R-loop unwinding in vitro (Schwab 

et al., 2015). Telomeric R-loop formation during alternative lengthening of telomeres 

(ALT) is also disrupted by FANCM (Pan et al., 2017; Pan et al., 2019; Silva et al., 

2019). Furthermore, it was demonstrated that the MRN complex promotes FANCD2- 

and FANCM-mediated suppression of transcription-associated R-loops (Chang et al., 

2019b). 

 

1.4.3 Loss of function of the FA pathway 
 

1.4.3.1 Fanconi anaemia results from biallelic germline mutations 
in FANC genes 

 

Bi-allelic germline alterations in any of the 23 key FANC genes causes 

Fanconi anaemia (FA) (Table 1.2) (Rosenberg et al., 2011; Nalepa and Clapp, 

2018). Whilst 23 genetically distinct FA complementation groups have so far been 

identified, more FA pathway genes are continually being revealed as key FANC 

genes through genotypic analysis of FA patients. FA is inherited in an autosomal-

recessive manner, with the exception of FA-B and FA-R complementation groups 

which are inherited in an X-linked and autosomal-dominant manner respectively 

(Meetei et al., 2004; Ameziane et al., 2015). The phenotypic severity of FA is 

dependent upon which FANC gene is disrupted and the extent of loss-of-function in 

the resulting protein (Nalepa and Clapp, 2018). Most FA patients harbour core 
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complex mutations, with ~90% encoding mutations in FANCA, FANCC or FANCG 

(Rodríguez and D’Andrea, 2017; Liu et al., 2020a).  

FA is therefore both genetically and clinically heterogeneous, and is 

characterised by progressive bone marrow failure, anaemia, congenital 

abnormalities and cancer predisposition (Alter, 1996; Moldovan and D’Andrea, 2009; 

Steinberg-Shemer et al., 2020). Given FA results from impaired FA pathway activity, 

these symptoms are driven by genomic instability (Moldovan and D’Andrea, 2009). 

For example, bone marrow failure occurs in 80% of FA patients and results from the 

accumulation of endogenous DNA damage in haematopoietic stem and progenitor 

cells (HSPCs) (Pontel et al., 2015; Walter et al., 2015; Garaycoechea et al., 

2018; Steinberg-Shemer et al., 2020; Rodriquez et al., 2021b). These high levels of 

DNA damage induce hyperactivation of p53 and TGF-β growth suppressive 

pathways which exacerbates HSPC exhaustion (Ceccaldi et al., 2012; Zhang et al., 

2016; Rodriquez et al., 2021a; Rodriquez et al., 2021b). A recent survey of 111 FA 

patients demonstrated a cancer frequency of 30% (Steinberg-Shemer et al., 2020). 

FA patients are predominantly predisposed to acute myeloid leukaemia, head and 

neck squamous cell carcinomas and embryonal tumours (Garaycoechea and Patel, 

2014; Wang and Smogorzewska, 2015). Mono-allelic germline FANC alterations 

commonly increases risk of breast, ovarian and pancreatic cancers, a widely known 

example being BRCA1/2-associated hereditary breast cancer (Merajver et al., 1995; 

Pejovic et al., 2006; Kuchenbaecker et al., 2017; Niraj et al., 2019). Loss of FA 

pathway function sensitises cells to DNA crosslinking and replication-stress inducing 

agents, and this is a clinical marker of Fanconi anaemia (Sasaki et al., 1975; 

Auerbach and Wolman, 1976; German et al., 1987; Auerbach, 1988; Taniguchi et al., 

2002a; Houghtaling et al., 2003; Niedzwiedz et al., 2004; Bridge et al., 2005; Dai et 

al., 2015; Dai et al., 2017). As such, FA-associated cancers require lower 

chemotherapeutic doses which reduces cancer treatment efficacy (Zhang et al., 

2008; Moldovan and D’Andrea, 2009; Compostella et al., 2010). 

 

 1.4.3.2 Somatic FA pathway mutations in cancer 
 

Somatic FA pathway genomic aberrations also contribute to tumorigenesis 

and tumour progression in various primary sporadic cancers, with at least one FANC 

gene alteration (mutation, gain or loss) detected in 40-65% of cancers (Niraj et al., 
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2019; Liu et al., 2020a; Zhao et al., 2010). Bladder, ovarian and breast cancers 

display the highest FANC gene alteration frequency (Niraj et al., 2019). Although FA 

patients most commonly harbour mutations in FANCA, FANCC or FANCG, the 

somatic mutation frequency in cancers is approximately even across all FANC 

genes, with the alterations occurring most frequently in HRR-related FANC genes 

such as BRCA2/FANCD1 (Liu et al., 2020a; Niraj et al., 2019). This discrepancy in 

relative FANC gene mutation frequencies in FA and cancer suggests FANC genes 

have differing roles in the development of FA and cancer (Liu et al., 2020a). 

Interestingly, although both gain and loss of function alterations co-exist across 

cancer types for all FANC genes, there is a trend in the most frequent type of 

alteration observed for each FANC gene (Niraj et al., 2019; Liu et al., 2020a). Whilst 

75% of alterations in HRR-related FANC genes are characterised by mutations and 

deletions, core complex FANC gene alterations are predominantly characterised by 

amplifications (Niraj et al., 2019). Similarly, the type of alteration differs across 

cancer types, with amplification predominantly observed in ovarian cancer but 

deletion predominantly observed in prostate cancer (Niraj et al., 2019). The presence 

of both gain and loss of function FANC gene alterations in cancer suggests both 

impairment and enhancement of FA pathway activity could be beneficial during 

tumour progression. 

 

1.4.3.3 FA pathway mutations in neuroblastoma 
 

Low frequency somatic alterations in FA pathway genes such as FANCM, 

FAN1 and PALB2 have been observed in neuroblastoma (Guerra et al., 2010; Hu et 

al., 2010; Molenaar et al., 2012; Pugh et al., 2013; Takagi et al., 2017). Also, 

development of neuroblastoma has been observed in several FA cases (Bissig et al., 

2002; Compostella et al., 2010; Serra et al., 2012; Loizidou et al., 2016). Bi-allelic 

germline mutations in PALB2/FANCN and BRCA2/FANCD1, causing FA-N and 

severe FA-D1 subtypes respectively, confer high risk of embryonal tumours such as 

neuroblastoma and Wilms tumours (Reid et al., 2007; Mehmet et al., 2016). PALB2 

and BRCA2 mutations may pre-dispose embryonal tumours by inducing severe 

genomic instability in shared embryonal progenitor cells, with MYCN expression 

exacerbating this effect in NCCs to induce neuroblastoma (Reid et al., 2007; Serra et 

al., 2012). The therapeutic potential of targeting the FA pathway in MNA 
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neuroblastoma would therefore be dependent upon the mutational profile of FA 

pathway genes, as loss-of-function alterations would prevent development of an FA 

pathway dependency. 

 

1.4.3.4 FA pathway expression in cancer 
 

Similarly to the observation of both gain- and loss-of-function mutations, 

upregulation and downregulation of FANC genes has been observed across cancer 

types. Liu et al., (2020) observed broad transcriptional upregulation of most FANC 

genes in multiple tumour types compared to normal tissue controls including breast, 

ovarian, colon, bladder, melanoma and lung cancers. UBE2T/FANCT was the most 

upregulated FANC gene in all tumour types, whilst FANCC, FANCE, FANCL and 

FANCM were downregulated in some cancer types. However, no change in FANC 

gene expression was observed in prostate cancer. Kao et al., (2011) observed that 

the extent of FANC gene overexpression in melanoma correlated with increased 

melanoma thickness. However, NER gene expression was downregulated or 

unchanged (Kao et al., 2011). High expression of FANC genes has frequently been 

associated with increased tumour aggressiveness, chemo-resistance and reduced 

event-free survival (Taniguchi et al., 2003; Swisher et al., 2009; Ozawa et al., 2010; 

Nakanishi et al., 2012; Swarts et al., 2013). In particular, the upregulation of 

FANCD2 in ovarian, breast and uterine cancers correlates with HRR-deficiencies, 

increased tumour stage, and poor prognosis (Van Der Groep et al., 2008; Wysham 

et al., 2012; Kais et al., 2016; Feng and Jin, 2019). 

 In contrast, Zhang et al., (2010) observed that low FANCD2 expression 

correlated with high tumour grade and metastasis in breast cancer. Furthermore, it 

has been observed that a greater proportion of breast cancers have no detectable 

FANCD2 expression compared to benign tissues (Van Der Groep et al., 2008; 

Rudland et al., 2010; Zhang et al., 2010; Feng and Jin 2019). However, this could be 

specific to nuclear FANCD2 (Rudland et al., 2010). In head and neck squamous cell 

carcinoma, downregulation of at least one FANC gene was observed in 66% of 

cases (Wreesmann et al., 2007). Therefore, whilst FANC gene inactivation promotes 

tumorigenesis through increased genomic instability, FA pathway upregulation is 

advantageous during later tumour progression to limit excess genomic instability and 

mediate chemotherapeutic resistance (Liu et al., 2020a). 
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1.4.4 Therapeutic potential of FA pathway inhibition 
  

1.4.4.1 Loss of FA pathway function sensitises cells to DNA 
damaging chemotherapy and DNA repair inhibitors 

 

The FA pathway is the major mechanism for efficient ICL repair (Sasaki et al., 

1975; Akkari et al., 2000; Taniguchi et al., 2002a). Loss of FA pathway function 

therefore primarily sensitises cells to DNA crosslinking agents, and this is a clinical 

marker of Fanconi anaemia (Sasaki et al., 1975; Auerbach et al., 1976; German et 

al., 1987; Auerbach 1988; Taniguchi et al., 2002a; Houghtaling et al., 2003; 

Niedzwiedz et al., 2004; Bridge et al., 2005; Dai et al., 2015; Dai et al., 2017). FA 

pathway proteins also functions to limit replication stress through multiple 

mechanisms, and FA pathway deficiencies therefore also sensitise cells to 

replication-stress inducing agents (Howlett et al., 2005). Whilst the FA pathway 

contributes to the replication-dependent repair of UV- and IR-induced DNA lesions, 

these lesions have multiple alternative repair mechanisms, and therefore loss of FA 

pathway function induces limited sensitisation to UV and radiotherapy (Garcia-

Higuera et al., 2001; Taniguchi et al., 2002a; Houghtaling et al., 2003; Niedzwiedz et 

al., 2004; Bridge et al., 2005; Dunn et al., 2006). Targeted inhibition of the FA 

pathway would therefore be beneficial in sensitising tumours to DNA crosslinking 

chemotherapeutics. 

 

1.4.4.2 FA pathway inhibitors 
  

There are currently no widely accepted small molecule FA pathway inhibitors 

that directly and selectively inhibit FA pathway activation (Liu et al., 2020a; Taylor et 

al., 2020; Sharp et al., 2021). However, high throughput biochemical screening 

methods have been optimised to aid future identification of specific FA pathway 

inhibitors, with promising development of FANCL and UBE2T inhibitors being 

undertaken (Morreale et al., 2017; Cornwell et al., 2019; Sharp et al., 2020; Sharp et 

al., 2021). Instead, many non-specific FA pathway inhibitors have been identified 

through cell-based or in vitro screening assays and, despite broad off-target effects, 

these are commonly used to study the potential effects of FA pathway inhibition 
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(Chirnomas et al., 2006; Landais et al., 2009a; Landais et al., 2009b; Jacquemont et 

al., 2012; Jun et al., 2013; Sharp et al., 2020). For example, Chirnomas et al., (2006) 

undertook a cell-based screen which identified the kinase inhibitors wortmannin and 

H-9, and the natural di-phenolic compound curcumin as effective FA pathway 

inhibitors, capable of inhibiting FANCD2 mono-ubiquitination and foci formation and 

of sensitising cancer cells to the crosslinking chemotherapeutic cisplatin. The FA 

pathway modulating target of curcumin is unknown but is hypothesised to be IKK, a 

component of the NF-êB pathway that interacts with the FA core complex (Otsuki et 

al., 2002; Kasinski et al., 2008; Landais et al., 2009a). Jun et al., (2013) used similar 

cell-based screening methods to identify ouabain, a cardiac glycoside, as an 

effective FA pathway inhibitor which downregulates FANCD2 expression and foci 

formation and sensitises cancer cells to the crosslinking agent mitomycin C (MMC). 

Ouabain inhibits FA pathway activation in a p38 MAPK-dependent manner (Jun et 

al., 2013). 

Curcumin is a natural di-phenolic small molecule derived from the rhizome 

Curcuma longa that demonstrates treatment efficacy in a range of diseases including 

cancer, cystic fibrosis, and malaria and neurodegenerative diseases (Picone et al., 

2014). In cancer, curcumin demonstrates anti-proliferative, pro-apoptotic, and anti-

metastatic effects and sensitises tumours to DNA damaging or replication fork 

stalling chemotherapeutics including cisplatin and gemcitabine (Cheng et al., 2001; 

Chirnomas et al., 2006; Schlacher et al., 2012; Picone et al., 2014). However, it 

should be noted that although curcumin commonly is used to analyse the effect of 

FA pathway inhibition, many non-specific effects also contribute to the anti-

tumorigenic effects of curcumin. For example in neuroblastoma cells, curcumin has 

been demonstrated to induce apoptosis through induction of mitochondrial 

dysfunction, an increase in ROS production, upregulation of pro-apoptotic genes 

such as Bax and p53, and inhibition of AKT and NF-kB (Liontas et al., 2004; 

Aravindan et al., 2008; Freudlsperger et al., 2008; Pisano et al., 2010; D’Aguanno et 

al., 2012; Picone et al., 2014; Kalashnikova et al., 2017; Sidhar and Giri, 2017). 

Additionally, curcumin has been shown to induce upregulation and activation of 

multiple DNA repair proteins such as ATM, ATR, DNA-PK, BRCA1, BRCA2, and 

MRE11 (Landais et al., 2009a; Shang et al., 2016; Chen et al., 2017; Wang et al., 

2022a). Similarly, ouabain also induces cancer cell death through other off-target 
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effects such as induction of ROS and exacerbation of ER stress and DNA damage 

(Chang et al., 2019a; Du et al., 2018; Du et al., 2021; Yang et al., 2021;). In 

particular, ouabain induces DSB accumulation through inhibition of NHEJ (Du et al., 

2018). Additionally, ouabain was shown to regulate expression of other DNA repair 

proteins. Chang et al., (2019a) observed that ouabain induced a downregulation of 

BRCA1 and DNA-PK, whilst Yang et al., (2021) observed that ouabain upregulated 

PARP and BRCA1 and downregulated DNA-PK.  

 

1.4.4.3 FA pathway inhibition sensitises cancer cells to DNA 
damaging and replication-stress inducing chemotherapeutics 

 

FA pathway inhibition has been demonstrated to sensitise a range of cancer 

cells to DNA crosslinking and alkylating chemotherapeutics. For example, FA 

pathway inhibition by curcumin significantly sensitised glioblastoma (GBM) cell lines 

to the mono-alkylating chemotherapeutic temozolomide (TMZ) (Patil et al., 2014; 

Chen et al., 2007). FA pathway inhibition by curcumin has also been shown to 

sensitise ovarian cancer, breast cancer, non-small cell lung cancer (NSCLC), 

retinoblastoma, and laryngeal carcinoma cells to the DNA crosslinking 

chemotherapeutics cisplatin and carboplatin (Chirnomas et al., 2006; Chen et al., 

2015b; Yallapu et al., 2010; Chanvorachote et al., 2009; Sreenivasan et al., 2013; 

Zhang et al., 2013; Kang et al., 2015; Zou et al., 2018; Huang et al., 2022; Wang et 

al., 2022b). Curcumin has also been shown to sensitise the non-MNA neuroblastoma 

cell line SK-N-AS to cisplatin, however an association with FA pathway inhibition was 

not explored (Sukumari-Ramesh et al., 2011).  

It has also been demonstrated that curcumin treatment sensitises cancer 

cells, including neuroblastoma cells, to replication-stress inducing 

chemotherapeutics such as gemcitabine and doxorubicin (Kunnumakkara et al., 

2007; Sukumari-Ramesh et al., 2011; Yoshida et al., 2017; Namkaew et al., 2018; 

Fonseka et al., 2020; Liu et al., 2020b). However, it has also been suggested that FA 

pathway inhibition could enable faster crosslink resistance acquisition through 

increased mutation rates (Edwards et al., 2008; Sakai et al., 2008; Moldovan and 

D’Andrea, 2009). We therefore hypothesised that FA pathway inhibition would 

sensitise neuroblastoma cells to induction crosslinking chemotherapeutics used in 

current neuroblastoma treatment such as cisplatin, carboplatin and 
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cyclophosphamide (Deans and West, 2011; Di Giannatale et al., 2014; Mody et al., 

2017; Mody et al., 2020). Additionally, the high replication stress induced by MYCN 

amplification may sensitise cells to FA pathway inhibition (Gu et al., 2015; King et al., 

2020). 

 

1.4.4.4 FA pathway inhibition re-sensitises cancer cells that are 
resistant to DNA crosslinking chemotherapy 

 

Resistance to DNA crosslinking and alkylating agents via accelerated removal 

of DNA adducts is often acquired by upregulation or reactivation of FA genes and is 

selected for during chronic exposure to DNA crosslinking agents (Chen et al., 2005; 

van der Heijen et al., 2005; Chen et al., 2007; Chen et al., 2016). Hence tumour cells 

resistant to crosslinking chemotherapeutics are heavily reliant on the FA pathway for 

survival (Chen et al., 2007; Zhao et al., 2014; Bretz et al., 2016). Targeted 

inactivation of ICL repair via FA pathway inhibition has therefore been demonstrated 

to re-sensitise resistant GBM, breast cancer and lung cancer cells to temozolomide, 

MMC and cisplatin respectively (Chirnomas et al., 2006; Zhao et al., 2014; Dai et al., 

2015). Similarly, ATR inhibition re-establishes crosslinking sensitivity due to its 

integral role in FAP activation (Dai et al., 2017).  

 

1.5 REDACTED 
 

1.5.1 REDACTED 
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1.5.2 REDACTED 
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1.5.3 REDACTED 
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1.5.4 REDACTED 
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1.6 Aims and Hypotheses 
 

Approximately half of all neuroblastoma cases are high-risk at diagnosis, for 

which the five year overall survival rate remains below 50% despite escalation of 

treatment intensity. Development of novel therapeutics which improve treatment 

efficacy without increasing morbidity are therefore desperately required. MYCN 

amplification occurs in 20% of neuroblastomas and is always indicative of high-risk 

disease due to its significant association aggressive and refractory disease. MYCN 

expression promotes proliferation and pluripotency and therefore malignant 

progression, but also induces high levels of replication stress and DNA damage. 

MNA neuroblastomas are therefore sensitised to treatments which target the cell 

cycle and inhibitors of DNA repair and replication-stress limiting pathways. A MYCN-

induced dependency on these DNA repair pathways is often indicated by their 

upregulation upon MYCN overexpression or amplification.  

The FA pathway primarily functions in the repair of ICLs and limitation of 

replication stress. Upregulation of FA pathway expression is frequency observed 

across multiple cancer types and often correlates with poor prognosis. Additionally, 

inhibition of the FA pathway sensitises a broad range of cancer cell lines to DNA 

crosslinking and alkylating chemotherapeutics. However the therapeutic potential of 

FA pathway inhibition in neuroblastoma is unknown. 

 REDACTED  

Given MYCN amplification induces high levels of replication stress and DNA 

damage, it was theorised that MNA neuroblastoma cells would have a greater 

dependency on the FA pathway to limit MYCN-induced replication stress. As such, 

we first hypothesised that MYCN would transcriptionally upregulate the FA pathway 

to prevent accumulation of replication stress-induced DNA damage. Secondly, we 

hypothesised that MYCN overexpression or amplification would sensitise cells to 

inhibition of the FA pathway, and that FA pathway inhibition would additionally 

sensitise neuroblastoma cells to clinically relevant DNA crosslinking 

chemotherapeutics. REDACTED 
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The aims of this project are to: 

1. Examine the effect of MYCN overexpression and amplification on FA 

pathway expression in neuroblastoma cell lines and tumours. 

2. Determine the efficacy of FA pathway inhibition in sensitising 

neuroblastoma cells to DNA crosslinking chemotherapeutics and to 

MYCN-induced replication stress.  

3. REDACTED 

 

 

1.7 Thesis overview 
 

This thesis explores the therapeutic potential of targeting the FA pathway in 

MNA neuroblastoma. In Chapter 3, we demonstrate that MYCN overexpression or 

amplification induces an upregulation of FANC and HRR-associated FA pathway 

genes but does not impact the expression of TLS- or NER-associated FA pathway 

genes. Additionally, we show MYCN binds at the promoters of most FA pathway 

genes, suggesting potential direct regulation by MYCN. In Chapter 4, we observe 

MYCN overexpression induces higher FA pathway activation which can be inhibited 

by the non-specific FA pathway inhibitor curcumin. We also determine the efficacy of 

FA pathway inhibition as a monotherapy or in combination with DNA damaging 

chemotherapy. MYCN overexpression and amplification sensitised neuroblastoma 

cells to FA pathway inhibition by curcumin, and this was associated with an 

accumulation of R-loops specifically in cells with high MYCN expression, and with an 

increase in replication stress. Additionally, curcumin induced a small sensitisation of 

neuroblastoma cells to crosslinking chemotherapeutics. REDACTED 
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Chapter 2. Materials and Methods 
 

2.1 Materials 

 

2.1.1 Lab Equipment, Reagents and Solutions 

 
Table 2.1. Laboratory Equipment 

Item Company 
Balance Fisher scientific 
Benchtop centrifuge accuspinTM Micro Fisher Scientific 
Biological safety cabinet Class II Walker 
Bolt Mini Gel Tank Invitrogen 
BioRad Criterion Blotter BioRad 
Colony counter Stuart Scientific 
Confocal microscope Nikon 
Eppendorf min-spin centrifuge (4ºC) Eppendorf 
Film processor Konica 
GeneAmp PCR System 2700 Applied Biosystems 
Haemocytometer Neubauer 
Heat block (Ori-Block) Techne  
Heraeus MegaFuge 16 Centrifuge  Thermo Scientific 
Hoefer™ Mighty Small™ II Mini Vertical 
Electrophoresis System tank 

Amersham Biosciences, Hoefer 

Incubator Sanyo 
Light microscope Eclipse TS100 Nikon 
Multiskan FC plate reader Thermo Scientific 
pH meter Jenway 
Pipettes Gilson 
Real-time qPCR machine 7900 Applied Biosystems 
SpectraMax microplate reader Molecular devices 
Shaking platform Stovall Life Science 
Power pack Bio0Rad 
Vortexer Labinco 
Water Bath Grant Instruments 
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Table 2.2. Glassware, plastics, disposables. 
Item Company 
Tissue culture T75 and T25 flasks Starstedt 
Cryovials Starstedt 
15 ml Falcon tube Starstedt 
Cell scraper Sarstedt 
50 ml Falcon Tube Fisherbrand 
6-well Nunclon delta surface tissue culture 
plates 

Thermo scientific 

12-well Nunclon delta surface tissue culture 
plates 

Thermo scientific 

96 well tissue culture plates Costar 
Eppendorf Sarstedt 
Filter tips Sarstedt 
25G needles Becton Dickinson 
Millex-GP syringe filter (0.22 µm pore size) Merck Millipore 
5 ml, 10 ml, 25 ml plastic pipettes Fisherbrand 
Refill pipette tips Sarstedt 
Sterile syringes Becton Dickinson 
10 cm tissue culture dish Greiner Bio-one Cellstar 
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Table 2.3. Laboratory Reagents. 
Reagent Company 
30% acrylamide: 0.8% bis-acrylamide National Diagnostics 
Ammonium per sulphate (APS) Fisher Scientific 
Acetic Acid Fisher Scientific 
Amersham ECL Western blotting Detection 
Reagent  

GE Healthcare 

Bovine Serum Albumin (BSA) Sigma-Aldrich 
cOmplete™ Mini EDTA-free Protease 
Inhibitor Cocktail 

Sigma, Roche 

Dimethyl sulfoxide (DMSO) Fisher Scientific 
DAPI ThermoFisher Scientific 
Ethanol Fisher Scientific 
Ethylenediaminetetraacetic acid (EDTA) Sigma-Aldrich 
Glycine Fisher Scientific 
Hydrochloric Acid (HCl) Fisher Scientific 
HiMarkTM Pre-stained Protein Standard  ThermoFisher Scientific 
Hydrochloric acid Sigma-Aldrich 
Industrial methylated spirit (IMS) Fisher Scientific 
Methanol Fisher Scientific 
Methylene blue Sigma-Aldrich 
Sodium Hydroxide (NaOH) Fisher Scientific 
Normal saline Sigma-Aldrich 
NuPAGETM LDS sample buffer Invitrogen 
20X NuPAGETM Tris-Acetate SDS Running 
Buffer  

Invitrogen 

NP-40 Alternative Sigma-Aldrich 
4% Paraformaldehyde (PFA) Santa Cruz 
Precision Plus ProteinTM Dual Colour 
Standards  

Bio-Rad 

PhosSTOP phosphatase inhibitor cocktail Sigma, Roche 
Phenylmethylsulfonyl fluoride (PMSF) ThermoFisher Scientific 
Protein Assay Dye Reagent Concentrate Bio-Rad 
Resazurin Sigma-Aldrich 
Spectra Multicolour Broad Range Protein 
Ladder  

ThermoFisher Scientific 

Sodium chloride (NaCl) Fisher Scientific 
Sodium dodecyl sulfate (SDS) Sigma-Aldrich 
Sodium hydroxide (NaOH) Fisher Scientific 
Tetramethylethylenediamine (TEMED) VWR 
Tris-Base Fisher Scientific 
Tween Acros Organics 
Milk powder Marvel 
Oxoid PBS tablet Thermo Scientific 
ECL Amersham 
Universal developer Champion Protochemistry 
Universal fixer Champion Protochemistry 
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2.1.1.1 Sterilisation 
 

Glassware was washed with RBS detergent, rinsed in cold water and 

subsequently rinsed in distilled water. Glassware was then dried at 80 ºC before being 

sterilised by autoclaving using a MP24 Rodwell autoclaver. Autoclaving was 

undertaken for 15 min at 120 ºC and 15 pounds per square inch (psi). Buffers and 

solutions such as PBS were sterilised as necessary by autoclaving. Drug solutions 

used in cell culture were sterilised using a syringe and Millex GP syringe filter unit 

(0.22 µm pore size).  

 

2.1.1.2 Purified water 
 

Ultra-pure deionised water (ddH2O) was produced using the Triple Red 

System, with a resistivity of 18.0 MOhm cm. 
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Table 2.4. Buffers and solutions. 
Unless otherwise stated, contents refer to those used for 1X concentration. 
Solution Content 
0.5M EDTA, pH 8.0 93 g EDTA disodium salt in 700 ml ddH2O, adjusted to pH 8.0 

with NaOH, made up to 500 ml with ddH2O 
PBS 1 Oxoid PBS tablet dissolved in 100 ml ddH2O and autoclaved. 
1M Tris-HCl, pH 6.8 
and 8 

121.1 g Tris base in 800 ml ddH2O, adjusted to pH 6.8 or 8.0 
with HCl and made up to 1 L with ddH2O 

1.5M Tris-HCl, pH 8.8 181.7 g Tris base in 800 ml ddH2O, adjusted to pH 8.8 with HCl 
and made up to 1 L with ddH2O 

5X RIPA buffer 25 ml Tris-HCl (pH 8.0), 75 ml 1M NaCl, 0.5% (w/v) SDS, 5.0% 
(v/v) NP-40, 2.5% (w/v) sodium deoxycholate 

1X RIPA buffer 0.2 ml 5X RIPA (50 mM Tris pH 8.0, 150 mM NaCl, 0.1% SDS, 
1% NP-40, 0.5% sodium deoxycholate), 10 µl 1 mM PMSF, 10 
µl 100X cOmplete™ Mini EDTA-free Protease Inhibitor Cocktail 
(Sigma, Roche), 10 µl 100X PhosSTOP phosphatase inhibitor 
cocktail (Sigma, Roche), made up to 1 ml with ddH2O. 

SDS running buffer 3.03 g Tris base, 14.3 g glycine, 5 g SDS, made up to 1 L with 
ddH2O. 

SSC buffer 8.7 g NaCl, 4.4 g sodium citrate dissolved in ddH2O, adjusted to 
pH 7.0 with HCl, made up to 1 L with ddH2O. 

TAE Buffer 4.8 g Tris base, 2 ml 0.5M EDTA (pH 8.0), 1.14 ml acetic acid, 
made up to 1 L with ddH2O. 

Towbin transfer buffer 3.03 g Tris base, 14.3 g glycine, 200 ml methanol, made up to 1 
L with ddH2O. 

TBS 2.4 g Tris base, 8.2 g NaCl dissolved in 800 ml ddH2O, adjusted 
to pH 7.6 with HCl and made up to 1 L in ddH2O. 

TBST 2.4 g Tris base, 8.2 g NaCl dissolved in 800 ml ddH2O, adjusted 
to pH 7.6 with HCl and made up to 1 L in ddH2O with 0.1% (v/v) 
Tween-20.  

FACS block buffer PBS with 0.5% BSA 0.25% Triton-X-100  
Resazurin solution 30 mg Resazurin in 100 ml TBS, sterile filtered (0.22 µm). 
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Table 2.5. Primary antibodies used in experiments.  
IF; Immunofluorescence. ChIP; Chromatin Immunoprecipitation. FACS; Fluorescence-activated cell sorting. 

Primary 
Antibody 

Species 
raised in 

Isotyp
e 

Clonality Company Working Dilution Incubation 
Time, Temp (°C) 

     Western 
blot 

IF DNA 
Fibre 

ChIP FACS  

BrdU mouse IgG1 Mono-clonal Becton Dickinson 
(347580) 

  1:1000   1hr, RT 

BrdU rat IgG2a Mono-clonal Abcam (ab6326)   1:750   1hr, RT 
DNA-RNA 
Hybrid (S9.6) 

mouse IgG2aK Mono-clonal Merck 
(MABE1095) 

 1:20
0 

   1hr, RT 

FANCD2 mouse IgG1 Mono-clonal Santa Cruz (sc-
20022) 

1:1000 1:20
0 

   Overnight, 4ºC 

GAPDH mouse IgG2b Mono-clonal Protein tech 
(60004) 

1:20000     Overnight, 4ºC 

γ-H2AX 
(pSer139) 

rabbit IgG Poly-clonal Cell Signalling 
(2577) 

 1:25
0 

   Overnight, 4ºC 

N-Myc mouse IgG2a Mono-clonal Santa Cruz  
(sc-53993) 

1:250     Overnight, 4ºC 

N-Myc mouse IgG1 Mono-clonal Abcam (ab16898)    2 µg  Overnight, 4ºC 
Nucleolin rabbit IgG Poly-clonal Abcam (ab50279)  1:15

0 
   1hr, RT 

ß-tubulin mouse IgG1 Mono-clonal Sigma (T8328) 1:5000     Overnight, 4ºC 
pSer4/8 
RPA32/RPA2 

rabbit IgG Mono-clonal Abcam 
(ab243866) 

 1:25
0 

   Overnight, 4ºC 

Histone H3 rabbit IgG Mono-clonal Cell Signalling 
(4620) 

   1:50  Overnight, 4ºC 

pSer10 Histone 
H3 

rabbit IgG Poly-clonal Abcam (ab47297)     1:500 1hr, RT 
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Table 2.6. Secondary antibodies used in experiments. 
IF; Immunofluorescence. FACS; Fluorescence-activated cell sorting. 
Secondary 
Antibody 

 

Conjugate Species 
raised in 

Clonality Company Working Dilution Incubation 
Time, 

Temp (°C) 
Western 

blot 
IF DNA 

Fibres 
FACS  

Anti-mouse HRP Horse Poly-clonal Cell signalling 
(7076) 

1:1000    1 hr, RT 

Anti-mouse Alexa-
Fluor488 

Goat Poly-clonal Life Technologies 
(A11017)  

 1:500   1hr, RT 

Anti-rabbit Alexa-
Fluor594 

Goat Poly-clonal Life Technologies 
(A11012)  

 1:500   1hr, RT 

Anti-rabbit Alexa-
Fluor488 

Mouse Poly-clonal Life Technologies 
(A11008)  

   1:200 1.5hr, RT 

Anti-rat Alexa-
Fluor555 

Goat Poly-clonal Life Technologies 
(A21434) 

  1:500  1.5hr, RT 
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Table 2.7. Profile of human neuroblastoma cell lines used in experiments.  
Cell Line Cell Line 

Origin 
MYCN status ALK 

mutation 
p53 

mutation 
Reference 

IMR-32 Human 
neuroblastoma 

Amplified WT WT (Tumilowicz et 
al., 1970)  

Kelly Human 
neuroblastoma 

Amplified F1174L P177T (Schwab et al., 
1983)  

SK-N-SH Human 
neuroblastoma 

Non-amplified F1174L WT (Biedler et al., 
1973)  

SH-SY5Y Neuroblast-like 
subclone of 
SK-N-SH 

Non-amplified F1174L WT (Biedler et al., 
1973) 

SHEP-1 Epithelial-like 
subclone of 
SK-N-SH 

Non-amplified F1174L WT (Biedler et al., 
1973) 

SHEP-
Tet21N 

Derived from 
SHEP-1 

Tetracycline-
regulated MYCN 

expression system 
(Tet-OFF) 

F1174L WT (Lutz et al., 
1996) 

SHEP-
PLXI-
MYCN 

Derived from 
SHEP-1 

Doxycycline-
regulated MYCN 

expression system 
(Tet-ON) 

F1174L WT  (Zeid et al., 
2018) 
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Table 2.8. Tissue culture specific reagents, solutions and media. 
Reagent Company 
1X Trypsin-EDTA Solution Sigma 
Roswell Park Memorial Institute medium 
(RPMI) with L-glutamine 

Sigma 

Dulbecco’s modified eagles medium (DMEM) 
with 4.5g/L glucose and L-glutamine 

Sigma 

Hams F12 medium Gibco 
Heat-inactivated FBS Thermo Fisher Scientific (10500064) 
Tetracycline-free FCS Biosera 
FCS LSP 
Non-essential amino acids Sigma 
Glucose solution (200g/L) Sigma 
Doxycycline hyclate Sigma 
Trypan blue stain (0.4%) Gibco 
Resazurin Sigma-Aldrich 
Dimethyl sulfoxide (DMSO) Fisher Scientific 
Presept tablets Johnson and Johnson Medical ltd 
Tetracycline hydrochloride Sigma 

 
Table 2.9. Drugs used in tissue culture 

Drug Company Solvent Stock 
solution 

concentration 
(mM) 

Mechanism of action 

Curcumin Acros Organics DMSO 50 Small molecule 
inhibitor of the FA 

pathway 
Ouabain Sigma DMSO 100 Small molecule 

inhibitor of the FA 
pathway 

Cisplatin Sigma Normal 
saline 

4 DNA 
crosslinking/alkylating 

agent 
Temozolomide Tocris 

Bioscience 
DMSO 50 DNA alkylating agent 

5-Chloro-2’-
deoxyuridine 

(CldU) 

Sigma-Aldrich DMEM 2.5 Thymidine analogue 

5-Iodo-2’-
deoxyuridine 

(IdU) 

Sigma-Aldrich DMEM 2.5 Thymidine analogue 

Hydroxyurea 
(HU) 

Sigma-Aldrich DMEM 2 Ribonucleotide 
reductase inhibitor 

LY3295668 
 

MedChemExpre
ss 

DMSO 5 AURKA inhibitor 

nFAPi - 
(Provided by S. 
Collis, TUoS) 

DMSO 0.1 Inhibitor of the FA 
Pathway 

VE-821 Sigma-Aldrich DMSO 10 Inhibitor of ATR 
Carboplatin Sigma-Aldrich ddH2O 20 DNA 

crosslinking/alkylating 
agent 
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2.2 Methods 
 

2.2.1 Bioinformatic analyses 
 
2.2.1.1 Analysis of FA pathway gene expression in neuroblastoma 
tumours 

 

The mRNA expression of 58 FA pathway associated genes and 13 DNA damage 

repair (DDR) or key neuroblastoma-associated (NB) genes including MYCN was 

analysed in 498 human neuroblastoma samples from the GSE62564 RNA-Seq dataset 

using the R2: Genomics Analysis and Visualisation Platform (http://r2.amc.nl). Five 

samples without MYCN amplification status classification were excluded from analysis 

(n = 493). The list of FA pathway-associated genes analysed was a product of all 54 

KEGG-defined FA pathway genes with the addition of the four more recently discovered 

FA pathway associated genes; FAAP20, MAD2L2 (REV7), RFWD3 and UHRF1 (Ali et 

al., 2012; Liang et al., 2015; Bluteau et al., 2016; Knies et al., 2017). When downloading 

gene expression data from R2:Genomics, HugoOnce mode was used to ensure a 

single probe represented each gene. The log2(RPM+1) transformed expression data in 

all 493 tumours was downloaded for each gene of interest and plotted in R-studio: 

Integrated Development for R (R Studio, Inc., Boston, MA, http://www.rstudio.com/). 

The log2(fold-change) in expression of each gene between MNA and non-MNA tumours 

was calculated. The statistical significance of differential expression between MNA and 

non-MNA tumours was determined for each gene by a Student’s t-test using false 

discovery rate (FDR) to correct for multiple testing. A Volcano plot of the log2(fold-

change) in expression and -log10(p-value) was plotted for all FA pathway genes. Genes 

were considered to be significantly differentially expressed between MNA and non-MNA 

tumours when log2(fold-change) > 0.5, and p-value < 0.05. The log2(RPM+1) count data 

of each FA pathway gene was correlated with that of MYCN across all 493 tumours. 

Statistical significance of this correlation was analysed by determination of the 

Pearson’s correlation co-efficient. 

Log2(RPM+1) count data was used to calculate Z-scores independently for each 

gene across all tumours. The Z-score represents the number of standard deviations 

away from the mean each expression value is, and was calculated using the following 

formula: 
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Z-scores were calculated for each gene in each sample and plotted in a heatmap 

using the ‘ComplexHeatmap’ package in R Studio alongside patient metadata 

downloaded from R2:Genomics. The average Z-score in MNA and non-MNA tumour 

subgroups was also presented in a heatmap created using ComplexHeatmap.  

Kaplan-Meier curves displaying overall survival probability with respect to 

expression of each FA pathway gene were plotted. With a minimum group size of 8, 

scan modus was used to determine the optimum high/low expression cut-off for best p-

values in a log-rank test. Bonferroni correction was used to account for multiple testing. 

Significance was considered achieved at p < 0.05. Overall survival analysis was 

undertaken for the cohort as a whole as well as for each MNA subgroup individually. 

 

2.2.1.2  FA Pathway and global gene expression analysis in SHEP-
Tet21N MYCN ON and OFF cells 

 

2.2.1.2.1 RNA extraction for RNA-Seq analysis 
  

SHEP-Tet21N MYCN ON cells were treated with 1 µg/ml tetracycline for 48 

hours in a T75 flask to induce a MYCN OFF state. SHEP-Tet21N MYCN ON and MYCN 

OFF cells were detached from the flask surface by incubation with 1X trypsin-EDTA at 

37 °C. Trypsin activity was inhibited by addition of media and cells were pelleted by 

centrifugation at 1200 rpm for 3 min. As described in Chapter 2.2.5.1, total RNA was 

extracted using the GenElute Mammalian Total RNA Miniprep Kit (Sigma, RTN350) 

according to supplied protocols and the RNA concentration and purity determined using 

a Nanodrop. Three biological replicates of each MYCN ON and OFF sample was 

obtained. RNA was stored at -80°C until it was sent for RNA-Seq processing in 

collaboration with Dr. Anestis Tsakiridis’ laboratory group at the University of Sheffield. 

Dr. Anestis Tsakiridis collaborated with Dr. Florian Halbritter and Dr. Luis Montano-

Gutierrez at St. Anna Children’s Cancer Research Institute (CCRI) to undertake whole 
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cell RNA-sequencing and raw read analysis to produce raw count data. We then used 

this raw RNA-seq count data in the gene expression analyses described below. 

 

2.2.1.2.2 DESeq2 gene expression analysis 
 

 A standard DESeq2 (v. 1.36.0) workflow was used to compare global gene 

expression in MYCN ON and OFF cells (Love et al., 2014). Using DESeq2, raw read 

counts were normalised and minimal pre-filtering was performed to remove genes with 

no or very low expression from analysis. More strict independent filtering which is 

normally automatically applied by DESeq2 analysis was turned off to prevent removal of 

genes of interest. Genes that were significantly differentially expressed in MYCN ON 

cells compared to MYCN OFF cells were identified using a generalised linear model in 

DESeq2 with a significance threshold of p < 0.05.  

Normalised count data was log-transformed to enable plotting. A regularised log 

(rlog) transformation was applied to the normalised count data, as opposed to a shifted 

or variance stabilised log transformation, as this transformed dataset had the most 

equal standard deviation across the whole expression range.  

 

2.2.1.2.3 FA pathway gene expression analysis in MYCN ON 
and OFF cells 

 

The rlog-transformed count data of 55 FA pathway-associated genes and 12 

DNA damage repair (DDR) or key neuroblastoma-associated genes in MYCN ON 

compared to MYCN OFF cells was plotted in R studio. The statistical significance of 

differential expression between MYCN ON and OFF cells was determined for each 

gene by a t-test. A Student’s t-test was used for normally distributed data whilst a Mann 

Whitney U test was used for data that was not normally distributed. A Volcano plot of 

the log2(fold-change) in expression and -log10(p-value) was plotted for all FA pathway 

genes. Genes were considered to be significantly differentially expressed between 

MYCN ON and OFF cells when log2(fold-change) > 0.5, and p-value < 0.05. 

The rlog-transformed count data of each FA pathway gene was correlated with 

that of MYCN across all biological replicates. Statistical significance of this correlation 

was analysed by determination of the Pearson’s correlation co-efficient. 

rlog-transformed normalised count data was used to calculate Z-scores 

independently for each gene across all MYCN ON and OFF samples, and this was 
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plotted in a heatmap generated by the ‘ComplexHeatmap’ R package. Z-scores were 

calculated as described in chapter 2.2.1.1. The average Z-score in MYCN ON and 

MYCN OFF cells was also plotted in a heatmap. Genes were clustered according to k-

means analysis.  

 

2.2.1.2.4 Global gene expression analysis in MYCN ON and 
OFF cells 

 

A volcano plot of the log2(fold-change) in expression and -log10(p-value) of all 

significantly differentially expressed genes, as calculated by DESeq2, was plotted. All 

significantly differentially expressed genes were ranked according to log2(fold-change) 

and the top 30 most upregulated and downregulated genes were selected. The rlog-

transformed normalised count data of these genes was used to calculate Z-scores 

independently for each gene. Z-scores were calculated as described in chapter 2.2.1.1. 

The average Z-score in MYCN ON and MYCN OFF cells was presented in a heatmap 

with genes clustered by k-means analysis. 

To determine whether the FA pathway was observed as one of the most 

differentially expressed pathways upon high MYCN expression, the top 10 most 

enriched gene ontology terms and KEGG pathways in the set of all significantly 

upregulated and downregulated genes was determined using the gseGO and gseKEGG 

functions in the ‘Clusterprofiler’ R package. This calculated enrichment based on the 

gene ratio of each ontology term and KEGG pathway. The gene ratio represents the 

fraction of genes within each ontology term or KEGG pathway that was significantly 

differentially expressed. Significance of enrichment was also determined and was 

adjusted for multiple comparisons by Benjamini-Hochberg correction, with p-value 

threshold of p < 0.05. Only significantly enriched terms and pathways were presented. 

The minimum and maximum group size was set to 3 and 800 respectively. For gene 

ontology analysis, the top 10 most enriched biological process (BP), molecular function 

(MF) and cellular component (CC) gene ontologies were presented.  
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2.2.1.3  FA Pathway and global gene expression analysis across 39 
neuroblastoma cell lines 

 
2.2.1.3.1 DESeq2 gene expression analysis 

 

 The mRNA expression of 58 FA pathway-associated genes and 13 DNA damage 

repair (DDR) or key neuroblastoma-associated genes was analysed across 39 

neuroblastoma cell lines using the GSE89413 RNA-Seq dataset (Harenza et al., 2017). 

Raw reads were downloaded and analysed by Dr. Manoj Valluru at the University of 

Sheffield to generate global estimated counts across all 39 cell lines. 

Cell lines were grouped in turn according to MYCN amplification status and 

presence or absence of ALK mutations, 17q gain, aberration at 1p, aberration at 3p or 

aberration at 11q. The expected counts generated for each gene in each cell line were 

used to analyse global differential expression between each pairwise grouping using the 

DESeq2 standard workflow (Love et al., 2014) as described above in Chapter 2.2.1.2.2. 

A list of significantly differentially expressed genes between each pairwise grouping was 

therefore produced, including between MNA and non-MNA cell lines. A regularised log 

(rlog) transformation was applied to the normalised count data to enable plotting in R 

Studio.  

 

2.2.1.3.2 FA pathway gene expression analysis in MNA and 
non-MNA cell lines 

 

The rlog-transformed count data of 58 FA pathway-associated genes and 13 

DNA damage repair (DDR) or key neuroblastoma-associated genes in MNA compared 

to non-MNA cell lines was plotted in R studio. The statistical significance of differential 

expression between MNA and non-MNA cells was determined for each gene by a t-test. 

A Student’s t-test, Welch t-test and Mann Whitney U test was used for data that was 

normally distributed with equal variance, normally distributed with unequal variance, and 

not normally distributed respectively. A Volcano plot of the log2(fold-change) in 

expression in MNA compared to non-MNA cell lines, and -log10(p-value) was plotted for 

all FA pathway genes. Genes were considered to be significantly differentially 

expressed between MNA and non-MNA cell lines when log2(fold-change) > 0.5, and p-

value < 0.05. 
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rlog-transformed count data of each FA pathway gene was correlated with that of 

MYCN across all 39 cell lines. Statistical significance of this correlation was analysed by 

Pearson’s correlation. 

rlog-transformed count data was used to calculate Z-scores independently for 

each gene across all cell lines, and this was plotted in a heatmap generated by the 

‘ComplexHeatmap’ R package alongside cell line metadata provided by Harenza et al., 

(2017). Z-scores were calculated as described in chapter 2.2.1.1. The average Z-score 

of each gene in MNA and non-MNA cell lines was also plotted in a heatmap. Genes 

were clustered according to k-means analysis.  

 

2.2.1.3.3 Global gene expression analysis in MNA and non-
MNA neuroblastoma cell lines 

 

Similarly to as described above for MYCN ON and OFF cells in Chapter 

2.2.1.2.3, analysis of differences in global gene expression patterns between MNA and 

non-MNA neuroblastoma cell lines was analysed. A volcano plot of all significantly 

differentially expressed genes, as calculated by DESeq2, was plotted. All significantly 

differentially expressed genes were ranked according to log2(fold-change) and the top 

30 most upregulated and downregulated genes were selected. The rlog-transformed 

normalised count data of these genes was used to calculate Z-scores across all 39 cell 

lines independently for each gene and this was presented in a heatmap with genes 

clustered by k-means analysis. Z-scores were calculated as described in chapter 

2.2.1.1. 

The top 10 most enriched gene ontology terms and KEGG pathways in the set 

significantly upregulated and downregulated genes was determined using the gseGO 

and gseKEGG functions in the ‘Clusterprofiler’ R package. Significance of enrichment 

was also determined and was adjusted for multiple comparisons by Benjamini-

Hochberg correction, with p-value threshold of p < 0.05. Only significantly enriched 

terms and pathways were presented, such that less than 10 enriched terms and 

pathways were observed. The minimum and maximum group size was set to 3 and 800 

respectively. For gene ontology analysis, the most enriched biological process (BP), 

molecular function (MF) and cellular component (CC) gene ontologies were presented.  
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2.2.1.4 MYCN ChIP-Seq analysis across FA pathway genes 
 

2.2.1.4.1 MYCN ChIP-Seq read and count processing at FA 
pathway gene promoters 

 

 Using ChIP-Seq data provided by Zeid et al., (2018) (GSE80151 dataset), MYCN 

binding was analysed at the promoters of 58 FA pathway-associated genes, 13 DDR or 

neuroblastoma-associated genes and three control genes in MYCN-inducible SHEP-

PLXI-MYCN tet-ON and SHEP-Tet21N tet-OFF cell lines and MYCN amplified cell lines 

SK-N-BE(2)-C, NGP and KELLY. The control genes analysed were APEX1, NDUFA3 

and RPL30. These are a MYCN target positive control gene,  a house-keeping gene, 

and a MYCN target negative control gene respectively (Barrilleaux et al., 2013). For 

each cell line, raw MYCN ChIP-seq reads and input control reads were downloaded 

from the GSE80151 dataset and quality checked with FastQC (v. 0.11.7) using default 

parameters. Cutadapt (v. 1.15) was used with default parameters to trim Illumina 

TruSeq adapters from reads and remove reads with less than 10 bp. Trimmed reads 

were then mapped to the hg19 human genome using bowtie2 (v. 2.4.4) with default 

parameters. Samtools (v. 1.7) was used to convert the resulting SAM files to sorted 

BAM files and to produce BAM index files. Peak calling with MACS2 (v.2.2.6) was used 

to evaluate the significance of enriched MYCN ChIP regions in comparison to the input 

control using default MACS2 parameters including a q-value cut-off of q < 0.01. q-

values are calculated from p-values using a Benjamini-Hochberg correction. A 

narrowPeak BED file was therefore produced for each cell line containing the significant 

MYCN ChIP peak locations, input-normalised peak signal value (signalValue), p-value 

and q-value.  

The ‘ChIPpeakAnno’ R package was used to find which significant MYCN peaks 

overlap across all MYCN ON and MNA cell lines examined. ChIPpeakAnno and the 

organism annotation package ‘org.Hs.eg.db’ was also used to annotate MYCN peaks 

which overlapped with gene promoters using the following parameters: output = 

overlapping, PeakLocForDistance = middle. Gene promoters were defined as regions 

5000 bp upstream and 500 bp downstream from all transcriptional start sites (TSS). 

MYCN peaks at the promoters of FA pathway, DDR and neuroblastoma-associated 

genes were analysed. For each gene, the signal values of all MYCN peaks at the 

promoter were summed. The total promoter MYCN signal value for each gene was 

plotted in a heatmap for all cell lines analysed using ComplexHeatmap.  
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2.2.1.4.2 Global MYCN ChIP-seq analysis 
 

The top 10 most enriched gene ontology terms and KEGG pathways in all MYCN 

promoter-bound genes was analysed for each cell line using the getEnrichedGO and 

getEnrichedPATH functions in the ‘ChIPpeakAnno’ R package. GO and KEGG pathway 

enrichment was also analysed for the set of genes where MYCN promoter binding was 

observed in all cell lines. The ‘org.Hs.eg.db’ organism annotation package was used for 

these analyses. For KEGG pathway analysis, the pathway annotation package 

‘KEGG.db’ was used. For gene ontology analysis, the minGOterm was set to 3 and the 

top 10 most enriched biological process (BP), molecular function (MF) and cellular 

component (CC) gene ontologies were presented. Significance of enrichment was 

determined and was adjusted for multiple comparisons by Benjamini-Hochberg 

correction, with p-value threshold of p < 0.05.  

 

2.2.2 Mammalian tissue culture 
 

2.2.2.1 Passaging Cells 
 

All cell lines were cultured in a 37 °C humidified incubator at 5% CO2. Routine 

passaging of cells was undertaken in standard tissue-culture T25 or T75 flasks. For all 

adherent cell lines (SHEP-1, SHEP-Tet21N, SHEP-PLXI-MYCN, IMR32, Kelly), cells 

were washed in PBS (137 mM NaCl, 3 mM KCl, 8 mM Na2HPO4, 1.5 mM KH2PO4, pH 

7.3) and incubated with 1 ml 1X trypsin-EDTA (Sigma) at 37 °C to remove cells from the 

flask surface. Trypsin activity was stopped by diluting in 9 ml of relevant media. This cell 

suspension was used to seed new flasks in the relevant ratio as stated for each cell line 

below. Experiments were undertaken when cells were at 60-80% confluency to ensure 

cells were in logarithmic growth phase. 

 

2.2.2.1.1 SHEP-1 
 

SHEP-1 cells were cultured in DMEM supplemented with 5% (v/v) 100X non-

essential amino acids and 10% FCS. Cells were typically passaged twice a week, when 

at 70-90% confluency, in a ratio of 1:5. 
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2.2.2.1.2 SHEP-Tet21N 
 

SHEP-Tet21N cells were derived via introduction of a tetracycline-regulated (tet-

off) conditional MYCN expression system in the non-MNA SHEP-1 cell line (Figure 2.1) 

(Gossen and Bujard, 1992; Lutz et al., 1996). This enables study of differential MYCN 

expression in an isogenic cell model. SHEP-Tet21N cells were cultured in RPMI 

supplemented with 10% heat-inactivated FBS or 10% tetracycline-free FCS, in a MYCN 

ON state. MYCN expression was suppressed to induce a MYCN OFF state by 

treatment with 1 µg/ml tetracycline at least 48 hours prior to experiments. Cells were 

typically passaged twice a week, when at 70-90% confluency, in a ratio of 1:8. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

MYCN ON 

MYCN OFF 

Figure 2.1. SHEP-Tet21N tet-OFF conditional MYCN expression system. 
SHEP-Tet21N cells were derived via establishment of a MYCN tet-off 
system in the MYCN non-amplified SHEP-1 cell line (Lutz et al., 1996). 
This involved introduction of a construct encoding a tetracycline trans-
activator (tTA) and a tTA-dependent promoter that controls expression 
of downstream MYCN cDNA (Lutz et al., 1996). The tTA-dependent 
promoter encodes the tetracycline response element (TRE) which 
contains tetracycline operator (tetO) repeats (Gossen and Bujard, 1992). 
tetO is recognised by the tet repressor (tetR) of the Escherichia coli 
Tn10 tetracycline-resistance operon (Gossen and Bujard, 1992). tetR is 
fused to the carboxy-terminal transcriptional activation domain of VP16, 
a herpes simplex virus protein, to form the tTA fusion protein (Gossen 
and Bujard, 1992). In the absence of tetracycline, the tTA is able to bind 
the TRE, enabling the VP16 activation domain to promote MYCN 
expression and induce a MYCN ON state. Tetracycline binds tetR to 
inhibit binding of the tTA to the TRE. This prevents tTA-dependent 
transcriptional activation of MYCN to induce a MYCN OFF state. 
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2.2.2.1.3 SHEP-PLXI-MYCN 

 

Similar to SHEP-Tet21N cells, SHEP-PLXI-MYCN cells were derived via 

introduction of a tetracycline-regulated conditional MYCN expression system in the 

SHEP-1 cell line (Zeid et al., 2018). However, SHEP-PLXI-MYCN cells were generated 

via lentiviral transduction of a vector encoding a MYCN tet-on system (Figure 2.2) 

(Gossen et al., 1995; Zhou et al., 2006; Zeid et al., 2018).   

SHEP-PLXI-MYCN cells were gifted from Charles Lin (Baylor College of 

Medicine, Department of Molecular and Human Genetics, Houston, TX) and cultured in 

RPMI supplemented with 10% tetracycline-free FCS, in a MYCN OFF state. MYCN 

expression was promoted to induce a MYCN ON state by treatment with 0.5 µg/ml 

doxycycline (a second-generation tetracycline) at least 48 hours prior to experiments, 

with doxycycline-RPMI changed every 24 hours. Cells were typically passaged twice a 

week, when at 70-90% confluency, in a ratio of 1:5. 
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2.2.2.1.4 IMR32 
 

IMR32 cells were cultured in DMEM:RPMI (50:50) supplemented with 10% FCS. 

Cells were typically passaged twice a week, when at 70-90% confluency, in a ratio of 

1:5. 

 

 

 

 

Figure 2.2. SHEP-PLXI tet-ON conditional MYCN expression system. 
The tet-on conditional expression system was derived through modification of 
the tet-off system (Gossen et al., 1995; Zhou et al., 2006). Mutation of 
residues in the tet repressor (tetR) of the Escherichia coli Tn10 operon 
generated a reverse tet repressor (rTetR) which requires binding of 
tetracycline derivatives to enable interaction with the tetracycline operator 
(tetO) in the TRE promoter element (Gossen et al., 1995). This is in contrast 
to tetR in the tet-off system which is inhibited from TRE interaction by 
tetracycline binding. rTetR is fused to the transcriptional activation domain of 
VP16 to generate the reverse tetracycline-controlled transactivator (rtTA) 
(Gossen et al., 1995). SHEP-PLXI-MYCN cells were generated via lentiviral 
transduction of a MYCN-encoding Tet-On pLIX401 vector (Zeid et al., 2018). 
This vector encodes the rtTA and an rtTA-dependent promoter that controls 
expression of a downstream MYCN cDNA. In the absence of doxycycline, a 
second-generation tetracycline, the rtTA cannot bind the TRE in the rtTA-
dependent promoter, preventing transcriptional activation of MYCN to induce 
a MYCN OFF state. Addition of doxycycline enables binding of rtTA to the 
TRE to induce MYCN expression and a MYCN ON state. 
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2.2.2.1.5 Kelly 
 

Kelly cells were cultured in RPMI supplemented with 10% FCS. Cells were 

typically passaged twice a week, when at 70-90% confluency, in a ratio of 1:5. 

 

2.2.2.1.6 SH-SY5Y 
 

SH-SY5Y cells are semi-adherent and were cultured in DMEM : Hams F12 

medium (50:50) supplemented with 10% FCS. Medium containing suspension cells was 

removed, centrifuged at 1200 rpm for 3 min to pellet cells and the resulting media 

supernatant discarded. Adherent cells were PBS washed and incubated with 1 ml 1X 

trypsin-EDTA at 37 °C to remove cells from the flask surface. Trypsin activity was 

stopped by diluting in 9 ml of relevant media. The pellet of suspension cells was 

resuspended in the media containing adherent cells. This final cell suspension was 

used to seed new flasks in a ratio of 1:5. Cells were passaged twice a week, when at 

70-90% confluency. 

 

2.2.2.1.7 SK-N-SH 
 

SK-N-SH cells were cultured in DMEM supplemented with 5% (v/v) 100X non-

essential amino acids and 10% FCS. Cells were typically passaged twice a week, when 

at 70-90% confluency, in a ratio of 1:5. 

 

2.2.2.2 Cell Line Cryopreservation 
 

Cells were PBS washed and removed from flask surfaces via incubation with 1 

ml 1X trypsin-EDTA at 37 °C.  Trypsin activity was stopped by diluting in 9 ml of 

relevant media. This cell suspension was centrifuged at 1200 rpm for 3 min and the 

media supernatant discarded. T75 flask cell pellets were resuspended in 2 ml freezing 

medium (90% relevant media, 10% DMSO), aliquoted into 1 ml per cryovial and stored 

at -80 °C. 
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2.2.2.3 Thawing cell lines 
 

Cells stored at -80 ºC in cryovials were thawed rapidly in a 37 °C water bath, 

transferred to a falcon tube and slowly diluted in 9 ml media. This cell suspension was 

centrifuged at 1200 rpm for 3 min and the resultant media supernatant discarded. The 

cell pellet was resuspended in 5 ml media and transferred to a T25 standard tissue-

culture flask. 

 

2.2.2.4 Cell line validation 
 

SHEPTet21N cells, SHEP-1 and IMR-32 cells were STR tested by Culture 

Collections, Public Health England, Porton Down, UK. SK-N-SH cells were gifted from 

Louis Chesler’s laboratory in London and further STR testing was not undertaken. 

SHEP-PLXI-MYCN cells were gifted from Charles Lin’s laboratory in Dana-Farber 

Cancer Institute, Boston, MA, USA and further STR testing was not undertaken. 

 

2.2.2.5 Mycoplasma detection 
 

PCR-based mycoplasma testing (Geneflow EZ-PCR Mycoplasma Test Kit) was 

carried out monthly, before cryopreservation and after thawing as per supplied protocols 

on all cell lines. 

 

2.2.3 Protein analysis by western blot 
 

2.2.3.1 Cell lysate preparation 
 

Unless stated otherwise, cells were plated at a density of 1 x 106 cells per 10 cm 

dish (Greiner Bio-one Cellstar) or 2 x 105 cells per well in a 6-well plate (Thermo 

Scientific NuncTM Cell-Culture Treated) for 6-24 hours before treatment was applied for 

the desired time. Following two washes in ice-cold PBS, cells were scraped directly into 

ice-cold 1X RIPA buffer (200 µl 5X RIPA (50 mM Tris pH 8.0, 150  mM NaCl, 0.1% 

SDS, 1% NP-40, 0.5% sodium deoxycholate), 10 µl 100 mM PMSF, 10 µl 100X 

cOmplete™ Mini EDTA-free Protease Inhibitor Cocktail (Sigma, Roche), 10 µl 100X 

PhosSTOP phosphatase inhibitor cocktail (Sigma, Roche), made up to 1 ml with 

ddH2O). This enabled optimum retention of protein modifications such as mono-

ubiquitination and phosphorylation. 100 µl 1X RIPA buffer was used for approximately 
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every 1 x 106 cells plated. This cell suspension was vortexed immediately after 

collection and subsequently vortexed every 10 min during a 30 min incubation on ice. 

This was then passed through a 25G needle ten times to shred the DNA, and 

centrifuged at 13400 rpm, 4°C for 10 min to pellet cell debris. The cell lysate 

supernatant was stored at -20°C before quantification, SDS-PAGE and western blotting. 

 

2.2.3.2 Bradford protein quantification assay 
 

Total cell lysate protein concentration was quantified using the Bradford assay to 

enable calculation of gel loading volume for each sample prior to SDS-PAGE (Bradford, 

1976). When bound to protein, the absorbance maximum of the acidic Coomassie blue 

dye solution shifts from 465 nm to 595 nm, enabling colorimetric protein quantification. 

Six 800 µl bovine serum albumin (BSA) (Sigma-Aldrich) protein standards at 0-20 µg/µl 

were made. 2 µl of the cell lysate sample was added to 800 µl ddH2O. 200 µl Bio-Rad 

protein assay dye reagent concentrate was added to each 800 µl standard and sample 

which were then briefly vortexed. The absorbance at 595 nm (A595) was then measured 

using the Thermo Scientific Multiskan FC. A595 values of protein standards were plotted 

against BSA concentration to formulate a standard curve, from which the sample 

protein concentration and gel loading volume was calculated.  

 

2.2.3.3 SDS-PAGE Western blot 
 

Western blotting of cell lysate samples is undertaken to enable semi-quantitative 

estimation of the level of protein of interest within a sample (Towbin et al., 1979; 

Burnette, 1981). Following denaturation in SDS buffer, protein samples are separated 

according to molecular weight via gel electrophoresis. Proteins are then transferred 

from the gel onto a nitrocellulose membrane and non-specific binding sites are blocked 

with a dilute protein solution. The membrane is incubated with a primary antibody 

specific to the protein of interest, followed by incubation with a species-specific 

secondary antibody conjugated to the horse radish peroxidase (HRP) enzyme. 

Application of a chemiluminescent substrate leads to HRP-catalysed light emission 

which is visualised by exposure of the membrane to an x-ray film. This allows 

identification of the protein and relative quantification by band intensity analysis. Table 

2.10 displays the molecular weight of all key proteins analysed by western blot in this 

thesis. 
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Table 2.10. Molecular weight of key proteins analysed by western blot. 

Protein Molecular Weight (kDa) 

FANCD2 166 

MYCN 67 

MYCC 62 

ß-tubulin 50 

GAPDH 36 
 

 

2.2.3.3.1 Cell lysate preparation for SDS-PAGE 
 

4X NuPAGETM LDS sample buffer (ThermoFisher Scientific) containing 50 mM 

DTT was diluted 1:4 into cell lysate protein samples which were subsequently heated at 

95°C for 10 min to denature proteins. 

 

2.2.3.3.2 SDS-polyacrylamide gel electrophoresis 
 

10-12% (w/v) SDS-polyacrylamide gels (0.75 mm) were made as detailed in 

Table 2.11, with lower percentage gels used for detection of proteins with higher 

molecular weight. 20µg of denatured cell lysate protein sample was loaded into each 

well. 5 µl Precision Plus ProteinTM Dual Colour Standards (BioRad), or Spectra 

Multicolour Broad Range Protein Ladder (ThermoFisher Scientific) was loaded for 

molecular weight determination of protein bands. Gels were run in Hoefer™ Mighty 

Small™ II Mini Vertical Electrophoresis System tanks in 1X SDS running buffer (25 mM 

Tris Base, 190 mM glycine, 0.1% SDS) at 140V for 1.5 hours to separate proteins by 

molecular weight.  
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Table 2.11. Reagent volumes required to make 10% and 12% resolving gels and 5% 
stacking gel for one 0.75 mm SDS-polyacrylamide gel. 
 Volume (ml) 
Gel reagents 10% Resolving 

gel 
12% Resolving 

gel 
5% Stacking gel 

ddH2O 4.0 3.3 3.4 
30% acrylamide: 0.8% 
bis-acrylamide (National 
Diagnostics) 

3.3 4.0 0.83 

1.5M Tris, pH 8.8 2.5 2.5 0 
1.0M Tris, pH 6.8 0 0 0.63 
10% SDS 0.1 0.1 0.05 
10% (w/v) Ammonium 
Persulfate 

0.1 0.1 0.05 

TEMED 0.004 0.004 0.005 
 

 

2.2.3.3.3 Gradient (3-8%) tris-acetate gel electrophoresis 
 

Cell lysates were run on a gradient gel to enable greater separation of mono-

ubiquitinated and un-ubiquitinated FANCD2 protein bands. This allowed the extent of 

FA pathway activation (measured by the ratio of mono-ubiquitinated FANCD2:un-

ubiquitinated FANCD2 band intensity) to be determined, as well as total FANCD2 

protein levels. 15µg of denatured cell lysate protein sample was loaded into each well of 

a NuPAGETM 1.0 mm, 3-8% Tris-Acetate Protein Gel (Invitrogen). 10 µl HiMarkTM Pre-

stained Protein Standard (ThermoFisher Scientific) was loaded for molecular weight 

determination of protein bands. Gels were run in a NovexTM BoltTM Mini Gel Tank 

(Invitrogen) in 1X NuPAGETM Tris-Acetate Running Buffer (Invitrogen) at 120V for 1.5 

hours to separate proteins by molecular weight.  

 

2.2.3.3.4 Western blot 
 

Proteins in SDS-polyacrylamide or NuPAGETM 3-8% tris-acetate gels were 

transferred immediately onto a 0.2  µM-pore nitrocellulose membrane (BioRad) in a 

BioRad Criterion Blotter at 100V for 2 hours in 1X Towbin transfer buffer (25 mM Tris 

Base, 190 mM glycine, 20% (v/v) methanol), cooled with ice. Membranes were with 

blocked in 5% Marvel-TBST (5% (w/v) Marvel in 1X TBST (0.1% (v/v) Tween-20, 20 

mM Tris Base, 140 mM NaCl, pH 7.6)) for 1 hour at RT on a shaker to prevent non-

specific binding during immunodetection. Primary antibodies (Table 2.5) diluted in 5% 

Marvel-TBST were applied to the membrane overnight at 4°C on a shaker. Membranes 
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underwent three, 10 min TBST washes before application of the relevant HRP-labelled 

secondary antibody (Table 2.6), diluted in 5% milk-TBST, for 1 hour at RT on a shaker. 

Following three further 10 min TBST washes, membranes were coated with 1 ml of 

Amersham ECL Western blotting Detection Reagent (GE Healthcare) and exposed to 

Fuji Medical X-ray film (Fujifilm). X-ray film was fixed and developed using a Konica 

SRX 101A Processor.  

 

   2.2.3.3.5 Western blot band intensity quantification 
 

X-ray films were scanned and band intensity was quantified using FIJI 

(Schindelin et al., 2012; Rueden et al., 2017). FANCD2 western blot doublet bands 

depicting mono-ubiquitinated (L) and un-ubiquitinated (S) FANCD2 were often close 

together on the blot. The traces for the two bands therefore often overlapped slightly 

during quantification. To quantify these two FANCD2 bands separately, a straight line 

was drawn at the base of the two peaks to ensure these traces were split consistently 

for all FANCD2 bands. An example of this is shown in Figure 2.3. It should be noted 

that there is a non-linear relationship between band intensity and protein concentration 

when western blots are developed using ECL and X-ray film, particularly for over-

exposed bands. This may therefore introduce quantification errors for over-exposed 

bands.  
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2.2.4 siRNA transfection 
 

2.2.4.1 Depletion of MYCN in IMR32 cells using an siRNA pool 
 

Lipofectamine RNAiMAX transfection reagent (Invitrogen) was used to transfect 

IMR-32 cells with a pool of 30 siRNAs targeting the human MYCN (siTOOLs Biotech) 

and a pool of 30 scrambled negative control siRNAs (siTOOLs Biotech). siRNA pools 

are provided at a stock concentration of 50 µM in 10mM Tris solution and stored at -20 

°C. siRNA pools were diluted in RNase-free water (siTOOLs Biotech) to 150 nM 

working stocks. 

IMR-32 cells were plated at a density of 2 x 105 cells per well in 2 ml media in 6-

well plates, 24 hours prior to transfection for approximately 60% confluency at the time 

of transfection. Two wells were plated for each siRNA condition to allow cell lysates to 

be taken at two timepoints following transfection. Cells were transfected with the MYCN 

siRNA pool (siTOOLs Biotech) or the scrambled negative control siRNA pool (siTOOLs 

Biotech) to a final concentration of 3 nM using 0.2% Lipofectamine RNAiMAX per well 

Figure 2.3. Example of FANCD2 western blot band quantification using 
FIJI. 
To quantify mono-ubiquitinated (L) and un-ubiquitinated (S) FANCD2 
western blot doublet bands, both bands were quantified in a single trace. For 
each FANCD2 doublet band, a line was drawn at the lowest point between 
the two FANCD2 band peaks to separate the trace and enable quantification 
of the two bands separately. An example of four FANCD2 western blot 
bands and their respective quantification traces are shown. 
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(Invitrogen, Life Technologies). Per well, 40 µl of 150 nM siRNA pool was diluted with 

210 µl FCS-free DMEM. 4 µl Lipofectamine RNAiMAX was diluted with 246 µl FCS-free 

DMEM and pipette mixed. These siRNA pool and Lipofectamine RNAiMAX dilutions 

were incubated for 5 min at RT before being combined in a 1:1 ratio. This combined 

transfection mix was incubated for 15 min at RT. During this incubation, the media on 

the plated cells was replaced with 1.5 ml normal FCS-containing media in each well. 

The 500 µl transfection mix was added dropwise to cells to a final volume of 2 ml per 

well. Non-transfected controls were achieved by adding 500 µl FCS-free DMEM to cells 

in place of the transfection mix. Lipofectamine RNAiMAX vehicle controls were 

achieved by diluting 4 µl Lipofectamine RNAiMAX in 496 µl FCS-free DMEM, incubating 

for 25 min and adding dropwise to cells as above. Cells were doubly transfected by 

repeating the above transfection 24 hours after initial transfection. Cell lysates were 

collected 24 and 48 hours after the second transfection. MYCN depletion and FANCD2 

protein levels in all cell lysates were analysed by western blot, with band intensity 

quantified relative to scrambled negative control siRNA transfected cells. 

 

2.2.4.2 Singular siRNA-mediated FANCD2 depletion in SHEP-Tet21N 
cells 

 

Dharmafect-1 transfection reagent (Horizon Discovery) was used to transfect 

SHEP-Tet21N MYCN ON and OFF cells with one of three ON-TARGETplus siRNAs 

targeting the human FANCD2 gene (Horizon Discovery) (Table 2.12) or a scrambled 

negative control ON-TARGETplus siRNA (Horizon Discovery, D00181001). siRNAs 

were resuspended in 1x siRNA Buffer (Horizon Discovery) at a stock concentration of 

100 µM and stored at -20 °C. siRNAs were diluted in RNase-free water to 5 µM working 

stocks. Cells were transfected with an ON-TARGETplus siRNA to a final concentration 

of 25 nM using 0.15% Dharmafect-1 per well (Invitrogen, Life Technologies). 

 
Table 2.12. Human FANCD2 gene target sequences of ON-TARGETplus  
siRNA (Horizon Discovery). 
siRNA Target sequence (5’-3’) 
FANCD2 siRNA-1 UGGAUAAGUUGUCGUCUAU 
FANCD2 siRNA-2 CAACAUACCUCGACUCAUU 
FANCD2 siRNA-3 GGAUUUACCUGUGAUAAUA 
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2.2.4.2.1 Singular FANCD2 siRNA transfection for western blot 
analysis 

 

SHEP-Tet21N MYCN ON and OFF cells were plated at a density of 2 x 105 cells 

per well in 2 ml media in 6-well plates, 24 hours prior to transfection for approximately 

70% confluency at the time of transfection. Per well, 10 µl of 5 µM ON-TARGETplus 

siRNA was diluted with 190 µl FCS-free RPMI-1640. 3 µl Dharmafect-1 was diluted with 

197 µl FCS-free RPMI-1640 and pipette mixed. These siRNA and Dharmafect-1 

dilutions were incubated for 5 min at RT before being combined in a 1:1 ratio. This 

combined transfection mix was incubated for 15 min at RT. During this incubation, the 

media on the plated cells was replaced with 1.6 ml normal FCS-containing media in 

each well. The 400 µl transfection mix was added dropwise to cells to a final volume of 

2 ml per well. Non-transfected controls were achieved by adding 400 µl FCS-free RPMI-

1640 to cells in place of the transfection mix. Dharmafect-1 vehicle controls were 

achieved by diluting 3 µl Dharmafect-1 in 397 µl FCS-free DMEM, incubating for 25 min 

at RT and adding dropwise to cells as above. Cell lysates were collected 48 hours after 

transfection, and FANCD2 depletion was analysed by western blotting. 

 

2.2.4.2.2 Singular FANCD2 siRNA transfection for viability 
analysis by Alamar blue 

 

SHEP-Tet21N MYCN ON and OFF cells were plated at a density of 4 x 104 cells 

per well in 1 ml media in 12-well plates, 24 hours prior to transfection for approximately 

60% confluency at the time of transfection. Per well, 5 µl of 5 µM ON-TARGETplus 

siRNA was diluted with 95 µl FCS-free RPMI-1640. 1.5 µl Dharmafect-1 was diluted 

with 98.5 µl FCS-free RPMI-1640 and pipette mixed. These siRNA and Dharmafect-1 

dilutions were incubated for 5 min at RT before being combined in a 1:1 ratio. This 

combined transfection mix was incubated for 15 min at RT. During this incubation, the 

media on the plated cells was replaced with 800 µl normal FCS-containing media in 

each well. The 200 µl transfection mix was added dropwise to cells to a final volume of 

1 ml per well. Non-transfected controls were achieved by adding 200 µl FCS-free RPMI-

1640 to cells in place of the transfection mix. Dharmafect-1 vehicle controls were 

achieved by diluting 1.5 µl Dharmafect-1 in 198.5 µl FCS-free DMEM, incubating for 25 

min at RT and adding dropwise to cells as above. 24 hours after transfection, cells were 

treated with 5 µM curcumin, 100 nM ouabain or left un-treated for 40 hours before cell 

viability was analysed using Alamar blue. Viability of FANCD2 siRNA transfected cells 
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was determined relative to scrambled siRNA transfected and un-treated cells 

independently for MYCN ON and OFF cells. This enabled comparison of the effect of 

FANCD2 depletion on viability of MYCN ON compared to MYCN OFF cells. Viability of 

curcumin- or ouabain-treated cells was determined relative to un-treated cells for each 

siRNA and MYCN condition. This enabled comparison of the effect of FANCD2 

depletion on curcumin and ouabain sensitivity.  

 

2.2.4.3 Depletion of FANCD2 in SHEP-Tet21N cells using an siRNA 
pool 

 

Dharmafect-1 transfection reagent (Horizon Discovery) was used to transfect 

SHEP-Tet21N MYCN ON and OFF cells with a pool of 30 siRNAs targeting the human 

FANCD2 gene (siTOOLs Biotech) and a pool of 30 scrambled negative control siRNAs 

(siTOOLs Biotech). siRNA pools are provided at a stock concentration of 50 µM in 

10mM Tris solution and stored at -20 °C. siRNA pools were diluted in RNase-free water 

(siTOOLs Biotech) to 150 nM working stocks. Cells were transfected with the FANCD2 

siRNA pool (siTOOLs Biotech) or the scrambled negative control siRNA pool (siTOOLs 

Biotech) to a final concentration of 3 nM using 0.15% Dharmafect-1 per well (Invitrogen, 

Life Technologies). 

 

2.2.4.3.1 FANCD2 siRNA pool transfection for western blot 
analysis 

 

SHEP-Tet21N MYCN ON and OFF cells were plated at a density of 2 x 105 cells 

per well in 2 ml media in 6-well plates, 24 hours prior to transfection for approximately 

70% confluency at the time of transfection. Per well, 40 µl of 150 nM siRNA pool was 

diluted with 210 µl FCS-free RPMI-1640. 3 µl Dharmafect-1 was diluted with 246 µl 

FCS-free RPMI-1640 and pipette mixed. These siRNA pool and Dharmafect-1 dilutions 

were incubated for 5 min at RT before being combined in a 1:1 ratio. This combined 

transfection mix was incubated for 15 min at RT. During this incubation, the media on 

the plated cells was replaced with 1.5 ml normal FCS-containing media in each well. 

The 500 µl transfection mix was added dropwise to cells to a final volume of 2 ml per 

well. Non-transfected controls were achieved by adding 500 µl FCS-free RPMI-1640 to 

cells in place of the transfection mix. Dharmafect-1 vehicle controls were achieved by 

diluting 3 µl Dharmafect-1 in 496 µl FCS-free DMEM, incubating for 25 min at RT and 

adding dropwise to cells as above. Cell lysates were collected 48 hours after 
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transfection, and FANCD2 depletion was analysed by western blotting, with band 

intensity quantified relative to scrambled negative control siRNA transfected cells. 

 

2.2.4.3.2 FANCD2 siRNA pool transfection for viability analysis 
by Alamar blue 

 

SHEP-Tet21N MYCN ON and OFF cells were plated at a density of 4 x 104 cells 

per well in 1 ml media in 12-well plates, 24 hours prior to transfection for approximately 

50% confluency at the time of transfection. Per well, 20 µl of 150 nM siRNA pool was 

diluted with 105 µl FCS-free RPMI-1640. 1.5 µl Dharmafect-1 was diluted with 123.5 µl 

FCS-free RPMI-1640 and pipette mixed. These siRNA pool and Dharmafect-1 dilutions 

were incubated for 5 min at RT before being combined in a 1:1 ratio. This combined 

transfection mix was incubated for 15 min at RT. During this incubation, the media on 

the plated cells was replaced with 0.75 ml normal FCS-containing media in each well. 

The 250 µl transfection mix was added dropwise to cells to a final volume of 1 ml per 

well. Non-transfected controls were achieved by adding 250 µl FCS-free RPMI-1640 to 

cells in place of the transfection mix. Dharmafect-1 vehicle controls were achieved by 

diluting 1.5 µl Dharmafect-1 in 248.5 µl FCS-free DMEM, incubating for 25 min at RT 

and adding dropwise to cells as above. 24 hours after transfection, cells were treated 

with 5 µM curcumin, 100 nM ouabain or left un-treated for 40 hours before cell viability 

was analysed using Alamar blue. Viability of FANCD2 siRNA transfected cells was 

determined relative to scrambled siRNA transfected and un-treated cells independently 

for MYCN ON and OFF cells. This enabled comparison of the effect of FANCD2 

depletion on viability of MYCN ON compared to MYCN OFF cells. Viability of curcumin- 

or ouabain-treated cells was determined relative to un-treated cells for each siRNA and 

MYCN condition. This enabled comparison of the effect of FANCD2 depletion on 

curcumin and ouabain sensitivity.  

 
2.2.4.2 Singular siRNA-mediated BRCA1 depletion in SHEP-Tet21N 
cells for IF analysis 

 

Dharmafect-1 transfection reagent (Horizon Discovery) was used to transfect 

SHEP-Tet21N MYCN ON and OFF cells with an ON-TARGETplus siRNA targeting the 

human BRCA1 gene (Horizon Discovery) or a scrambled negative control ON-

TARGETplus siRNA (Horizon Discovery, D00181001) (Table 2.13). siRNAs were 

resuspended in 1x siRNA Buffer (Horizon Discovery) at a stock concentration of 100 µM 
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and stored at -20 °C. siRNAs were diluted in RNase-free water to 5 µM working stocks. 

Cells were transfected with an ON-TARGETplus siRNA to a final concentration of 25 

nM using 0.15% Dharmafect-1 per well (Invitrogen, Life Technologies). 

 

 
Table 2.13. Human BRCA1 gene target sequences of ON-TARGETplus  
siRNA (Horizon Discovery). 

siRNA Target sequence (5’-3’) 
BRCA1 siRNA-1 CAACAUGCCCACAGAUCAA 

 

 

SHEP-Tet21N MYCN ON and OFF cells were plated at a density of 3 x 104 cells 

per well in 0.5 ml media in 24-well plates, 24 hours prior to transfection for 

approximately 60% confluency at the time of transfection. Per well, 2.5 µl of 5 µM ON-

TARGETplus siRNA was diluted with 95 µl FCS-free RPMI-1640. 0.75 µl Dharmafect-1 

was diluted with 49.25 µl FCS-free RPMI-1640 and pipette mixed. These siRNA and 

Dharmafect-1 dilutions were incubated for 5 min at RT before being combined in a 1:1 

ratio. This combined transfection mix was incubated for 15 min at RT. During this 

incubation, the media on the plated cells was replaced with 400 µl normal FCS-

containing media in each well. The 100 µl transfection mix was added dropwise to cells 

to a final volume of 0.5 ml per well. Non-transfected controls were achieved by adding 

100 µl FCS-free RPMI-1640 to cells in place of the transfection mix. Dharmafect-1 

vehicle controls were achieved by diluting 0.75 µl Dharmafect-1 in 99.25 µl FCS-free 

DMEM, incubating for 25 min at RT and adding dropwise to cells as above. 48 hours 

after transfection, cells were fixed with 4% PFA for 15 min and subsequently stained for 

immunofluorescence analysis.  

 

2.2.5 TaqMan RT-qPCR 
 

TaqMan-based reverse-transcription quantitative polymerase chain reaction (RT-

qPCR) enables quantification of mRNA expression levels of a gene of interest (Mullis 

and Faloona, 1987; Holland et al., 1991). Total RNA is extracted from cells and reverse 

transcribed into cDNA by reverse transcriptase. Quantitative detection of the target 

gene within the cDNA sample relative to an internal control house-keeping gene such 

as GAPDH is determined using TaqMan Gene Expression Assays (ThermoFisher 

Scientific). TaqMan assays utilise a fluorogenic probe and the 5’ exonuclease activity of 
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Taq polymerase to enable measurement of accumulation of the cDNA target region 

throughout PCR cycles via a fluorescent signal. The threshold cycle (Ct) at which the 

fluorescence intensity reaches a defined fluorescence threshold is determined for each 

sample. Fold-change in gene expression relative to the control sample is calculated 

using the 2-ΔΔCt relative quantification method (Winer et al., 1999; Schmittgen et al., 

2000; Livak and Schmittgen, 2001).  

 

2.2.5.1 Total RNA extraction 
 

The mRNA expression level of a panel of 25 FA pathway-associated genes was 

analysed by RT-qPCR in SHEP-Tet21N cells, over a 7 day MYCN ON to OFF time 

course, and in a panel of NB cell lines. SHEP-Tet21N MYCN ON cells were plated at a 

density of 1 x 105 – 6 x 105 cells per 10 cm dish and left to adhere for 16 hours. 

Subsequently, MYCN ON cells were treated with 100 µM temozolomide for 16 hours (as 

a positive control sample for FA pathway activation) or were treated with 1µg/ml 

tetracycline to induce a MYCN OFF state. At timepoints between 0-168 hours after 

addition of tetracycline, media was removed and cells were PBS washed and incubated 

with 1X trypsin-EDTA at 37°C to remove from the dish surface. Trypsin was stopped by 

diluting in 9 ml media and cells were pelleted by centrifugation at 1200 rpm for 3 min. 

This cell pellet was resuspended in 1 ml PBS, transferred to a 1.5 ml eppendorf, and re-

pelleted by centrifugation at 1200 rpm for 3 min. PBS supernatant was removed and 

cell pellets were stored at -80°C.  

SHEP-1, SH-SY5Y, IMR32 and Kelly cell lines were plated at a density of 1 x 106 

cells per 10 cm dish and left to adhere for 24 hours. Cells were subsequently 

trypsinised, pelleted and stored at -80°C as for SHEP-Tet21N above. 

Total RNA was extracted from cell pellets using a GenElute Mammalian Total 

RNA Miniprep Kit (Sigma, RTN350) according to supplied protocols, with a final elusion 

into 50 µl elution buffer per sample. RNA concentration was determined using the 

Nanodrop (ThermoFisher) as per recommended protocol. RNA sample quality was 

determined by an A260/A230 ratio of 2.0-2.2 to determine nucleic acid purity, and an 

A260/A280 ratio of approximately 2.0 to determine RNA purity. RNA was reverse 

transcribed into cDNA immediately after extraction and excess RNA stored at -80°C.  
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2.2.5.2 Reverse transcription: cDNA synthesis from total RNA 
 

Total RNA was reversed transcribed into cDNA using the Applied Biosystems 

High Capacity cDNA Reverse Transcription Kit (ThermoFisher Scientific, 4368814) 

according to the manufacturer’s protocol. Briefly, for each 20 µl reaction, 2 µg of total 

RNA was added to 10 µl master mix and subsequently made up to 20 µl with nuclease-

free H2O as in Table 2.14. All PCR reaction tubes were pipette mixed three times and 

briefly centrifuged. Reverse transcription was undertaken using recommended thermal 

cycling conditions in the PCR thermocycler (Table 2.15). 100 µl cDNA was produced for 

each sample, with output cDNA concentration assumed to be equal to that of the 

starting RNA concentration in the reverse transcription reaction mixture at 0.1 µg/µl. 

cDNA was stored at -20°C. 

 

 

Table 2.14.  Composition of 20 µl reverse transcription reaction mixture, 
using the Applied Biosystems High Capacity cDNA Reverse Transcription 
Kit recommended conditions. 
Reagent Concentration in 

reaction mixture 
Volume of reagent 
per 20μl reaction 

(μl) 
10X RT Buffer  1X 2.0 
25X dNTP Mix (100 mM) 4 mM 0.8 
10X RT Random Primers  1X 2.0 
MultiScribeTM Reverse Transcriptase (50 
U/µl) 

50U 1.0 

Nuclease-free H2O  - 4.2 
0.2 µg/µl total RNA  0.1 µg/µl 10 

 

 

Table 2.15. Recommended thermal cycling conditions for reverse  
transcription reactions using the Applied Biosystems High Capacity cDNA 
Reverse Transcription Kit. 

Temp (°C) Time (min) Cycles 
25 10 1 
37 120 1 
85 5 1 
4 ∞ 1 
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2.2.5.3 TaqMan qPCR 
 

TaqMan Gene Expression Assays specific to a panel of 25 FA pathway 

associated genes categorised with DNA repair ontology were procured from Applied 

Biosystems (Table 2.16). The panel of FA pathway associated genes analysed covered 

a range of FA pathway roles. A GAPDH-specific TaqMan Gene Expression Assay 

(Table 2.16) was used to determine the expression level of GAPDH in each cDNA 

sample on every PCR reaction plate for use as an endogenous normalisation control 

gene. This enabled inter-sample comparisons. 

Gene expression was analysed in three biological replicates of each condition. 

Real-time qPCR reactions were carried out in triplicate for each biological replicate with 

each TaqMan Gene Expression Assay probe (Table 2.16). Triplicate ‘no template 

control’ reactions in which no cDNA is added to the qPCR reaction mixture were carried 

out in parallel for each TaqMan Gene Expression Assay probe to assess DNA 

contamination.  
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Table 2.16. Applied Biosystems 20X TaqMan Gene Expression Assays used in the 
analysis of FA pathway and GAPDH mRNA expression. Assays include unlabelled 
primers and a TaqMan probe labelled with a 5’ FAMTM fluorescent reporter dye and a 
3’end MGB-NFQ (minor groove binder and non-fluorescent quencher). Detection; inter-
strand crosslink detection, Core; FA core complex, NER; nucleotide excision repair, 
TLS; translation synthesis, MMR; mis-match repair, HRR; homologous recombination 
repair. 

FA Pathway 
Role 

Gene 
 

Assay ID 

Detection FANCM Hs00913609_m1 
Core FANCA Hs01116668_m1 
Core FANCB Hs00537483_m1 
Core FANCC Hs00984545_m1 
Core FANCE Hs00272482_m1 
Core FANCL Hs01017205_m1 
D2-I FANCD2 Hs00276992_m1 
D2-I FANCI Hs00383049_m1 
NER ERCC1 Hs01012158_m1 
NER ERCC4 Hs01063530_m1 
NER MUS81 Hs00228383_m1 
TLS MAD2L2 Hs01057448_m1 
TLS REV1 Hs01019768_m1 
TLS REV3L Hs00161301_m1 
TLS POLI Hs00969214_m1 
TLS POLK Hs00211965_m1 
TLS POLN Hs00394916_m1 
HRR RPA1 Hs00161419_m1 
HRR BLM Hs00172060_m1 
HRR BRCA1 Hs01556193_m1 
HRR BRCA2 Hs00609073_m1 
HRR BRIP1 Hs00908143_m1 
HRR PALB2 Hs00954121_m1 
MMR PMS2 Hs00241053_m1 
HRR RAD51 Hs00947967_m1 

Endogenous 
control 

GAPDH Hs03929097_m1 

 

 

A TaqMan qPCR master mix comprising TaqMan Universal PCR Master Mix (no 

AmpEraseTM UNG) (Applied Biosystems), the relevant TaqMan Gene Expression Assay 

probe (Applied Biosystems) and nuclease-free H2O was prepared on ice for each gene 

as per Applied Biosystems protocols. The TaqMan Universal PCR Master Mix utilises 

AmpliTaq Gold DNA polymerase and includes a ROX-based passive internal reference 

dye. For each reaction, 9 µl of the relevant TaqMan qPCR master mix was aliquoted 

into one well of a MicroAmpTM optical 384-well reaction plate (Applied Biosystems) 

before addition of 1 µl of 0.1 µg/µl cDNA (100ng cDNA per reaction) to a final reaction 

volume of 10 µl (Table 2.17). Plates were sealed with MicroAmpTM optical adhesive film 

(ThermoFisher) and centrifuged at 1000 rpm for 1 min. Real-time qPCR reactions were 
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undertaken in an Applied Biosystems 7900 Real-Time PCR machine using 

recommended thermal cycling conditions (Table 2.18). PCR product accumulation was 

measured by fluorescence intensity over 40 amplification cycles.  

 
Table 2.17. Composition of 10 µl TaqMan qPCR reaction mixtures per well, using 
Applied Biosystems recommended conditions. 
 
Reagent 

Concentration in 
reaction mixture 

Volume of reagent 
per 10μl reaction (μl) 

2X TaqMan Universal PCR Master 
Mix (Applied Biosystems, 4324018)  

1X 5.0 

20X TaqMan Gene Expression 
Assay (Applied Biosystems) 

1X 0.5 

Nuclease-free H2O  - 3.5 
0.1 µg/µl cDNA 10 ng/µl 1 

 

 

Table 2.18. TaqMan qPCR recommended thermal cycling conditions using 
Applied Biosystems 7900 Real-Time PCR machine. 

Temp (°C) Time (min) Cycles 

95 10.00 1 

95 0.25 40 

60 1.00 

 

 

The 2-ΔΔCt relative quantification method was used to calculate the fold-change in 

expression of each gene relative to the reference sample (Winer et al., 1999; 

Schmittgen et al., 2000; Livak and Schmittgen, 2001). Using the Applied Biosystems 

7900 SDS 2.4 software, ΔRn was calculated as below and amplification plots of 

log(ΔRn) versus PCR cycle number were generated.  

 

!" = $
%&'(&"	*+,-.	+.*,+/.+	01.	234,+.56."6.

!78	-&5.0	*&559:.	+.2.+."6.	01.	234,+.56."6.;	

	
<!" = !" − -&5.39".	!" 

 

A ΔRn fluorescence threshold of 0.2 was defined by the Applied Biosystems 

7900 SDS 2.4 software and used to determine the Ct value (PCR cycle number at 

which the defined fluorescence threshold is reached) of each reaction. This 

fluorescence threshold consistently occurred within the log phase increase in 

fluorescence for every reaction.  
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For each target FA pathway-associated gene: 

● Triplicate Ct values in each sample were analysed to ensure precision and the 

average Ct value for each sample calculated.  

● ΔCt was calculated for each sample: Difference in the average Ct value of the target 

gene and the average Ct value of the GAPDH endogenous control gene in the same 

sample. 

<>/ = ?:.+&@.	>/	:&34.	,2	/&+@./	@.". − 	?:.+&@.	>/	:&34.	,2	A?BCD		
 

● ΔΔCt was calculated for each treated sample: Difference in the ΔCt value of the 

target gene within each treated sample and the ΔCt value of the target gene within 

the reference sample. For SHEP-Tet21N MYCN ON to OFF time-course, the 0hr (-

Tet, MYCN ON) sample was used as the reference. For NB cell lines, the SHEP-1 

cell line was used as the reference sample. 

<<>/ = 	<>/	9"	/+.&/.0	5&E*3. − 	<>/	9"	6,"/+,3	5&E*3.	
 

● Fold-change in expression of the target gene was calculated for each treated 

sample relative to the reference sample. 

F,30	>ℎ&"@. = 2!""#$	
 

A log2 transformation was applied to the fold change expression data. Average 

log2(fold-change) (n=3) was calculated for each condition and plotted using the R-studio 

ComplexHeatmap package. 

 

2.2.6 MYCN ChIP-PCR at the FANCD2 Promoter MYCN E-box 
 

 Chromatin immunoprecipitation (ChIP) -PCR is undertaken to determine whether 

a protein of interest binds to a genomic region of interest. Cells are incubated with 

formaldehyde to covalently crosslink proteins bound onto DNA. Cells are scraped into 

ice-cold PBS containing protease inhibitors, and the nuclei extracted. Chromatin is 

digested to 150-900bp fragments by incubation with Micrococcal nuclease and nuclear 

membranes are lysed by sonication. The sheared chromatin is incubated with a primary 

antibody against the protein of interest overnight at 4°C with rotation. Protein G 

magnetic beads are added to the chromatin, incubated for 2 hours at 4°C with rotation, 

and subsequently pelleted using a magnetic separation rack. The protein G magnetic 

beads, now bound to the primary antibody and therefore the protein of interest and its 
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DNA binding sites, are washed with low to high salt washes. Chromatin bound to the 

protein of interest is eluted from the antibody-protein G magnetic beads by incubation at 

65°C for 30 min with gentle vortexing, and the magnetic beads are pelleted and 

removed. Crosslinks between the protein of interest and chromatin are reversed by 

incubation with proteinase K and 5M NaCl for 2 hours at 65°C. Resulting DNA 

fragments are purified using spin columns and the presence of a genomic region of 

interest assayed by PCR and agarose gel electrophoresis. 

 Chromatin immunoprecipitation (ChIP) was performed using the 

SimpleChIP® Enzymatic Chromatin IP Kit (Magnetic Beads) (Cell Signalling) as per 

supplied protocols. SHEP-Tet21N MYCN ON and OFF cells were plated at a density of 

4 x 106 cells per 15 cm dish and cultured at 37°C for 24 hours. An extra dish of cells 

were plated each for MYCN ON and OFF cells to enable determination of cell number 

per dish before crosslinking. Cells from this dish were trypsinised, resuspended in 20 ml 

media and counted using a haemocytometer. 4 x 106 cells were used for each 

immunoprecipitation (IP) per condition (approximately half a 15 cm dish of cells at 80% 

confluency). Cells were crosslinked with 1% formaldehyde, scraped into ice-cold PBS 

containing 1X protease inhibitor cocktail, and nuclei prepared as per supplied protocols. 

Chromatin was digested and nuclear membranes lysed as per supplied protocols with 

minor changes. An optimised volume of 0.5 µl Micrococcal nuclease per 4 x 106 cells 

was used to enable optimal DNA digestion to a length of 150-900 bp. Resulting lysates 

were subsequently sonicated on ice to lyse nuclear membranes using a 2 mm sonicator 

probe for 3 x 20 s pulses with 30 s incubations on ice in between pulses. Chromatin 

digestion and concentration was analysed to ensure optimal digestion in both MYCN 

ON and OFF cells as per supplied protocols. Chromatin IP was undertaken using 5 µg 

of digested cross-linked chromatin per IP with 10 µl anti-histone H3 (1:50) (positive 

control), 2 µl anti-IgG (1:250) (negative control) or 2 µg anti-N-Myc (ab16898) (Table 

2.5) with protein G magnetic beads as in supplied protocols. Chromatin was eluted from 

the magnetic beads and crosslinks reversed before DNA was purified using spin 

columns according to the provided protocols. 

 To determine whether FANCD2 is a direct MYCN target gene, the presence of 

the FANCD2 promoter in the pool of MYCN target DNA fragments was determined by 

PCR. Primers were designed to enable amplification of a canonical MYCN E-box within 

the FANCD2 promoter (Table 2.19). A primer set targeting APEX1 which has been 

previously validated as a MYCN/MYCC target in SHEP-Tet21N MYCN ON and OFF 

cells was used as a positive control for presence of an MYCN target gene (Table 2.19) 
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(Barrilleaux et al., 2013). Primers provided with the SimpleChIP® Enzymatic Chromatin 

IP Kit targeting exon 3 of RPL30 were used as a positive control in the histone H3 

positive control ChIP sample. Presence or absence of these three genes was tested by 

PCR amplification of the 2% input sample, the positive control histone H3 sample, the 

negative control normal IgG sample and the MYCN IP sample alongside a no template 

control for DNA contamination for both MYCN ON and OFF conditions.  

 
Table 2.19. PCR primers used in MYCN ChIP-PCR. 

Primer Target sequence (5’-3’) Gene 
Target 
Site 

Tm 
(°C) 

Company 

FANCD2 
For 

CCACAGGTACCTTTCTGCGT FANCD2 
promoter 

60.0 Sigma-
Aldrich 

FANCD2 
Rev 

AAGTCTTGTCAGCACGTCCG FANCD2 
promoter 

60.6 Sigma-
Aldrich 

APEX1 
For 

GGCGGGACCTGGTGCGGGGA APEX1 81.3 Sigma-
Aldrich 

APEX1 
Rev 

ACCGCGTCACCCACCGAAGCA APEX1 78.0 Sigma-
Aldrich 

 

 

PCR reaction mixtures for FANCD2, APEX1 and RPL30 were prepared on ice as 

in Table 2.20 and reactions were undertaken in a PCR machine using thermal cycling 

conditions as in Table 2.21. To assess accumulation of PCR product, 2µl of 6X loading 

dye (NEB) was mixed with 10 µl PCR product from each ChIP sample and loaded onto 

a 1% (w/v) TAE-agarose gel containing 1X GelGreen nucleic acid stain (Biotium). 4 µl 

1kb Plus DNA ladder (NEB) was loaded for PCR product size determination. The 

agarose gel was run in 1X TAE buffer (40 mM Tris, 20 mM acetic acid, 1 mM EDTA) at 

70V for 1.5 hours. Gels were visualised using a BioRad gel imaging system. 

 

 

 

 

 

 

 

 

 



125 
 

Table 2.20. Composition of PCR reaction mixtures for the amplification of FANCD2 
promoter, APEX1, or RPL30 exon 3. 
Reagent Concentration in reaction 

mixture 
Volume of reagent per 20 µl 

reaction (µl) 
 APEX1 FANCD2 RPL30 APEX1 FANCD2 RPL30 
5X GoTaq Flexi 
Buffer (Promega) 

1X 1X 1X 4 4 4 

MgCl2 (25 mM 
stock, Promega) 

1.8 mM 2 mM 2 mM 1.5 1.6 1.6 

dNTP Mix (10 mM 
each, Thermo 
Scientific) 

0.2 mM 0.2 mM 0.2 mM 0.4 0.4 0.4 

APEX1 For Primer 
(10 µM) 

0.75uM - - 1.5 - - 

APEX1 Rev Primer 
(10 µM) 

0.75uM - - 1.5 - - 

FANCD2 For 
Primer (10 µM) 

- 0.5uM - - 1 - 

FANCD2 Rev 
Primer (10 µM) 

- 0.5uM - - 1 - 

RPL30 Primer Mix 
(5 µM) 

- - 0.5uM - - 2 

GoTaq G2 Flexi 
DNA Polymerase (5 
U/µl, Promega) 

0.5U 0.5U 0.5U 0.1 0.1 0.1 

Template DNA  
(40 ng/µl) 

4 ng/µl 4 ng/µl 4 ng/µl 2 2 2 

Nuclease-free H2O  - - - 9 9.9 9.9 
 
 

Table 2.21. Thermal cycling conditions for the amplification of FANCD2 promoter, 
APEX1, or RPL30 exon 3. 

 
Temp (°C) Time (min) Cycles 

APEX1 FANCD2 RPL30   
95 95 95 2.00 1 
95 95 95 0.5  

35 60 58 62 0.5 
72 72 72 0.5 
72 72 72 5 1 
4 4 4 Hold  
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2.2.7 Immunofluorescence (IF) 

 

Immunocytochemistry can be used to quantify expression, localisation and co-

localisation of proteins within a cell. Cells are plated on coverslips and treated as 

appropriate before being fixed and permeabilised. Coverslips are then blocked with a 

dilute protein solution to prevent non-specific binding during subsequent 

immunodetection steps. Coverslips are then incubated with primary antibody(s) specific 

to the protein(s) of interest, followed by incubation with species-specific secondary 

antibody(s) conjugated to Alexa Fluor dyes. Incubation with DAPI (4′,6-diamidino-2-

phenylindole) is used to stain the nucleus. Visualisation of the fluorophore-labelled 

antibodies and therefore the location of the protein(s) of interest within a cell is 

undertaken using a confocal fluorescence microscope. 

 

2.2.7.1 γ-H2AX foci immunofluorescence 
 

 SHEP-Tet21N MYCN ON and OFF cells were plated on sterilised coverslips at a 

density of 3 x 104 - 4.5 x 104 cells per well in a 24-well plate and left to adhere for 24 

hours. Cells were treated as indicated. Media was removed and cells were fixed in 4% 

paraformaldehyde (PFA) in PBS for 20 min at room temperature, then washed for 3 x 5 

min in PBS. Cells were permeabilised by incubation in 0.3% (v/v) Triton-X-100 in PBS 

for 10 min at room temperature, then washed in wash buffer (0.1% (v/v) NP-40 (Sigma) 

in PBS) for 3 x 5 min. Coverslips were blocked by incubation in blocking buffer (1% goat 

serum, 0.1% NP-40 in PBS) for 1 hour at room temperature and subsequently washed 

for a further 3 x 5 min in wash buffer. The anti-γ-H2AX-Ser139 primary antibody was 

diluted in antibody buffer (3% goat serum, 0.1% NP-40 in PBS) at a dilution of 1:250 

(Table 2.5). Diluted primary antibodies were applied to the coverslips overnight in a 

humidified chamber at 4°C. Coverslips were washed 3 x 10 min in wash buffer followed 

by incubation with DAPI (ThermoFisher Scientific) and the Alexa-fluor 594 goat anti-

rabbit IgG (ThermoFisher Scientific) secondary antibody (Table 2.6) diluted 1:1000 in 

antibody buffer, for 1 hour at room temperature in the dark. Coverslips were washed 3 x 

5 min in wash buffer and mounted onto microscope slides using ShandonTM 

ImmuMountTM (Thermo Scientific). Specificity of the Alexa-fluor 594 goat anti-rabbit IgG 

secondary antibody was demonstrated by use of a no primary antibody control 

(Appendix Figure A1A). 
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2.2.7.1 FANCD2/phospho-RPA foci co-immunofluorescence 
 

 SHEP-Tet21N MYCN ON and OFF cells were plated on sterilised coverslips at a 

density of 3 x 104 - 4.5 x 104 cells per well in a 24-well plate and left to adhere for 24 

hours. Cells were treated as indicated. Media was removed and cells were fixed in 4% 

paraformaldehyde (PFA) in PBS for 20 min at room temperature, then washed for 3 x 5 

min in PBS. Cells were permeabilised by incubation in 0.3% (v/v) Triton-X-100 in PBS 

for 10 min at room temperature, then washed in wash buffer (0.1% (v/v) NP-40 (Sigma) 

in PBS) for 3 x 5 min. Coverslips were blocked by incubation in blocking buffer (1% goat 

serum, 0.1% NP-40 in PBS) for 1 hour at room temperature and subsequently washed 

for a further 3 x 5 min in wash buffer. Anti-FANCD2 and anti-pSer4/8 RPA32/RPA2 

primary antibodies were diluted in antibody buffer (3% goat serum, 0.1% NP-40 in PBS) 

at a dilution of 1:200 and 1:250 respectively (Table 2.5). Diluted primary antibodies 

were applied to the coverslips overnight in a humidified chamber at 4°C. Coverslips 

were washed 3 x 10 min in wash buffer followed by incubation with DAPI (ThermoFisher 

Scientific) and secondary antibodies Alexa-fluor 594 goat anti-rabbit IgG (ThermoFisher 

Scientific) and Alexa-fluor 488 goat anti-mouse IgG (ThermoFisher Scientific) (Table 

2.6), all diluted 1:1000 in antibody buffer, for 1 hour at room temperature in the dark. 

Coverslips were washed 3 x 5 min in wash buffer and mounted onto microscope slides 

using ShandonTM ImmuMountTM (Thermo Scientific). 

The specificity of the Alexa-fluor 594 goat anti-rabbit IgG and Alexa-fluor 488 

goat anti-mouse IgG secondary antibodies was demonstrated by use of a no primary 

antibody control (Appendix Figure A1B). The lack of non-specific cross-binding between 

these secondary antibodies was also demonstrated by staining with the anti-FANCD2 

primary antibody alone, or with the anti-pSer4/8 RPA32/RPA2 primary antibody alone, 

followed by staining with both secondary antibodies (Appendix Figure A1B). 

 

2.2.7.2 R-loop immunofluorescence 
 

SHEP-Tet21N MYCN ON and OFF cells were plated on sterilised coverslips at a 

density of 4.5 x 104 cells per well in a 24-well plate and left to adhere for 24 hours. Cells 

were treated as indicated. Media was removed and coverslips were washed once with 

PBS before cells were fixed and permeabilised by incubation with ice-cold 

methanol:acetone (1:1) for 10 min at -20°C. Following 3 x 5 min washes in ice-cold 



128 
 

PBS, coverslips were treated with 150 U/ml RNase H in 1X RNase H Reaction Buffer 

(NEB, M0297) or 1X RNase H Reaction Buffer alone for 24 hours at 37°C in a 

humidified chamber. Following a further 3 x 5 min washes in PBS, coverslips were 

blocked in block buffer (3% (w/v) BSA, 0.1% Tween-20, 4X SSC buffer (600 mM NaCl, 

60 mM sodium citrate, pH 7.0) in PBS) for 30 min at room temperature. Anti-DNA-RNA 

hybrid, S9.6 and anti-nucleolin primary antibodies were diluted in block buffer at a 

dilution of 1:200 and 1:150 respectively (Table 2.5). Coverslips were incubated with 

diluted primary antibodies for 1 hour at room temperature and were subsequently 

washed in block buffer for 3 x 5 min. DAPI (ThermoFisher Scientific) was diluted 1:1000 

in block buffer and secondary antibodies Alexa-fluor 594 goat anti-rabbit IgG 

(ThermoFisher Scientific) and Alexa-fluor 488 goat anti-mouse IgG (ThermoFisher 

Scientific) were diluted 1:500 in block buffer (Table 2.6). Cells were incubated with 

diluted DAPI and secondary antibodies for 1 hour at room temperature in the dark and 

were subsequently washed in block buffer for 3 x 5 min. Coverslips were further washed 

in PBS for 5 min and then mounted onto microscope slides using ImmuMountTM 

(Thermo Scientific). 

The specificity of the Alexa-fluor 594 goat anti-rabbit IgG and Alexa-fluor 488 

goat anti-mouse IgG secondary antibodies was demonstrated by use of a no primary 

antibody control (Appendix Figure A1C). The lack of non-specific cross-binding between 

these secondary antibodies was also demonstrated by staining with the anti-DNA-RNA 

hybrid, S9.6 primary antibody alone, or with the anti-nucleolin primary antibody alone, 

followed by staining with both secondary antibodies (Appendix Figure A1C). 

 

2.2.7.3 Immunofluorescence microscopy and image analysis 
 

 A Nikon Eclipse T200 inverted microscope (Melville, USA) was used for 

fluorescence microscopy with a 60X objective lens. Images were taken using NIS-

Elements Imaging Software (Nikon). Images were processed and quantified using FIJI 

(Schindelin et al., 2012; Rueden et al., 2017). At least 100 cells were analysed per 

condition in each individual biological replicate. Where over 100 cells were analysed, 

data for 100 cells per condition was randomly selected to avoid image bias. 

The number of foci per cell was measured using a foci counting macro. This 

macro defined the area of nuclei using the DAPI image, then counted the number of foci 

in each nucleus based on a chosen foci intensity threshold which was used across all 

images. Examples of the use of this macro in the analysis of γ-H2AX foci and 



129 
 

FANCD2/phospho-RPA co-immunofluorescence foci are shown in Figure 2.4 and 

Figure 2.5 respectively. 

 

 

 

 

 

 

 

 

DAPI γ-H2AX 

A 
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F 

Apply 
nuclei 
ROI 

Figure 2.4. Analysis of γ-H2AX foci in FIJI. 
Foci were counted in γ-H2AX immunofluorescence images using a macro in 
FIJI. An example of the image processing steps is shown. The DAPI image (A) 
is converted to 16-bit, the background subtracted (rolling=200) and a gaussian 
blur (sigma=2) applied. A threshold applied is then applied alongside an 
adjustable watershed (tolerance=2) to define the nucleus region of interest (ROI) 
(B). The γ-H2AX image (C) is converted to 16-bit (D) and the foci defined using 
the ‘Find Maxima’ function, with the noise threshold kept consistent for each 
experiment (E). An output of ‘single points’ is generated showing a white dot for 
each foci. The nuclei ROIs are applied to this single points image (F), and the 
number of foci within each nucleus ROI is counted by the macro. 
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Figure 2.5. Analysis of FANCD2 and phospho-RPA foci in FIJI. (Legend overleaf). 
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The R-loop corrected total cell fluorescence (CTCF) was measured for each 

nucleus and nucleolus using a R-loop intensity measuring macro. This macro defined 

the area of the nucleus using the DAPI image, and the area of the nucleoli using the 

nucleolin stained image. It then created an index of which nucleoli were within each 

nucleus and determined the R-loop intensity (IntDen) of all nuclei and nucleoli. The 

average background intensity of the R-loop image was also determined. An example of 

the R-loop image analysis process by this macro is shown in Figure 2.6. The resulting 

nuclei and nucleoli intensity data, alongside the nucleus-nucleolus index, was then 

imported into R Studio which was used to calculate the R-loop CTCF of each nucleus 

excluding nucleoli intensity. To calculate the CTCF the intensity of the nucleoli was 

excluded as this is the site of ribosome biogenesis and therefore represents non-

specific binding of the anti-RNA-DNA hybrid (S9.6) antibody. The R-loop CTCF was 

calculated for each nucleus in R Studio using the following equation: 

 

!"!# = (&'(()	+,-.,/+-0	(1	,23'.2/ − &'(()	+,-.,/+-0	(1	5.'.67,-	,23'.('+)
− (76.579.	:73;95(2,<	+,-.,/+-0
∗ (75.7	(1	,23'.2/ − 75.7	(1	5.'.67,-	,23'.('+))		

	
	

	
	
	
	
	
	
	
	

Figure 2.5. Analysis of FANCD2 and phospho-RPA foci in FIJI. 
Foci were counted in FANCD2/phospho-RPA co-immunofluorescence images 
using a macro in FIJI. An example of the image processing steps is shown. The 
DAPI image (A) is converted to 16-bit, the background subtracted (rolling=200) 
and a gaussian blur (sigma=2) applied. A threshold applied is then applied 
alongside an adjustable watershed (tolerance=2) to define the nucleus region of 
interest (ROI) (B). The FANCD2 image (C) or phosho-RPA image (G) is 
converted to 16-bit (D/H) and the foci defined using the ‘Find Maxima’ function, 
with the noise threshold kept consistent for each experiment (E/I). An output of 
‘single points’ is generated showing a white dot for each foci. The nuclei ROIs 
are applied to this single points image (F/J), and the number of foci within each 
nucleus ROI is counted by the macro. 
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Figure 2.6. Analysis of R-loop nucleus intensity in FIJI. (Legend overleaf). 
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2.2.8 DNA fibre analysis 
 
 
 
 
 
 
 
 

 

2.2.8.1 DNA fibre staining 
 

DNA fibre analysis enables visualisation of DNA replication dynamics, providing 

insight into the extent of replication stress within a population of cells. Ongoing DNA 

replication is labelled with thymidine analogues by incubation of cells with CldU and 

subsequently IdU. Cells are spotted on a microscope slide and lysed before the slide is 

tilted to spread the DNA fibres down the slide. The fibres are fixed to the slide and the 

dsDNA strands are denatured by incubation with HCl. Non-specific binding sites are 

blocked with a dilute protein solution. Slides are incubated with anti-BrdU antibodies 

produced in rat (anti-CldU) and mouse (anti-IdU) (Table 2.5), fixed, and washed in 

blocking buffer. Anti-rat and anti-mouse secondary antibodies labelled with different 

fluorophores are applied to the slide. Slides are then washed and mounted before the 

CldU and IdU labelled fibres are visualised by fluorescence microscopy. Analysis of the 

length and patterns of CldU and IdU tracks enables quantification of replication 

dynamics. 

 SHEP-Tet21N MYCN ON and OFF cells were plated at a density of 2 x 105 cells 

per well in a 6-well plate and treated as appropriate. 2.5 mM CldU was added to wells at 

a final concentration of 25 µM, and plates incubated at 37°C for 20 min. 2.5 mM IdU 

was then added to wells at a final concentration of 250 µM before cells were incubated 

for a further 20 min at 37°C. Cells were washed twice with ice-cold PBS and 

subsequently scraped into 0.2 ml ice-cold PBS. This cell suspension was counted using 

a haemocytometer and diluted with ice-cold PBS to 4 x 105 cells/ml. For each sample, 2 

Figure 2.6. Analysis of R-loop nucleus intensity in FIJI. 
R-loop staining intensity was analysed in R-loop (S9.6)/nucleolin co-
immunofluorescence images using a macro in FIJI. An example of the image 
processing steps is shown. The DAPI image (A) is converted to 16-bit, the 
background subtracted (rolling=200) and a gaussian blur (sigma=2) applied (B). 
A threshold is then applied alongside an adjustable watershed (tolerance=2) to 
define the nucleus region of interest (ROI) (C). The nucleolin image (D) is 
converted to 16-bit, the background subtracted (rolling=30) and a gaussian blur 
(sigma=2) applied (E). A threshold applied is then applied to define the nucleolus 
region of interest (ROI) (F). The R-loop (S9.6) image (G) is overlayed with the 
nuclei and nucleoli ROIs (H) and converted to 16-bit (I). The R-loop intensity 
(IntDen) of each nucleus and nucleolus ROI is measured. The intensity of three 
random background points in the R-loop 16-bit image is also measured and the 
average background intensity calculated for each image. An index of which 
nucleoli are within each nucleus is created. This, alongside the intensity data, is 
used to calculate corrected total cell fluorescence of each nucleus. 
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µl of cells was pipetted on each of 3 microscope slides and left to dry for approximately 

5-7 min until sticky. 7 µl of spreading buffer (200 mM Tris-HCl pH 7.4, 50 mM EDTA, 

0.5% SDS) was added to the cells, mixed by stirring with a pipette tip, and incubated for 

2 min. Slides were tilted to slowly spread the DNA fibres down the slide for 3-5 min. 

Once air-dried, fibres were fixed by incubation in methanol:acetic acid (3:1) for 10 min 

at room temperature. Slides were air-dried again and stored at 4°C overnight. 

 Slides were washed in ddH2O for 2 x 5 min, rinsed once in 2.5M HCl and then 

incubated in 2.5M HCl for 1 hour at room temperature to denature DNA strands. Slides 

were then rinsed twice in PBS, washed for 2 x 5 min in blocking solution (1% (w/v) BSA, 

0.1 % Tween-20 in PBS), then all non-specific binding sites blocked for 1 hour in 

blocking solution at room temperature. Rat anti-BrdU (Table 2.5) was diluted 1:1000 

and mouse anti-BrdU (Table 2.5) was diluted 1:750 in blocking buffer. Diluted primary 

antibodies were applied to slides for 1 hour at room temperature. Slides were rinsed 

three times in PBS and subsequently fixed in 4% paraformaldehyde in PBS. Following 

three further rinses in PBS, slides were washed for 3 x 5 min in blocking solution. Alexa-

fluor 555 goat anti-rat IgG and Alexa-fluor 488 goat anti-mouse IgG secondary 

antibodies (Table 2.6) were both diluted 1:500 in blocking solution and applied to slides 

for 1.5 hours at room temperature. Slides were rinsed twice in PBS, washed for 3 x 5 

min in blocking solution, further rinsed twice in PBS and then mounted using 

ImmuMountTM (Thermo Scientific). Slides were stored at -20°C until fibres were imaged. 

 

2.2.8.2 DNA fibre imaging and analysis 
 

 DNA fibres were visualised using an Olympus FV1000 confocal microscope with 

60X oil objective lens. AlexaFluor 488 and AlexaFluor 555 secondary antibodies were 

visualised using lasers of wavelength 488 nm and 542 nm respectively. At least 100 

fibres were analysed per treatment condition per biological replicate. DNA replication 

fork status was quantified by counting the number of fibres with each type of CldU and 

IdU track pattern. New origin; IdU (green) only labelled tracts. Progressing forks; CldU-

IdU (red-green) labelled tracks. Bidirectional forks; IdU-CldU-IdU (green-red-green) 

labelled tracks. Fork collisions; CldU-IdU-CldU (red-green-red) labelled tracks. Stalled 

forks; CldU (red) only labelled tracks. Example images of these tracts are displayed in 

Chapter 3, Figure 3.3. One biological replicate was undertaken. 
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2.2.9 Cell Viability and Survival Assays 
 

2.2.9.1 Trypan blue exclusion assay of cell viability 
 

Trypan blue is a negatively charged dye used as a cell stain in the dye exclusion 

test of cell viability (Strober, 2001). The permeability of dead cells with compromised 

cell membranes, but not viable cells with intact cell membranes, to impermeable 

charged dyes enables exclusive staining of dead cells alone. Hence, an accurate viable 

cell count can be determined.  

 

2.2.9.1.1 Assessment of MYCN ON and OFF proliferation rate 
 

SHEP-Tet21N MYCN ON and MYCN OFF cells were plated at a density of 2 x 

105 cells per well in a 6-well plate. Tetracycline was added to MYCN OFF cells at a final 

concentration of 1 µg/ml to maintain MYCN suppression. MYCN ON and OFF cells 

were counted at 24, 48 and 72 hours after plating. Cells were PBS washed and 

incubated with 0.5 ml 1X trypsin-EDTA per well at 37°C. Trypsin activity was stopped by 

adding 2 ml media per well. Resulting cell suspensions were diluted 1:1 with 0.4% 

trypan blue (ThermoFisher Scientific) to enable exclusion of stained dead cells. Non-

stained cells were counted using a haemocytometer. Five technical replicates of viable 

cell counts were obtained from each well. Average total cell number per well was 

calculated for each biological replicate (n=3), and the average and SEM of these 

biological repeats was then calculated. Welch’s T-test was used to determine the 

statistical significance of differences between MYCN ON and OFF viable cell number as 

each time point. 

 

2.2.9.1.1 REDACTED 
 

REDACTED 
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2.2.9.2 Alamar Blue cell viability assay 
 

 The Alamar Blue assay is a colorimetric and fluorometric assay used to measure 

cellular metabolic activity. The alamarBlue reagent contains the blue, weakly 

fluorescent REDOX indicator dye resazurin (7-Hydroxy-3H-phenoxazin-3-one 10-oxide). 

Viable cells with active metabolism reduce resazurin to the pink, highly fluorescent 

resorufin via aerobic respiration.  

 

SHEP-1 and SHEP-Tet21N MYCN ON and OFF cells were plated at a density of 

4 x 104 cells per well in 12-well plates. IMR32, Kelly and SH-SY5Y cells were plated at a 

density of 8 x 104 cells per well in 12-well plates. Six hours following plating, cells were 

treated as indicated. 0.3 mg/ml resazurin in PBS was diluted 1:10 into the relevant 

media. Upon completion of the treatment time-course, media was removed from wells 

and replaced with 1 ml resazurin/media. Tetracycline was re-added to SHEP-Tet21N 

MYCN OFF cells at a final concentration of 1 µg/ml. Cells were incubated with resazurin 

in the dark for 4 hours at 37°C, after which fluorescence in each well was measured 

using the SpectraMax plate reader with excitation and emission wavelengths at 560 nm 

and 590 nm respectively. The fluorescence intensity is proportional to the number of 

aerobically respiring viable cells. Fluorescence intensity measured for each treatment 

condition was normalised to the background intensity of resazurin/media alone. Relative 

cell viability was calculated for each treatment condition compared to vehicle alone for 

each biological replicate. The average and SEM of relative cell viability across at least 

three biological repeats was then calculated. The statistical significance of differences in 

the viability between SHEP-Tet21N MYCN ON and OFF cells at each concentration or 

treatment condition was determined by Student’s t-test. The statistical significance 

between viability following scrambled siRNA transfection compared to FANCD2 siRNA 
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transfection was determined by a one-way ANOVA for each MYCN ON and OFF 

condition.  

 

2.2.9.3 Clonogenic cell survival assay 
 

SHEP-1, IMR32, Kelly and SHEP-Tet21N MYCN ON and OFF cells were plated 

at a density of 500-4000 cells per well in a 6-well plate. Cells were left to adhere for 6 

hours before adding drugs. Cells were treated with 0-25 µM curcumin alone for 40 

hours, 0-100 nM ouabain alone for 40 hours, or with 0-5 µM curcumin alone for 16 

hours before adding 0-20 µM cisplatin, 0-20 µM carboplatin or 0-100 µM TMZ for the 

subsequent 24 hours before media was replaced. Alternatively, cells were treated with 

0-100 nM nFAPi alone and media was not replaced. Plates were incubated at 37°C for 

10 days (SHEP-1, IMR32, SHEP-Tet21N) or 21 days (Kelly) before the media was 

removed and colonies were fixed and stained with 0.4% methylene-blue (0.4% (w/v) 

methylene blue (Fisher Scientific) in 70% methanol). The Stuart Scientific colony 

counter was used to count colonies and the relative survival was calculated as the 

percentage colony forming efficiency was relative to vehicle control. At least three 

biological replicates of each assay was undertaken, and the average and SEM of these 

three biological replicates was calculated. Statistical significance between relative 

survival of MYCN ON and OFF cells, or between curcumin-treated and curcumin un-

treated cells, was determined by a Student’s t-test. IC50 (half maximal inhibitory 

concentration) of each treatment was determined for each cell line by using the dose 

response curve graph to read the drug concentration at 50% survival.  

 

2.2.10 FACS 
 

2.2.10.1 FACS cell harvesting and fixing 
 

SHEP-Tet21N MYCN ON and OFF cells were plated at a density of 5 x 105 cells per 10 

cm dish and treated as appropriate. REDACTED. Media was removed and cells were 

PBS washed. Media and PBS wash-offs were collected. Cells were then detached from 

the dish/coverslip by incubation with 1 ml 1X trypsin-EDTA at 37°C. Trypsin was 

stopped by addition of media and detached cells were combined with the relevant 

collected media and PBS wash-offs. Cells were then pelleted by centrifugation at 1200 

rpm for 5 min, washed twice in ice-cold PBS and resuspended in 1 ml ice-cold 100% 
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methanol to fix. Cells were stored in methanol at -20°C for minimum of 1 hour and a 

maximum of 2 weeks.  

 

2.2.10.2 Propidium iodide staining 
 

 Propidium iodide staining was used to determine DNA content and therefore the 

cell cycle phase of each cell. Methanol was poured off cells, which were then PBS 

washed twice. Cells were subsequently resuspended in 200 μl PI/RNAse A solution (18 

μg/ml PI, 8 μg/ml RNAse A in PBS) and then incubated at 4 °C for a minimum of 1.5 

hours before cells were analysed with a BD Biosciences FACSCalibur.  

 

2.2.10.3 Propidium iodide (PI) and phospho(Ser10) Histone H3 co-
staining 

 

 Ser10 phospho-Histone H3 staining enables the fraction of mitotic cells to be 

separated from the G2M fraction of cells determined by propidium iodide staining. 

Methanol was poured off cells, which were then PBS washed twice. Cells were 

subsequently resuspended in FACS block buffer (PBS with 0.5% BSA 0.25% Triton-X-

100 (Sigma-Aldrich)) and incubated on ice for 15 min to block non-specific sites. Cells 

were then pelleted by centrifugation at 1200 rpm for 5 min, the supernatant was 

removed and cells were resuspended in FACS block buffer containing 1:500 dilution of 

phospho(Ser10)-Histone H3 primary antibody and incubated for 1 hour at RT. Cells 

were then washed twice with PBS containing 0.25% Triton-X-100 and resuspended in 

100 μl PBS containing 1% BSA and a 1:200 dilution of anti-rabbit Alexa-488 secondary 

antibody. Cells were incubated with the secondary antibody for 30 min in the dark at 

RT. Cells were then washed once with PBS, resuspended in 200 μl PI/RNAse A 

solution (18 μg/ml PI, 8 μg/ml RNAse A in PBS) and then incubated at 4 °C for a 

minimum of 1.5 hours before cells were analysed with a BD Biosciences FACSCalibur.  

 

2.2.10.4 FACS Analysis  
 

FL3 (PI)-Area was plotted against FL3-Width and cells with low FL3-Width were 

gated to exclude cell doublets from FACS analysis. At least 8000 events were collected 

in this gating region per sample. REDACTED.  Cell cycle analysis was undertaken on 

this single cell population. An FL3-Height histogram was produced of all gated events, 
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representing a histogram of PI intensity per event (an example of this plot is shown in 

Chapter 3, Figure 3.2A). This FL3-Height histogram was gated to quantify the 

proportion of cells in each stage of the cell cycle. Gating across the base of the first 

peak (at approximately 200 FL3-H) in the FL3-Height plot defined the G1 proportion of 

cells. Gating across the base of the second peak (at approximately 400 FL3-H) defined 

the G2M proportion of cells. The S phase population was defined as the total signal 

between these two peaks, and the sub-G1 population was defined as the total signal to 

the left of the first peak. If cells were also stained for Ser10 phospho-Histone H3, the 

mitotic population was discriminated from the G2M population by further analysis. The 

FL3-Height (an indicator of PI intensity) was plotted against the FL1-Height (an indicator 

of the intensity of Ser10 phospho-Histone H3 staining). Gating around the population of 

cells within the G2M FL3-H (PI) peak, but with a FL1-H peak at least 0.5 logs greater 

than other G2M cells enabled discrimination between the mitotic and G2 proportion of 

cells.  

 

2.2.11 REDACTED 
 

 REDACTED  
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2.2.11.1 REDACTED 
 

REDACTED 
 
 
 
 
 
 
 

Figure 2.7. REDACTED 
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            Table 2.22. REDACTED 
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Table 2.23. REDACTED 
 

 

 

 

 

 

 

 

  

 

REDACTED 

 

 

 

 

2.2.11.2 REDACTED 
 

REDACTED 
 
 
 
 
 
 
 
 
 

2.2.12 Statistics 
 

Statistical analyses were performed using R2 genomics, Excel or R-Studio: 

Integrated Development for R (v.3.4.4) (R Studio, Inc., Boston, MA, 

http://www.rstudio.com/). Normal distribution and homogeneity of variance were 

confirmed by Shapiro-Wilk and the Levene’s tests respectively. Data were presented as 
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means ± SEM (standard error of the mean). If data were normally distributed with equal 

variances, statistically significant differences were analysed using an independent 

Student’s t-test, or a one-way or two-way ANOVA with Tukey’s HSD post hoc test 

(unless stated otherwise). If data were not equally distributed, statistically significant 

differences were analysed by Welch’s t-test. If data were not normally distributed, 

statistically significant differences were analysed by Mann-Whitney U test. Unless 

otherwise stated, significance was considered achieved at p < 0.05. 
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Chapter 3. MYCN induces differential FA pathway expression 
 

3.1 Introduction 
 

Amplification of the MYCN oncogene occurs in 20% of neuroblastoma cases and 

is always associated with high-risk disease, independent of tumour stage (Moreau et 

al., 2006; Cohn et al., 2009; Maris, 2010). Significant correlation of MYCN amplification 

with rapid tumour progression and reduced event-free survival, despite high intensity 

treatment (Brodeur et al., 1984; Seeger et al., 1985), highlights a need for novel 

therapeutics with greater efficacy and reduced off-target toxicity. Analysis of the 

pathways through which MYCN exerts its oncogenic effects is necessary to identify 

therapeutic targets for MYCN amplified neuroblastoma (MNA-neuroblastoma). MYCN is 

a paralogue of MYCC and functions primarily as a transcription factor (Schwab et al., 

1983; Meyer and Penn 2008). As neuroblastoma is predominantly diagnosed in early 

childhood and rarely exhibits recurrent driver mutations (Pugh et al., 2013), the ability of 

MYCN overexpression to drive neuroblastoma progression is unlikely due to mutations 

in MYCN target genes. MYCN-induced differential gene expression therefore likely has 

a major role in driving the aggressive MNA phenotype. 

The mechanism through which MYCN regulates the global transcriptional profile 

is highly complex. MYCN binds cis-regulatory elements in an affinity-dependent 

manner, resulting in identification of different sets of target genes depending on the 

MYCN expression level (Zeid et al., 2018; Baluapuri et al., 2020). At physiological levels 

during development, MYCN binds high-affinity canonical MYCN E-boxes in promoters 

and enhancers to directly regulate a set of target genes. At oncogenic levels, excess 

MYCN invades the active and accessible cis-regulatory landscape, binding to prevalent 

low-affinity non-canonical E-boxes, to induce a global upregulation of all active genes. 

This is highly dependent on the cell’s pre-established chromatin landscape and 

accounts for the tumour-type specificity of global upregulation observed (Murphy et al., 

2009; Valentijn et al., 2012; Zeid et al., 2018). However, this affinity-based model is 

further complicated by the ability of MYCN to bind transcriptional targets via protein-

protein interactions, and the ability of MYCN to interact with multiple epigenetic 

remodellers to redefine the active cis-regulatory landscape which it upregulates 

(Brenner et al., 2005; Corvetta et al., 2013; Tsubota et al., 2018; Zeid et al., 2018; 

Baluapuri et al., 2020). 
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Overexpression of MYCN has been shown to induce higher levels of chronic 

replication stress and DNA damage (Gu et al., 2015; King et al., 2020). MNA tumour 

cells therefore have a greater dependency on DNA damage repair and replication 

stress limiting pathways and are sensitised to their inhibition. For example, it has been 

previously demonstrated that MNA neuroblastoma cells show enhanced sensitivity to 

inhibition of ATR, CHK1, MRE11 and PARP (Cole et al., 2011; Colicchia et al., 2017; 

Petroni et al., 2018; King et al., 2020; King et al., 2021; Southgate et al., 2020). This 

increased dependency on CHK1, MRE11 and PARP correlated with a MYCN-

dependent upregulation in expression (Cole et al., 2011; Gu et al., 2015; Petroni et al., 

2016; Colicchia et al., 2017; Petroni et al., 2018; King et al., 2020). High MYCN 

expression has also been shown to transcriptionally upregulate many other DNA repair 

genes in neuroblastoma such as BLM, BRCA1, and components of the DDR and 

alternative NHEJ (Valentijn et al., 2012; Chayka et al., 2015; Hallett et al., 2016; 

Newman et al., 2015; Durbin et al., 2018; Herold et al., 2019). This upregulation of DNA 

repair genes frequently correlates with poor prognosis in neuroblastoma (Chayka et al., 

2015; Hallett et al., 2016; Durbin et al., 2018; Petroni et al., 2018; Herold et al., 2019; 

King et al., 2020). Upregulation of other DNA repair pathways may be indicative of a 

putative dependency, specifically in MNA tumour cells, which could be exploited 

therapeutically. 

The FA pathway is composed of 23 FANC proteins and many FA associated 

proteins, and primarily functions to repair DNA inter-strand crosslinks through co-

ordination of multiple other DNA repair pathways such as HRR, NER and TLS (Kim and 

D’Andrea, 2012; Ceccaldi et al., 2016). However, many FA pathway proteins also have 

roles in limiting replication stress (Schlacher et al., 2011; Schlacher et al., 2012; 

Lossaint et al., 2013; Garcia-Rubio et al., 2015; Schwab et al., 2015; Zhang et al., 2017; 

Daza-Martin et al., 2019; Herold et al., 2019; Liang et al., 2019a; Okamoto et al., 2019). 

For example, whilst FANCD2 mono-ubiquitination is a key step for FA pathway 

activation, FANCD2 also functions in the protection of stalled replication forks, 

resolution of R-loops and facilitation of replication restart following DNA repair 

(Schlacher et al., 2011; Schlacher et al., 2012; Chaudhury et al., 2013; Lossaint et al., 

2013; Schwab et al., 2015; Lachaud et al., 2016). Increased expression of FANC 

genes, including FANCD2, has been observed in melanoma, bladder, colon, ovarian, 

breast, uterine and lung cancers (Kais et al., 2016; Kao et al., 2011; Liu et al., 2020a). 

The extent of FANC gene upregulation often correlates with increased tumour 

aggressiveness and progression (Kais et al., 2016; Kao et al., 2011; Wysham et al., 
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2012; Van Der Groep et al., 2008; Feng and Jin 2019). Upregulation of FA pathway 

genes has also been linked to evolution of resistance to DNA crosslinking 

chemotherapy (Taniguchi et al., 2003; Chen et al., 2005; van der Heijden et al., 2005; 

Swisher et al., 2009; Chen et al., 2016; Nagel et al., 2017). 

The impact of MYCN amplification on FA pathway expression in neuroblastoma 

is unknown. Upregulation of FA pathway genes could indicate a therapeutically 

exploitable increased dependency on FA pathway function. Hallett et al., (2016) 

identified a gene signature that is associated with poor prognosis in MNA 

neuroblastoma, and that therefore predicts dependencies and therapeutic targets in 

MNA tumours. FA pathway genes were enriched among the DNA repair genes in this 

gene signature, suggesting a putative dependency of MNA cells on FA pathway 

function. We hypothesised that MYCN transcriptionally upregulates the FA pathway to 

prevent accumulation of replication stress-induced DNA damage. The aim of this 

chapter is to determine the effect of MYCN overexpression and amplification on FA 

pathway expression in neuroblastoma cell lines and tumours. 

  

3.2 Results 
 

3.2.1 FA pathway expression correlates with the MYCN expression level in 
MYCN-inducible neuroblastoma cells 

 

 First, the MYCN-inducible SHEP-Tet21N and SHEP-PLXI-MYCN cell lines were 

used to study the effects of differential MYCN expression in two separate isogenic 

systems.  

 

3.2.1.1 Characterisation of the SHEP-Tet21N tet-OFF MYCN 
expression system  

 

SHEP-Tet21N cells contain a tetracycline-regulated (tet-OFF) conditional MYCN 

expression system, as previously described in the materials and methods (Chapter 

2.2.2.1.2) (Gossen and Bujard, 1992; Lutz et al., 1996). MYCN expression has 

previously been successfully inhibited in SHEP-Tet21N cells within 4-8 hours of 

treatment with 1 ìg/ml tetracycline (King et al., 2020, King et al., 2021). To confirm the 

length of tetracycline treatment necessary to induce inhibition of MYCN expression, 

SHEP-Tet21N cells were treated with 1 ìg/ml tetracycline for timepoints up to 72 hours, 

and MYCN protein expression was determined by western blot (Figure 3.1A). MYCN 
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expression was inhibited by 4 hours post tetracycline treatment and remained 

downregulated throughout the 72 hour time-course (Figure 3.1A-B). Subsequently, 

SHEP-Tet21N cells were routinely cultured without tetracycline treatment in a ‘MYCN 

ON’ state, and a ‘MYCN OFF’ state was induced by treatment with 1 ìg/ml tetracycline 

for at least 48 hours prior to the start of experiments.  

 

 

Effective inhibition of MYCN expression following 48 hour tetracycline treatment 

was also validated phenotypically. The global effects of MYCN inhibition were observed 

by morphological changes in SHEP-Tet21N cells (Figure 3.1C). MYCN ON cells were 

Figure 3.1. A MYCN OFF state is induced in the SHEP-Tet21N 
conditional MYCN expression system 4 hours after tetracycline 
treatment. 
SHEP-Tet21N cells, containing a tet-OFF MYCN expression system, were 
treated with 1µg/ml tetracycline to repress MYCN expression (MYCN OFF) 
or left untreated (MYCN ON). (A) MYCN protein levels in cell lysates 
harvested at timepoints 0-72 hours post tetracycline treatment were 
determined by western blotting (n=1). (B) MYCN band intensity was 
quantified relative to 0 hour tetracycline treatment and normalised to ß-
tubulin band intensity. (C) Brightfield images of MYCN ON cells and MYCN 
OFF cells (48 hours after tetracycline treatment), taken at 10X magnification 
using a Nikon confocal microscope (n=1). Scale bar indicates 100µm. 
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smaller, rounder and had a more epithelial-type morphology, whereas MYCN OFF cells 

were larger with a more neuronal-type morphology. In addition, it has been extensively 

demonstrated that MYCN expression increases proliferation rate in various systems by 

promoting a G1 to S-phase transition (Cavalieri and Goldfarb, 1988; Lasorella et al., 

2002; Bell et al., 2007; Woo et al., 2008; Huang et al., 2011; Molenaar et al., 2012; 

Gogolin et al., 2013; Kramer et al., 2016; Liu et al., 2017; Chen and Guan 2022). MYCN 

expression in SHEP-Tet21N cells did not induce significant changes in the cell cycle 

profile, however an increase in the proportion of cells in S and G2M phases and a 

reduction in the proportion of cells in G1 was observed in two of three repeats (Figure 

3.2A-B). Induction of a MYCN OFF state also led to a significant reduction in the viable 

cell count observed 24, 48 and 72 hours following plating (Student’s t-test, p < 0.05) 

(Figure 3.2C). Through DNA fibre analysis, which enables study of the progression of 

individual replication forks, high MYCN expression has also been shown to increase 

levels of replication stress (Gu et al., 2015; King et al., 2020; King et al., 2021). 

Similarly, we found MYCN ON cells had a greater proportion of fork collisions, stalled 

forks and new fork origins, and a reduced proportion of progressing forks (Figure 3.3A-

B). This indicates expression of MYCN in the SHEP-Tet21N system promotes faster 

proliferation and increased replication stress. These data together are consistent with 

the findings of previous studies and therefore validate the SHEP-Tet21N system in my 

hands. 
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Figure 3.2. MYCN expression affects the proliferation rate in neuroblastoma 
cells. 
SHEP-Tet21N cells were treated with 1µg/ml tetracycline to repress MYCN 
expression (MYCN OFF) or left untreated (MYCN ON). (A) Representative FACS 
cell cycle profiles for SHEP-Tet21N MYCN OFF and MYCN ON cells, with DNA 
content determined by propidium iodide staining. (B) Percentage of cells in each 
cell cycle phase for MYCN ON and MYCN OFF cell populations. Data are 
presented as means ±SEM (n=3). Statistical significance between MYCN ON and 
OFF at each cell cycle phase was determined by a two-way ANOVA and Tukey 
HSD post-hoc test where n.s. = not significant, *p<0.05, **p<0.01, ***p<0.001. (C) 
Viable cell count of MYCN ON and OFF cells was quantified at 24, 48 and 72 
hours after plating using trypan blue exclusion. A MYCN OFF state was induced 
by treatment with 1µg/ml tetracycline for 48 hours prior to plating. Data are 
presented as means ±SEM (n=3). Statistical significance between MYCN ON and 
OFF at each timepoint was determined by Student’s t-test where n.s.=non-
significant, *p<0.05, **p<0.01, ***p<0.001.  
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Figure 3.3. Differences in DNA replication fork dynamics observed in MYCN 
ON compared to MYCN OFF cells.  
DNA replication fork progression in SHEP-Tet21N MYCN ON and MYCN OFF 
cells was examined by DNA fibre analysis. (A) Cells were pulse labelled with 
CldU and subsequently IdU for 20 min each before lysing. DNA fibres were 
spread, denatured and incubated with anti-BrdU antibodies to enable 
visualisation of CldU (red) and IdU (green) fibre tracks using an Olympus FV1000 
confocal microscope. DNA replication fork status was quantified by analysis of 
CldU and IdU track patterns in each fibre. New origin; IdU (green) only labelled 
tracts. Progressing fork; CldU-IdU (red-green) labelled tracks. Bidirectional fork; 
IdU-CldU-IdU (green-red-green) labelled tracks. Fork collision; CldU-IdU-CldU 
(red-green-red) labelled tracks. Stalled fork; CldU (red) only labelled tracks. (B) 
Representative images of MYCN ON and OFF DNA fibre tracks. Scale bar = 25 
µm. (C) Proportion of each DNA replication fork status in MYCN ON and OFF 
cells. At least 100 fibres were analysed per MYCN ON/OFF (n=1).  
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3.2.1.2 Inhibition of MYCN expression downregulates FANCD2 
protein expression in SHEP-Tet21N 

 

 FANCD2 is a key protein in FA pathway-mediated DNA repair and also functions 

to minimise replication stress through protection of stalled replication forks and R-loop 

resolution (Schlacher et al., 2011; Schlacher et al., 2012; Chaudhury et al., 2013; 

Lossaint et al., 2013; Schwab et al., 2015; Lachaud et al., 2016). Therefore, the effect of 

MYCN expression on FANCD2 protein expression in SHEP-Tet21N cells was analysed 

by western blot (Figure 3.4A). SHEP-Tet21N cells were treated with tetracycline to 

inhibit MYCN expression over a seven day time-course. A MYCN ON to OFF transition 

occurred within 4 hours, and FANCD2 protein levels were significantly downregulated 

by approximately 50% in 24 hours (F(12,26) = 12.84, p = 0.041) (Figure 3.4A-B). This 

significant downregulation was maintained throughout all subsequent MYCN OFF 

timepoints (p < 0.001). In addition to total FANCD2 levels, the extent of FA pathway 

activation was also determined by measuring the ratio of mono-ubiquitinated FANCD2 

(L) to non-ubiquitinated FANCD2 (S). Addition of temozolomide (TMZ) served as a 

positive control for activation. Initially the level of FA pathway activation was highly 

variable but by 72 hours the level became more consistent, such that a non-significant 

reduction in FA pathway activation was observed in MYCN OFF compared to MYCN 

ON cells (F(12,26) = 3.34, p > 0.05) (Figure 3.4A,C). This data suggests that, like other 

DDR genes, FANCD2 expression and activation levels are higher when MYCN is 

expressed. 
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Figure 3.4. FANCD2 protein levels are downregulated by inhibition of MYCN 
expression in SHEP-Tet21N cells. 
SHEP-Tet21N MYCN ON cells were treated with 1 µg/ml tetracycline for 0-168 
hours to induce a MYCN OFF state. MYCN ON cells were treated with 100 µM 
temozolomide (TMZ) for 16 hours as a positive control for FA pathway activation. (A) 
MYCN and FANCD2 protein levels in cell lysates harvested at each indicated 
timepoint were determined by western blotting. (B) Total FANCD2 band intensity 
(sum of L and S band intensities) was quantified relative to 0 hour tetracycline 
treatment (-TMZ) and normalised to ß-tubulin band intensity. Means ±SEM are 
shown (n=3). (C) FA pathway activation was quantified by the extent of  FANCD2 
mono-ubiquitination. The band intensity ratio of mono-ubiquitinated FANCD2 (L, 
upper band) to non-ubiquitinated FANCD2 (S, lower band) was calculated for each 
condition. Means ±SEM are shown (n=3). Statistical significance in (B and C) 
between 0 hour tetracycline treatment (-TMZ) and all other treatments was 
determined by a one-way ANOVA and Tukey HSD post-hoc test where *p<0.05, 
**p<0.01, ***p<0.001.  
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3.2.1.3 Optimisation of the SHEP-PLXI-MYCN tet-ON expression  
system  

 

The SHEP-Tet21N tet-OFF system enables study of the effect of MYCN 

expression inhibition. In contrast, SHEP-PLXI-MYCN cells contain a tet-ON conditional 

MYCN expression system and can be used to examine the effect of induction of MYCN 

expression (Chapter 2.2.2.1.3) (Gossen et al., 1995; Zeid et al., 2018). Optimisation of 

the treatment conditions required for induction and maintenance of MYCN expression 

was undertaken. Treatment of SHEP-PLXI-MYCN cells with up to 1.5 ìg/ml tetracycline 

for 24 hours (Figure 3.5A), or with 1 ìg/ml tetracycline for up to 72 hours (Figure 3.5B), 

did not effectively induce MYCN expression. The low efficacy of rtTA (tet-ON) system 

induction by tetracycline has been previously demonstrated in HeLa cells (Krueger et 

al., 2004; Zhou et al., 2006). Doxycycline, a second-generation tetracycline with higher 

stability, has been evidenced as a potent alternative rtTA effector (Krueger et al., 2004; 

Zhou et al., 2006). Treatment of SHEP-PLXI-MYCN with a range of doxycycline doses 

for 24 hours induced MYCN expression (Figure 3.6).  
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Figure 3.5. Tetracycline treatment does not induce MYCN expression in SHEP-
PLXI-MYCN cells. 
(A) SHEP-PLXI-MYCN cells, containing a MYCN tet-on system, were treated with  
0-1.5 µg/ml tetracycline for 24 h before cell lysates were harvested and MYCN 
protein levels determined by western blotting (n=1). (B) SHEP-PLXI-MYCN cells 
were treated with 1 µg/ml tetracycline for 0-72 hours. MYCN protein levels in cell 
lysates harvested at each timepoint were determined by western blotting (n=1). In (A 
and B) longer exposures are displayed to enable visualisation of background MYCN 
levels present in the MYCN OFF state. 

Figure 3.6. Doxycycline treatment induces MYCN expression in SHEP-PLXI-
MYCN cells. 
SHEP-PLXI-MYCN cells, containing a MYCN tet-on system, were treated with  0-1.5 
µg/ml doxycycline (Dox) for 24 hours before cell lysates were harvested and MYCN 
protein levels determined by western blotting (n=1). SHEP-Tet21N cells, containing 
a MYCN tet-off system, were treated with 1 µg/ml doxycycline for 24 hours as a 
positive control for MYCN differential expression in a tetracycline-regulated MYCN 
expression system.  
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To determine the time-course of MYCN expression induction, SHEP-PLXI-MYCN 

cells were treated with 0.5 ìg/ml doxycycline and the MYCN protein level was 

determined at time-points up to 72 hours by western blotting (Figure 3.7A). MYCN 

expression was induced six hours following doxycycline treatment, however this 

expression reduced 6-fold in the following 72 hours (Figure 3.7B). Replacing the media 

containing 0.5 ìg/ml doxycycline at 24 hour intervals enabled maintenance of high 

MYCN expression over the 72 hour time-course (Figure 3.8A-B). Subsequently SHEP-

PLXI-MYCN cells were routinely passaged without doxycycline treatment in a ‘MYCN 

OFF’ state. A ‘MYCN ON’ state was induced by treatment with 0.5 ìg/ml doxycycline 

every 24 hours for at least 48 hours prior to, and during, experiments. 

 

 

Figure 3.7. Differential MYCN expression in SHEP-PLXI-MYCN cells induces 
differential FANCD2 expression.  
SHEP-PLXI-MYCN cells were treated with 0.5 µg/ml doxycycline for 0-72 hours. (A) 
MYCN and total FANCD2 protein levels in cell lysates harvested at each timepoint 
were determined by western blotting (n=1). (B) MYCN and (C) total FANCD2 band 
intensities were quantified relative to 0 hour doxycycline treatment, and normalised 
to GAPDH band intensity. 
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3.2.1.4 Induction of MYCN expression upregulates FANCD2 protein 
expression in SHEP-PLXI-MYCN cells 

 

 The effect of induction of MYCN expression on FANCD2 protein levels in SHEP-

PLXI-MYCN cells was determined by western blot in conjunction with optimisation of the 

doxycycline treatment schedule. SHEP-PLXI-MYCN cells were treated with a single 

dose of doxycycline to induce MYCN expression over a 72 hour time-course (Figure 

Figure 3.8. Repeated treatment with doxycycline is required to maintain a 
MYCN ON state in SHEP-PLXI-MYCN cells. 
SHEP-PLXI-MYCN cells were treated with 0.5 µg/ml doxycycline for 0-72 h. Cells 
were dosed either once at 0 hours (No doxycycline replacement), or every 24 hours 
(Doxycycline replacement). (A) MYCN and total FANCD2 protein levels in cell 
lysates harvested at each timepoint were determined by western blotting (n=1). (B) 
MYCN and (C) total FANCD2 band intensities were quantified relative to 0 hour 
doxycycline treatment in each doxycycline dosage course, and normalised to 
GAPDH band intensity.  



157 
 

3.7A). A MYCN OFF to ON transition occurred within six hours (Figure 3.7B), and 

subsequently FANCD2 protein levels were upregulated by approximately 50% in 24 

hours (Figure 3.7C). This is consistent with the extent and timing of FANCD2 

downregulation observed following a MYCN ON to OFF transition in SHEP-Tet21N cells 

(Figure 3.4B). However, a gradual reduction in MYCN expression in the SHEP-PLXI-

MYCN cells resulted in a return to base level FANCD2 expression at 72 hours (Figure 

3.7C, 3.8C). Maintenance of the MYCN ON state in SHEP-PLXI-MYCN cells over the 

72 hour time-course by repeated doxycycline treatment resulted in consistent FANCD2 

upregulation, with a 2.7-fold upregulation observed at 72 hours (Figure 3.8C). This data 

is in agreement with the SHEP-Tet21N cell data and adds further evidence to support 

the hypothesis that MYCN expression is associated with higher expression of FANCD2. 

 

3.2.1.5 MYCN-induced FANCD2 upregulation is reversible in SHEP-
PLXI-MYCN cells 

 

 The downregulation of FANCD2 following a reduction in MYCN expression in 

SHEP-PLXI-MYCN cells indicated that the MYCN-induced upregulation of FANCD2 

was reversible (Figure 3.7). To confirm this reversibility in regulation, SHEP-PLXI-

MYCN cells were treated with doxycycline to induce a MYCN ON state for 72 hours 

before the doxycycline was removed to re-induce a MYCN OFF state for a further 72 

hours (Figure 3.9A). Consistent FANCD2 upregulation was again observed during the 

72 hour MYCN ON state (Figure 3.9A-B). Removal of doxycycline induced a MYCN ON 

to OFF transition within 24 hours. However, FANCD2 upregulation continued for a 

further 48 hours in the MYCN OFF state before FANCD2 expression reduced back to 

initial baseline levels by 72 hours. This confirms that the MYCN-dependent upregulation 

of FANCD2 is reversable but suggests a delayed reversibility occurs, perhaps reflective 

of protein turnover time.  
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The reversibility of MYCN-induced FANCD2 differential expression was further 

analysed in SHEP-Tet21N cells by reversal of the tet-OFF system. SHEP-Tet21N cells 

were pre-treated with tetracycline for 48 hours to inhibit MYCN expression, and were 

then washed and released into tet-free media for up to 7 days in order to restore MYCN 

levels. In contrast to previous studies which have demonstrated reversibility of the 

SHEP-Tet21N system (Boon et al., 2001; Raetz et al., 2003), western blot analysis of 

MYCN and FANCD2 expression showed 48 hours pre-treatment with tetracycline 

Figure 3.9. MYCN-induced upregulation of FANCD2 protein levels is reversible 
in SHEP-PLXI-MYCN cells. 
SHEP-PLXI-MYCN cells were treated with 0.5 µg/ml doxycycline every 24 hours for 
72 hours to induce a MYCN ON state, then PBS washed to remove doxycycline and 
induce a MYCN OFF state for a further 72 hours. (A) MYCN and total FANCD2 protein 
levels in cell lysates harvested at each timepoint were determined by western blotting 
(n=1). (B) MYCN and total FANCD2 band intensities were quantified relative to 0 hour 
doxycycline treatment, and normalised to GAPDH band intensity.  
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induced an irreversible MYCN OFF state (Figure 3.10A). Small fluctuations in 

background MYCN expression following tetracycline removal did not correlate with 

FANCD2 expression (Figure 3.10B) (rs(10) = 0.126, p = 0.700) or FA pathway 

activation (rs(10) = -0.067, p = 0.837) (Figure 3.10C), and it should be considered that 

MYCN levels were determined from blots where exposure times were very long and 

expression levels very low, making them unreliable. 
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Figure 3.10. Treatment of SHEP-Tet21N cells with tetracycline for 48 hours 
induces an irreversible MYCN OFF state.  
SHEP-Tet21N MYCN ON cells were cultured in 1 µg/ml tetracycline to induce a 
MYCN OFF state for 48 hours. Cells were then PBS washed and cultured without 
tetracycline for 0-168 hours in an attempt to re-induce a MYCN ON state. SHEP-
Tet21N cells with 28 days or no tetracycline pre-treatment were included for 
comparison. Cells were treated with 100 µM temozolomide (TMZ) for 16 hours as a 
positive control for FA pathway activation. (A) MYCN and FANCD2 protein levels in 
cell lysates harvested at each timepoint were determined by western blotting (n=1). 
(B) Total FANCD2 (sum of L and S) and MYCN band intensities were quantified 
relative to 0 hour tetracycline removal (-TMZ) and normalised to ß-tubulin and 
GAPDH band intensities respectively. Relative total FANCD2 and MYCN protein 
level in all 48 hour tetracycline pre-treated samples are plotted. (C) For all 48 hour 
tetracycline pre-treated samples, FANCD2 L:S band intensity ratios were calculated 
and plotted against relative MYCN protein level. In (B and C) statistical significance 
of correlation between samples without TMZ treatment was determined by 
Spearman’s correlation. Rs = Spearman’s rank correlation coefficient, p = p-value. 
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In order to investigate this further, SHEP-Tet21N MYCN ON cells were pre-

treated with tetracycline to induce a MYCN OFF state for 28 days before tetracycline 

was removed for timepoints up to 7 days in an attempt to re-induce a MYCN ON state. 

MYCN and FANCD2 protein levels were analysed by western blot (Figure 3.11A). 

Again, MYCN repression could not be reversed and therefore the reversibility of 

FANCD2 downregulation in SHEP-Tet21N cells could not be determined. However, with 

the same caveat previously mentioned about reduced reliability of long exposure and 

low level blots, a significant correlation was observed between FANCD2 expression and 

fluctuations in low background MYCN expression in the MYCN OFF state (r(10) = 

0.618, p = 0.032) (Figure 3.11B). No correlation was observed between background 

MYCN levels and FA pathway activation in MYCN OFF cells (r(10) = 0.057, p = 0.861) 

(Figure 3.11C). It should be noted that after 28 days in a MYCN OFF state, the SHEP-

Tet21N cells were still cycling but at a much slower rate. This data suggests that 

transient upregulation of MYCN leads to a reversible upregulation of FANCD2 protein 

levels.  
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Figure 3.11. Treatment of SHEP-Tet21N cells with tetracycline for 28 days 
induces an irreversible MYCN OFF state.  
SHEP-Tet21N MYCN ON cells were cultured in 1 µg/ml tetracycline to induce a 
MYCN OFF state for 28 days. Cells were then PBS washed and cultured without 
tetracycline for 0-168 hours in an attempt to re-induce a MYCN ON state. SHEP-
Tet21N cells without tetracycline pre-treatment were treated with 1 µg/ml tetracycline 
for 0 and 48 hours and included for comparison of routinely used MYCN ON and 
OFF states respectively. Cells were treated with 100 µM temozolomide (TMZ) for 16 
hours as a positive control for FA pathway activation. (A) MYCN and FANCD2 
protein levels in cell lysates harvested at each timepoint were determined by 
western blotting (n=1). (B) Total FANCD2 (sum of L and S) and MYCN band 
intensities were quantified relative to 0 hour tetracycline removal (-TMZ) and 
normalised to ß-tubulin and GAPDH band intensities respectively. Relative total 
FANCD2 and MYCN protein level in all tetracycline pre-treated samples are plotted. 
(C) For all tetracycline pre-treated samples, FANCD2 L:S band intensity ratios were 
calculated and plotted against relative MYCN protein level. In (B and C) statistical 
significance of correlation between samples without TMZ treatment was determined 
by Pearson’s correlation. R = Pearson’s correlation coefficient, p = p-value. 
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3.2.1.6 Tetracycline treatment does not induce changes in FANCD2 
protein levels 

 

SHEP-1 is the parental cell line of both SHEP-Tet21N and SHEP-PLXI-MYCN 

cell lines and does not contain a tetracycline-regulated MYCN expression system. To 

confirm differential FANCD2 expression observed in SHEP-Tet21N and SHEP-PLXI-

MYCN was due to the changes in MYCN expression, rather than the effect of 

tetracycline treatment itself, FANCD2 expression and mono-ubiquitination was analysed 

in SHEP-1 cells treated with 1 ìg/ml tetracycline for up to 7 days by western blotting 

(Figure 3.12A). Although fluctuations in FANCD2 expression are observed, tetracycline 

treatment did not result in maintained changes in FANCD2 expression (Figure 3.12B). 

Similarly, only a small reduction in FANCD2 mono-ubiquitination was observed 

following 48 to 168 hours tetracycline treatment in SHEP-1 cells in comparison to the 

undetectable levels of FA pathway activation observed following inhibition of MYCN 

expression in SHEP-Tet21N cells (Figure 3.12C). This data confirms that any regulation 

of FANCD2 was due to changes in MYCN expression, rather than tetracycline 

treatment. 
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3.2.1.7 Inhibition of MYCN expression in SHEP-Tet21N cells induces 
significant differential expression of FA pathway genes at the 
transcriptional level 

 
 To determine whether the MYCN-induced FANCD2 upregulation was occurring 

at a transcriptional level, and to expand analysis of the impact of MYCN overexpression 

on FA pathway expression to a greater number of genes, the mRNA expression of a 

panel of 25 FA pathway genes was analysed in SHEP-Tet21N cells by RT-qPCR. In 

parallel to the harvesting of cell lysates for FANCD2 and MYCN protein analysis (Figure 

3.4), RNA samples were taken from SHEP-Tet21N cells following tetracycline 

treatment, over a seven day MYCN ON to OFF time-course. Following the MYCN ON to 

Figure 3.12. Tetracycline treatment does not induce a maintained 
downregulation of FANCD2 protein levels in MYCN non-amplified SHEP-1 
cells. 
SHEP-1 cells were treated with 1 µg/ml tetracycline for 0-168 hours. Cells were 
treated with 100 µM temozolomide (TMZ) for 16 hours as a positive control for FA 
pathway activation. (A) FANCD2 protein level at each indicated timepoint was 
determined by western blotting (n=1). (B) Total FANCD2 (sum of L and S) band 
intensity was quantified relative to 0 hour tetracycline treatment (-TMZ) and 
normalised to ß-tubulin band intensity. (C) FANCD2 L:S ratios were calculated 
relative to 0 hour tetracycline treatment (-TMZ). 
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OFF transition between 4-8 hours, 15 genes were downregulated and two genes were 

upregulated with a maintained log2(fold-change) greater than 0.5 (Figure 3.13; 

Appendix Table A1). Six of these genes showed significant downregulation at any point 

across the seven days: FANCD2, FANCE, BRCA2, BRCA1, FANCI, BLM (ANOVA, p < 

0.05) (Appendix Table A2). POLN was the only gene significantly upregulated across 

the time-course (F(12,26) = 9.09, p < 0.001). Differential expression of FA pathway 

genes clustered according to FA pathway role. Downregulation is observed for all genes 

involved in HRR, ICL detection, the FA core complex and the FANCD2-FANCI complex, 

whilst most TLS and NER genes were upregulated or showed no substantial differential 

expression. 
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Figure 3.13. FA pathway associated genes are differentially expressed over a 
seven day MYCN ON to OFF time-course in SHEP-Tet21N cells. 
SHEP-Tet21N MYCN ON cells were treated with 1 µg/ml tetracycline for 0-168 hours 
to induce a MYCN OFF state. MYCN ON cells were treated with 100 µM 
temozolomide (TMZ) for 16 hours as a positive control for FA pathway activation. 
Total RNA was extracted from cells at indicated timepoints and reverse transcribed 
into cDNA. The mRNA expression level of 25 FA pathway associated genes was 
analysed by qPCR using TaqMan probes. The log2(fold-change) in expression of each 
gene was calculated at each timepoint relative to 0 hour tetracycline treatment (-TMZ) 
using the 2-ΔΔCT method. Average log2(fold-change) (Average LogFC) is presented 
(n=3). Statistical significance between 0 hour tetracycline treatment (-TMZ) and all 
other treatments was determined for each gene by a one-way ANOVA and Tukey 
HSD post-hoc test using dCt values, where *p < 0.05,  **p < 0.01, ***p < 0.001. ‘P-
value’ annotation displays the highest significance level observed across all 
timepoints for each gene. ‘LFC > 0.5’ annotation identifies genes with an average 
log2(fold-change) consistently greater than 0.5. Genes are clustered by Pearson 
correlation analysis. Genes are annotated by ‘FA Pathway Role’;  Core; FA core 
complex, D2-I; FANCD2-FANCI complex, HRR; homologous recombination repair, 
ICL detection; inter-strand crosslink detection, MMR; mis-match repair, NER; 
nucleotide excision repair, TLS; translesion synthesis. ‘MYCN Status’ at each 
timepoint was determined by average MYCN protein level (n=3), analysed by western 
blotting of cell lysates prepared in parallel to RNA extraction and quantified relative to 
0 hour tetracycline treatment (-TMZ); representative western blot images are shown in 
Figure 3.5.  



167 
 

 

 In parallel with this RT-qPCR analysis, and in collaboration with Dr Anestis 

Tsakiridis’ laboratory group at the University of Sheffield and Dr. Florian Halbritter’s 

laboratory group at St. Anna Children’s Cancer Research Institute (CCRI), whole cell 

RNA-seq analysis was undertaken for SHEP-Tet21N MYCN ON and OFF cells. Raw 

read analysis was undertaken by Dr Luis Montano-Gutierrez at St. Anna CCRI to 

produce raw count data. We then used DESeq2 to study the effect of MYCN 

overexpression on the expression of all 23 FANC genes and the 32 remaining KEGG-

defined FA pathway genes. Parallel analysis of 12 DNA damage repair and 

neuroblastoma-associated genes, for many of which MYCN-induced differential 

expression has been previously observed, were used as controls for expected 

expression changes (Breit and Schwab, 1989; Slack et al., 2005; Otto et al., 2009; 

Chen et al., 2010; Cole et al., 2011; Gu et al., 2015; Ke et al., 2015; Petroni et al., 2016; 

Petroni et al., 2018; Yin et al., 2019; King et al., 2020). 19 FA pathway genes were 

significantly upregulated and one FA pathway gene was significantly downregulated in 

MYCN ON compared to OFF cells (Student’s t-test, p < 0.05; log2(fold-change) > 0.5) 

(Figure 3.14A; Appendix Table A3).  
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Figure 3.14. FA pathway associated genes are significantly differentially 
expressed between MYCN ON and MYCN OFF states in SHEP-Tet21N cells. 
(Legend overleaf).  
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As observed by RT-qPCR (Figure 3.13), differential expression of FA pathway 

genes clustered according to their FA pathway role. Predominantly, downregulation or 

no change in expression was observed for TLS and NER genes, whereas genes in all 

other FA pathway roles were primarily upregulated following MYCN expression (Figure 

3.14B; Appendix Figure A2; Appendix Tables A4-A5). For example, similarly to that 

observed by RT-qPCR, FANCD2 was significantly upregulated in MYCN ON cells, by a 

log2(fold-change) of 1.5 (t(4) = -4.6, p = 0.010) (Figure 3.15A). FANCD2 expression was 

also significantly correlated with MYCN expression in SHEP-Tet21N cells (r(4) = 0.925, 

p = 0.008) (Figure 3.15C).  The TLS gene REV3L showed no significant differential 

expression between MYCN ON and OFF states (p > 0.05) (Figure 3.15B) and no 

significant correlation with MYCN expression levels (p > 0.05) (Figure 3.15D). In 

general, most FA pathway genes were transcriptionally upregulated when MYCN was 

expressed, which is consistent with the FANCD2 protein expression changes seen 

above. This is summarised in Figure 3.16. 

 

 

Figure 3.14. FA pathway associated genes are significantly differentially 
expressed between MYCN ON and MYCN OFF states in SHEP-Tet21N cells. 
SHEP-Tet21N MYCN ON cells were treated with 1 µg/ml tetracycline for 48 hours 
to induce a MYCN OFF state. mRNA expression of 55 FA pathway associated 
genes and 12 DNA damage repair (DDR) or key neuroblastoma-associated (NB) 
genes were analysed in SHEP-Tet21N MYCN ON and MYCN OFF cells (n=3) by 
RNA-Seq. Differential expression analysis was undertaken using DESeq2. A 
regularised log2 (rlog) transformation was applied to the normalised count data, 
from which statistical significance of differential expression was determined for 
each gene by a Student’s t-test or Mann Whitney U test, depending on data 
distribution. (A) Volcano plot of FA pathway associated genes. Each dot 
represents one gene. Grey dots represent genes with no significant differential 
expression or log2(fold-change)<0.5. Red and blue dots represent significantly 
upregulated and downregulated genes respectively with a log2(fold-change)>0.5. 
(B) rlog-transformed normalised count data was used to calculate Z-scores 
independently for each gene in all samples (n=3). The average Z-score in MYCN 
ON and MYCN OFF cells is presented. Genes are clustered by k-means 
analysis. ‘P-value’ annotation displays statistical significance of differential 
expression. ‘LFC’ indicates which genes show a log2(fold-change)>0.5. Genes 
are annotated by ‘FA Pathway Role’; Core; FA core complex, D2-I; FANCD2-
FANCI complex, HRR; homologous recombination repair, ICL detection; inter-
strand crosslink detection, MMR; mis-match repair, NER; nucleotide excision 
repair, TLS; translesion synthesis.  
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(rlog(counts)) 

Figure 3.15. RNA-Seq shows FANCD2 is significantly upregulated and 
REV3L is not differentially expressed in MYCN ON compared to MYCN OFF 
SHEP-Tet21N cells.  
SHEP-Tet21N MYCN ON cells were treated with 1 µg/ml tetracycline for 48 hours 
to induce a MYCN OFF state. mRNA expression of FANCD2 and REV3L was 
analysed in SHEP-Tet21N MYCN ON and MYCN OFF cells using RNA-Seq and 
DESeq2 (n=3). Boxplots display regularised log2 (rlog) transformed normalised 
count data of (A) FANCD2 and (B) REV3L in MYCN ON and OFF states. 
Statistical significance in (A) and (B) was determined by Student’s t-test where 
n.s. = non-significant, *p<0.05, **p<0.01, ***p<0.001. rlog-transformed normalised 
count data of MYCN was plotted against that of (C) FANCD2 and (D) REV3L for 
each repeat. Points are coloured according to MYCN status. Statistical 
significance in (C) and (D) was determined by Pearson’s correlation; R = 
Pearson’s correlation coefficient, p = p-value. 
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 As well as looking specifically at FA pathways genes, the whole RNA-seq data 

set was analysed. Genes with the greatest differential expression between MYCN ON 

and OFF cells were identified (Appendix Figure A3; Appendix Tables A6-A7), and the 

Figure 3.16. MYCN-induced differential expression of FA pathway genes 
clusters according to FA pathway role. 
Summary of the differential expression of all 58 FA pathway genes observed in 
MYCN ON compared to MYCN OFF SHEP-Tet21N cells by RNA-seq, as 
displayed in Figure 3.14. Green outline/dot represents genes that are significantly 
upregulated (p < 0.05) in MYCN ON compared to OFF cells with a log2(fold-
change) > 0.5. Red outline/dot represents genes that are significantly 
downregulated (p < 0.05) in MYCN ON compared to OFF cells with a log2(fold-
change) < -0.5. Differential expression analysis was undertaken using DESeq2. 
Statistical significance of differential expression was determined for each gene by 
a Student’s t-test or Mann Whitney U test, depending on data distribution. 
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top 10 most enriched gene ontologies and KEGG pathways in the set of significantly 

upregulated and downregulated genes were determined. Although DNA repair was not 

one of the top 10 significantly enriched gene ontologies (Appendix Figure A4; Appendix 

Table A8), KEGG pathway enrichment analysis identified the FA pathway to be the 

eighth most enriched pathway in the set of significantly upregulated genes in MYCN ON 

cells (Figure 3.17; Appendix Table A9). 

 

 

 

 

 

 

Figure 3.17. The FA pathway is one of the top 10 most enriched KEGG 
pathways in all significantly upregulated genes in MYCN ON compared to 
MYCN OFF SHEP-Tet21N cells. 
SHEP-Tet21N MYCN ON cells were treated with 1 µg/ml tetracycline for 48 hours 
to induce a MYCN OFF state. Global mRNA expression was analysed in SHEP-
Tet21N MYCN ON and MYCN OFF cells by RNA-Seq (n=3). Log2(fold-change) 
and significance of differential expression between MYCN ON and MYCN OFF 
cells was analysed using DESeq2. Significantly enriched KEGG pathways in the 
set of significantly upregulated (p < 0.05, log2(fold-change) > 0.5) and 
downregulated (p < 0.05, log2(fold-change) < -0.5) genes was determined. Top 
10 most enriched KEGG pathways in upregulated and downregulated genes are 
presented. Gene ratio represents the fraction of genes within each KEGG 
pathway that is significantly differentially expressed. Points coloured by 
significance of enrichment (p.adjust) and sized according to number of genes 
significantly differentially expressed (count).  
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3.2.2 FA pathway expression inconsistently correlates with MYCN 
expression and amplification status across neuroblastoma cell lines 

 

3.2.2.1 FANCD2 protein expression correlates with MYCN protein 
expression across neuroblastoma cell lines 

 

It has been previously demonstrated that MYCN amplification status does not 

always correlate with MYCN expression (Bordow et al., 1998). To determine whether 

the MYCN-induced FANCD2 upregulation observed in isogenic tet-regulated models is 

representative of the effects of MYCN amplification, protein expression of FANCD2, 

MYCN and MYCC was analysed across a panel of neuroblastoma cell lines by western 

blot (Figure 3.18A). Total FANCD2 expression significantly correlated with MYCN 

expression across MNA (IMR32, Kelly), non-MNA (SHEP-1), and MYCN-inducible 

(SHEP-Tet21N, SHEP-PLXI-MYCN) cell lines (excluding SH-SY5Y as an outlier) (rs(5) 

= 0.955, p < 0.001) (Figure 3.18B). MYCN expression also non-significantly correlated 

with FA pathway activation (again, excluding SH-SY5Y as an outlier) (rs(5) = 0.613, p > 

0.05) (Figure 3.18C). Higher MYCC expression is often observed in non-MNA 

neuroblastoma cell lines and tumours (Breit and Schwab, 1989; Westermann et al., 

2008). Similarly, we observed higher MYCC protein levels in non-MNA and MYCN OFF 

cells (Figure 3.18A). SH-SY5Y displayed high FANCD2 expression and FA pathway 

activation, despite its lack of MYCN expression (Figure 3.18B-C). This could be partially 

accounted for by its relatively high MYCC expression. 
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Figure 3.18. FANCD2 expression correlates with MYCN expression across 
neuroblastoma cell lines.  
Cell lysates were harvested from a panel of MYCN amplified (IMR32, Kelly), MYCN 
non-amplified (SHEP-1, SH-SY5Y) and MYCN inducible (SHEP-Tet21N, SHEP-
PLXI-MYCN) neuroblastoma cell lines. A MYCN OFF state was induced in SHEP-
Tet21N cells by 48 hours treatment with 1 µg/ml tetracycline. A MYCN ON state was 
induced in SHEP-PLXI-MYCN cells by 48 hours treatment with 0.5 µg/ml 
doxycycline. (A) FANCD2, MYCN and MYCC protein levels were determined by 
western blotting (n=1). (B) Total FANCD2 (sum of L and S) and MYCN band 
intensities were quantified relative to SHEP-Tet21N MYCN ON and normalised to ß-
tubulin and GAPDH band intensities respectively. (C) FANCD2 L:S ratios were 
calculated relative to SHEP-Tet21N MYCN ON and plotted against MYCN protein 
level. For (B) and (C), cell lines are coloured according to MYCN status. Statistical 
significance of correlation (excluding SH-SY5Y as an outlier as circled in plot) was 
determined by Spearman’s correlation. Rs = Spearman’s rank correlation coefficient, 
p = p-value. 
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To validate the correlation in expression between MYCN and FANCD2, FANCD2 

expression was analysed in MNA IMR32 cells by western blotting following siRNA-

mediated MYCN depletion (Figure 3.19A). 24 and 48 hours following double 

transfection with a pool of MYCN-targeted siRNAs, the average MYCN protein level 

was significantly reduced to 35% (t(4) = 7.25, p = 0.002) and 41% (t(4) = 3.17, p = 

0.034) of that in the scrambled siRNA control respectively (Figure 3.19B). However, 

there were no significant changes in the FANCD2 protein level or FA pathway activation 

level following MYCN depletion (Student’s t-test, p > 0.05) (Figure 3.19B-C). This could 

be because there was residual MYCN expression after depletion, and therefore the 

depletion was unable to reduce MYCN levels to below the threshold required to induce 

changes in FANCD2 expression. 
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Figure 3.19. MYCN depletion by siRNA in IMR32 cells does not affect FANCD2 
expression or FA pathway activation. 
MYCN amplified IMR32 cells were non-transfected or doubly transfected with 
lipofectamine alone, a pool of scrambled siRNAs, or a pool of MYCN siRNAs. (A) 
Cell lysates were harvested 24 and 48 hours following the second transfection and 
FANCD2 and MYCN protein levels were determined by western blotting (n=3). A 
shorter exposure of MYCN is shown to better represent MYCN depletion. (B) Total 
FANCD2 (sum of L and S) and MYCN band intensities in the MYCN siRNA 
transfected sample were quantified relative to that in the scrambled siRNA 
transfected sample. Total FANCD2 and MYCN band intensities were normalised to 
ß-tubulin and GAPDH band intensities respectively. (C) FANCD2 L:S ratios in the 
MYCN siRNA transfected sample were calculated relative to that in the scrambled 
siRNA transfected sample. For (B) and (C), statistical significance of the difference 
in protein level in MYCN siRNA transfected samples compared to scrambled siRNA 
transfected samples was determined by Student’s t-test at each timepoint where n.s. 
= non-significant, *p<0.05, **p<0.01, ***p<0.001.  
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3.2.2.2 FA pathway differential expression between MYCN-amplified 
and MYCN non-amplified neuroblastoma cell lines is not consistently 
observed at an mRNA level 

 

 The impact of MYCN amplification on the expression of a wider array of FA 

pathway associated genes was determined by RT-qPCR and RNA-Seq. Using RT-

qPCR, the mRNA expression of a panel of 25 FA pathway genes, previously analysed 

in SHEP-Tet21N cells, was analysed in two MNA (IMR32, Kelly) and two non-MNA 

(SHEP-1, SH-SY5Y) cell lines (Figure 3.20; Appendix Table A10). In comparison to 

non-MNA SHEP-1 cells, 13 FA pathway genes were upregulated with a log2(fold-

change) greater than 0.5 in both Kelly and IMR32 MNA cell lines. Of these, 12 genes 

showed significant upregulation in both cell lines: FANCM, RPA1, PALB2, FANCD2, 

FANCL, FANCA, BLM, BRCA1, RAD51, FANCB, FANCC, FANCI (ANOVA, p < 0.05) 

(Appendix Table A11). Significant FANCD2 upregulation in MNA cells was therefore 

confirmed at the transcriptional level, with a log2(fold-change) of 1.5 in both MNA cell 

lines (F(3,8) = 102.64, p < 0.001). Seven genes showed downregulation or no 

substantial change in expression in both MNA cell lines. Of these, only one gene was 

significantly downregulated with a log2(fold-change) greater than 0.5 in both cell lines: 

MUS81 (F(3,8) = 77.77, p < 0.001).  

As seen previously with MYCN overexpression in SHEP-Tet21N cells (Figures 

3.13, 3.14), MYCN amplification-associated changes in FA pathway expression 

clustered according to FA pathway roles. All genes upregulated in both MNA cell lines 

are involved in the FA core complex, FANCD2-FANCI complex, HRR or ICL detection 

(Figure 3.20). All genes which were downregulated or showed no substantial change in 

expression in both MNA cells lines are involved in TLS and NER. Similarly to both MNA 

cell lines, 18 FA pathway genes were significantly upregulated in non-MNA SH-SY5Y 

cells compared to SHEP-1 cells (ANOVA, p < 0.05; log2(fold-change) > 0.5) and 7 

genes showed no significant change in expression, all of which have roles in TLS and 

NER. However, no substantial downregulation of TLS or NER genes was observed as 

in the MNA cell lines.  
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Figure 3.20. FA pathway associated genes are differentially expressed across 
MYCN amplified and MYCN non-amplified neuroblastoma cell lines. 
Total RNA was extracted from MYCN amplified (Kelly, IMR32) and MYCN non-
amplified (SHEP-1, SH-SY5Y) neuroblastoma cell lines and reverse transcribed into 
cDNA. The mRNA expression level of 25 FA pathway associated genes was 
analysed in each cell line by qPCR using TaqMan probes. The log2(fold-change) in 
expression of each gene was calculated for each cell line using the 2-ΔΔCT method 
relative to average SHEP-1 dCt values. Average log2(fold-change) in expression in 
SH-SY5Y, IMR32 and Kelly relative to SHEP-1 is presented (n=3). Statistical 
significance of expression differences between SHEP-1 and all other cell lines was 
determined for each gene by a one-way ANOVA and Tukey HSD post-hoc test using 
dCt values, where *p < 0.05,  **p < 0.01, ***p < 0.001. ‘LFC > 0.5’ annotation 
identifies genes with an average log2(fold-change) greater than 0.5 in at least one 
cell line. Cell lines are annotated by MYCN amplification status. Genes and cell lines 
are clustered by Pearson correlation analysis. Genes are annotated by ‘FA Pathway 
Role’; Core; FA core complex, D2-I; FANCD2-FANCI complex, HRR; homologous 
recombination repair, ICL detection; inter-strand crosslink detection, MMR; mis-
match repair, NER; nucleotide excision repair, TLS; translesion synthesis. 
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 Using the GSE89413 RNA-Seq dataset and DESeq2, the effect of MYCN 

amplification on the mRNA expression of all 58 FA pathway associated genes and 13 

key DDR and neuroblastoma-associated genes was analysed across 39 neuroblastoma 

cell lines. Only three FA pathway genes were significantly upregulated with a log2(fold-

change) greater than 0.5 in MNA compared to non-MNA cell lines; XRCC2 (t(37) = 3.37, 

p = 0.002), BRCA1 (W = 260, p = 0.002) and FANCA (t(37) = 2.24, p = 0.031) (Figure 

3.21A; Appendix Table A12). SLX1B was the only FA pathway gene significantly 

downregulated in MNA cell lines (t(37) = -2.52, p = 0.016; log2(fold-change) > 0.5). 

Differential expression of FA pathway genes did not cluster according to FA pathway 

role as previously observed (Figure 3.21B; Appendix Table A13). In contrast to previous 

results, expression of both FANCD2 and REV3L was not significantly different between 

MYCN amplification subgroups (Student’s t-test, p > 0.05; log2(fold-change) < 0.5) 

(Figure 3.22A-B) and did not significantly correlate with MYCN expression across cell 

lines (Pearson’s correlation, p > 0.05) (Figure 3.22C-D). DESeq2 was also used to 

analyse the effect of other common neuroblastoma aberrations, such as 1p36 deletion, 

3p26 deletion, 11q23 deletion, 17q gain and ALK mutation, on FA pathway expression 

across the 39 neuroblastoma cell lines. No significant differential FA pathway 

expression was observed between cell lines with and without these aberrations 

(Appendix Table A14-A15; Appendix Figure A5). 
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Figure 3.21. FA pathway genes show limited differential expression between 
neuroblastoma cell lines with different MYCN amplification statuses.  
(Legend overleaf).   
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Figure 3.21. FA pathway genes show limited differential expression between 
neuroblastoma cell lines with different MYCN amplification statuses.  
mRNA expression of 58 FA pathway associated genes and 13 DNA damage repair 
(DDR) or key neuroblastoma-associated (NB) genes was analysed in 39 
neuroblastoma cell lines using the GSE89413 RNA-Seq dataset (n=1). Differential 
expression between MYCN amplified and MYCN non-amplified cell lines was 
analysed using DESeq2. A regularised log2 (rlog) transformation was applied to the 
normalised count data, from which statistical significance of differential expression 
was determined for each gene by a Student’s t-test, Welch t-test or Mann Whitney 
U test, depending on data distribution. (A) Volcano plot of FA pathway associated 
genes. Each dot represents one gene. Grey dots represent genes with no 
significant differential expression or log2(fold-change)<0.5. Red and blue dots 
represent significantly upregulated and downregulated genes respectively with a 
log2(fold-change)>0.5. (B) rlog-transformed normalised count data was used to 
calculate Z-scores independently for each gene across all 39 cell lines. The 
average Z-score in MYCN amplified and MYCN non-amplified subgroups is 
presented. Genes are clustered by k-means analysis. ‘P-value’ annotation displays 
the statistical significance of differential expression. ‘LFC’ indicates which genes 
show a log2(fold-change)>0.5. Genes are annotated by ‘FA pathway role’: Core; FA 
core complex, D2-I; FANCD2-FANCI complex, HRR; homologous recombination 
repair, ICL detection; inter-strand crosslink detection, MMR; mis-match repair, NER; 
nucleotide excision repair, TLS; translesion synthesis.   



182 
 

 

 

 

 

(rlog(counts)) (rlog(counts)) 

(rl
og

(c
ou

nt
s)
) 

(rl
og

(c
ou

nt
s)
) 

(rl
og

(c
ou

nt
s)
) 

(rl
og

(c
ou

nt
s)
) 

Figure 3.22. RNA-Seq shows FANCD2 and REV3L are not significantly 
differentially expressed between MYCN amplified and MYCN non-amplified 
neuroblastoma cell lines.  
mRNA expression of FANCD2 and REV3L was analysed in 39 neuroblastoma 
cell lines using the GSE89413 RNA-Seq dataset (n=1) and DESeq2. Boxplots 
display regularised log2 (rlog) transformed normalised count data of (A) FANCD2 
and (B) REV3L in MYCN amplified and MYCN non-amplified cell lines. Statistical 
significance in (A) and (B) was determined by Student’s t-test where n.s. = non-
significant, *p<0.05, **p<0.01, ***p<0.001. Cell lines used previously in RT-qPCR 
analysis of FA pathway gene expression (Figure 3.19) are indicated by colour. 
rlog-transformed normalised count data of MYCN was plotted against that of (C) 
FANCD2 and (D) REV3L for each cell line. Points are coloured by MYCN status. 
Statistical significance in (C) and (D) was determined by Pearson’s correlation; R 
= Pearson’s correlation coefficient, p = p-value. Cell lines used previously in RT-
qPCR analysis of FA pathway gene expression (Figure 3.19) are indicated by 
point shape. 
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 Global analysis of top differentially expressed genes between MNA and non-

MNA cells was undertaken (Appendix Figure A6; Appendix Tables A16-A17), and the 

top 10 enriched gene ontology terms and KEGG pathways in the set of significantly 

differentially expressed genes was determined. DNA repair was not within the top 10 

enriched ontology terms, however multiple RNAPII regulatory DNA binding ontologies 

were within the top 10 upregulated terms (Appendix Figure A7; Appendix Table A18), 

highlighting the previously observed transcriptional addiction in MNA cells (Bradner et 

al., 2017; Decaesteker et al., 2018; Durbin et al., 2018). The only KEGG pathway term 

significantly enriched in the upregulated genes was ‘Ribosome’ (Appendix Figure A8; 

Appendix Table A19).  

This expression data across the 39 neuroblastoma cell lines does not support the 

findings of differential expression at the transcriptional and protein level observed in 

MYCN-inducible cell lines and across a smaller panel of neuroblastoma cell lines. 

 

3.2.3 FA pathway associated genes are predominantly upregulated in 
MYCN-amplified compared to MYCN non-amplified neuroblastoma tumours 

 

 In comparison to MYCN-inducible cell lines, there was a lack of significant 

differential expression of FA pathway genes upon MYCN amplification across a broad 

panel of neuroblastoma cell lines. Previous studies have suggested the detrimental 

effects of MYCN amplification are better correlated with the extent of MYCN protein 

overexpression (Valentijn et al., 2012). In addition, the impact of MYCN amplification 

may be masked by the effect of other genetic differences between cell lines. To 

determine the effect of MYCN amplification on FA pathway expression in 

neuroblastoma tumours, the mRNA expression of 58 FA pathway associated genes and 

13 key DDR and neuroblastoma-associated genes was analysed across 493 

neuroblastoma tumours using the GSE62564 RNA-Seq data set and the R2: Genomics 

Analysis and Visualisation Platform (http://r2.amc.nl). 37 FA pathway genes were 

significantly upregulated in MNA compared to non-MNA tumours (Student’s t-test, p < 

0.05), of which 16 genes had a log2(fold-change) greater than 0.5 (Figure 3.23A; 

Appendix Table A20). 14 FA pathway genes were significantly downregulated in MNA 

neuroblastoma (Student’s t-test, p < 0.05), of which four were downregulated by a 

log2(fold-change) greater than 0.5. Notably, seven of these 14 genes were TLS or NER 

genes (Figure 3.23B; Appendix Table A21). MNA-associated FA pathway differential 

expression in tumours therefore correlated with FA pathway role, with predominant 
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upregulation of FA pathway activation, FA core complex, FANCD2-FANCI complex, 

HRR and ICL detection genes, but downregulation of most TLS genes observed. For 

example, whilst FANCD2 was significantly upregulated by a log2(fold-change) of 0.97 in 

MNA tumours (t(491) = 10.19, p < 0.001) (Figure 3.24A), the TLS gene REV3L was 

significantly downregulated by a log2(fold-change) of -0.63 (t(491) = -11.51, p < 0.001) 

(Figure 3.24B).  

To validate that the differential expression observed between MYCN 

amplification status subgroups was due to differences in MYCN expression, the 

correlation between expression of each FA pathway gene and MYCN was determined. 

Expression of all genes that were significantly upregulated or downregulated in MNA 

tumours (LFC>0.5, p<0.05), also significantly correlated with expression of MYCN 

across all tumours (p < 0.05) (Appendix Table A20). For example, expression of 

FANCD2 (r(491) = 0.448, p < 0.001) (Figure 3.24C) and REV3L (r(491) = -0.355, p < 

0.001) (Figure 3.24D) was significantly positively and negatively correlated with MYCN 

expression respectively. 
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Figure 3.23. FA pathway associated genes are significantly differentially 
expressed between MYCN amplified and MYCN non-amplified 
neuroblastoma tumours. (Legend overleaf). 
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Figure 3.23. FA pathway associated genes are significantly differentially 
expressed between MYCN amplified and MYCN non-amplified 
neuroblastoma tumours. 
mRNA expression of 58 FA pathway associated genes and 13 DNA damage 
repair (DDR) or key neuroblastoma-associated (NB) genes was analysed in 493 
neuroblastoma tumours using the GSE62564 RNA-Seq data set and the R2: 
Genomics Analysis and Visualisation Platform. The log2(fold-change) in 
expression between MYCN amplified and MYCN non-amplified tumours was 
calculated using log2(RPM+1) expression data. Statistical significance of 
differential expression was determined for each gene by a Student’s t-test. (A) 
Volcano plot of FA pathway associated genes. Each dot represents one gene. 
Grey dots represent genes with no significant differential expression or log2(fold-
change)<0.5. Red and blue dots represent significantly upregulated and 
downregulated genes respectively with a log2(fold-change)>0.5. (B) Log2(RPM+1) 
expression data was used to calculate Z-scores independently for each gene in 
all tumours. The average Z-score in MYCN amplified and MYCN non-amplified 
subgroups is presented. ‘P-value’ annotation displays the statistical significance 
of differential expression. ‘LFC’ indicates which genes show a log2(fold-
change)>0.5. Genes are annotated by ‘FA pathway role’: Core; FA core complex, 
D2-I; FANCD2-FANCI complex, HRR; homologous recombination repair, ICL 
detection; inter-strand crosslink detection, MMR; mis-match repair, NER; 
nucleotide excision repair, TLS; translesion synthesis.   
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In agreement with findings from Durbin et al., (2018) which suggest the MNA-

induced gene signature is better correlated with high risk than MNA itself, presence of 

the MNA-associated FA pathway gene signature in non-MNA tumours is frequently 

associated with high risk, advanced stage and disease progression (Appendix Figure 

A9; Appendix Table A22). Similarly, expression levels of 14 of the 20 significantly 
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Figure 3.24. RNA-Seq shows FANCD2 is significantly upregulated, and 
REV3L is significantly downregulated, in MYCN amplified compared to 
MYCN non-amplified neuroblastoma tumours.  
mRNA expression of FANCD2 and REV3L was analysed in 493 neuroblastoma 
tumours using the GSE62564 RNA-Seq data set and the R2: Genomics Analysis 
and Visualisation Platform. Boxplots display log2(RPM+1) count data of (A) 
FANCD2 and (B) REV3L in MYCN amplified and MYCN non-amplified tumours. 
Statistical significance in (A) and (B) was determined by Student’s t-test where 
*p<0.05, **p<0.01, ***p<0.001. Log2(RPM+1) count data of MYCN was plotted 
against that of (C) FANCD2 and (D) REV3L for each tumour. Points are coloured 
by MYCN status. Statistical significance in (C) and (D) was determined by 
Pearson’s correlation; R = Pearson’s correlation coefficient, p = p-value. 
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differentially expressed FA pathway genes (p < 0.05, log2(fold-change) > 0.5) can 

significantly stratify neuroblastoma overall survival in the non-MNA patient subgroup 

specifically (Appendix Figure A10). Expression levels of 19 of the 20 significantly 

differentially expressed FA pathway genes can significantly stratify neuroblastoma 

overall survival across all patients (Appendix Figure A11). High expression of genes 

which were significantly upregulated in MNA tumours such as FANCD2 (Figure 3.25A-

B), and low expression of genes which were significantly downregulated in MNA 

tumours such as REV3L (Figure 3.25D-E), was associated with a significant reduction 

in overall survival (p < 0.05). However, these significant associations between FA 

pathway gene expression and survival were not observed within the MNA subgroup of 

patients alone (Figure 3.25C,F). 

Therefore, in contrast to the expression data across the large panel of 39 

neuroblastoma cell lines, expression data from neuroblastoma tumours does correlate 

with the findings from MYCN-inducible cell lines and supports the idea that MYCN and 

FANCD2 expression is correlated in neuroblastoma.  
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Figure 3.25. High FANCD2 expression and low REV3L expression is 
associated with a significant reduction in overall survival. 
mRNA expression of FANCD2 and REV3L in neuroblastoma tumours and overall 
survival was analysed in 493 patients using the GSE62564 RNA-Seq data set 
and the R2: Genomics Analysis and Visualisation Platform. Patients were 
grouped according to tumour MYCN amplification status. Kaplan-Meier curves 
are presented demonstrating overall survival for patients with high or low 
expression of (A-C) FANCD2 or (D-F) REV3L. High and low expression threshold 
of each gene was determined by ‘scan modus’ in R2: Genomics. Statistical 
significance of difference in overall survival determined by a log-rank test and 
Bonferroni correction; p-value annotated by ‘bonf p’, where n.s. = no significance, 
*p<0.05, **p<0.01, ***p<0.001. 
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3.2.4 Most FA pathway genes are direct transcriptional targets of MYCN. 
 

 MYCN may regulate FA pathway expression directly, through promoter binding, 

or indirectly through enhancer binding, activation of intermediate genes, or by promoting 

chromatin remodelling. To determine whether FA pathway genes are direct 

transcriptional targets of MYCN, MYCN binding at FA pathway gene promoters was 

analysed by ChIP techniques. Following identification of a canonical MYCN E-box 

within the FANCD2 promoter, ChIP-PCR was used initially to determine whether 

FANCD2 was a direct transcriptional target of MYCN in SHEP-Tet21N MYCN ON and 

MYCN OFF cells and MNA IMR32 cells. PCR amplification of the MYCN E-box within 

the FANCD2 promoter, as well as the positive control MYCN target gene APEX1 and 

house-keeping gene RPL30, was undertaken using DNA fragments that were 

immunoprecipitated by anti-MYCN, anti-IgG (negative control IP) and anti-H3 (positive 

control IP) antibodies (Figure 3.26A). Relative to the IgG negative control, MYCN 

binding at the FANCD2 E-box is enriched by approximately 2.5-fold in SHEP-Tet21N 

MYCN ON cells and 1.5-fold in IMR32 MNA cells but is not enriched in SHEP-Tet21N 

MYCN OFF cells (Figure 3.26B). A similar trend of MYCN binding is observed at the 

APEX1 positive control MYCN binding site. Analysis of the RPL30 house-keeping gene 

acted as a positive control gene for the anti-H3 positive control IP, as it is known histone 

H3 is bound at this RPL30 locus. 
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 Using the GSE80151 ChIP-Seq dataset (Zeid et al., 2018), MYCN binding was 

analysed at the promoters of all 58 FA pathway genes, 13 key DDR and 

neuroblastoma-associated genes and 3 control genes in MYCN-inducible SHEP-PLXI-

MYCN and SHEP-Tet21N cell lines and MNA cell lines SK-N-BE(2)-C, NGP and KELLY 

(Figure 3.27; Appendix Table A23). Across all cell lines, MYCN was bound at the 

Figure 3.26. MYCN binds at canonical MYCN E-box in FANCD2 promoter in 
IMR32 and SHEP-Tet21N MYCN ON cells.  
(A) ChIP-PCR detection of canonical MYCN E-box in FANCD2 promoter, APEX1 
MYCN binding site (MYCN target positive control) and RPL30 (house keeping 
gene, H3 ChIP positive control). PCR amplification was undertaken with DNA 
fragments from SHEP-Tet21N MYCN ON, SHEP-Tet21N MYCN OFF and IMR32 
cells, that were immunoprecipitated by anti-MYCN (IP), anti-IgG (mock IP), anti-
H3 (positive control IP) antibodies or with diluted total DNA fragments (2% Input). 
MYCN bands are indicated by white arrows. ‘L’ indicates 2-Log Ladder (NEB). (-) 
indicates no template DNA negative PCR control. (n=1) (B) PCR product band 
intensity following MYCN ChIP was determined and normalised to IgG ChIP band 
intensity for each cell line (n=1). 
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promoter of 51 of 58 FA pathway genes, suggesting direct regulation either through 

DNA binding or protein-protein interactions within a complex.  

Zeid et al., (2018) found MYCN binds promoters and enhancers in an affinity 

dependent manner. High affinity binding sites at the promoters of MYCN target genes 

are bound at physiological MYCN levels, whilst low affinity MYCN binding sites in 

promoters and enhancers are flooded at oncogenic MYCN levels to induce global 

upregulation of all active genes (Zeid et al., 2018). Whilst most FA pathway genes are 

directly regulated at oncogenic levels, the MYCN affinity of FA gene promoters vary, as 

indicated by variation in the number of MYCN-bound FA gene promoters between cell 

lines with different MYCN expression levels. High MYCN affinity is indicated by MYCN 

binding at low MYCN expression levels, suggesting HES1, RMI1, PMS2, REV3L 

SLX1A, SLX1B, EME1, FANCC and RPA3 promoters have the highest affinity for 

MYCN binding. On average across all cell lines, the HES1 promoter had the greatest 

MYCN binding affinity. This is in agreement with SHEP-Tet21N and tumour RNA-Seq 

data which indicated HES1 was consistently one of the most significantly 

downregulated FA pathway genes (Figures 3.14A, 3.22A). Zeid et al., (2018) found 

genes which are regulated predominantly by low-affinity MYCN binding were the most 

sensitive to perturbations in MYCN expression. This suggests genes such as MAD2L2, 

BRCA1, FANCB, FANCM, BRIP1, UBE2T and FANCD2, which are only bound during 

higher MYCN expression, would be most sensitive to changes in MYCN expression 

(Figure 3.27). This is supported by the high fold change in expression often observed 

for these genes between high and low MYCN levels (Figures 3.14A, 3.22A).  
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Figure 3.27. MYCN binds at multiple FA pathway gene promoters in 
neuroblastoma cells. (Legend overleaf). 
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In both MYCN-inducible cell lines, the number of MYCN-bound FA pathway 

genes is reduced with decreasing levels of MYCN. However, the timing of MYCN 

binding is also indicative of MYCN affinity. In SHEP-Tet21N cells with constitutive 

MYCN expression, 47 FA gene promoters are bound by MYCN. After induction of 

MYCN expression for 6 hours in SHEP-PLXI-MYCN cells, MYCN is bound to only 9 FA 

gene promoters which have similar high MYCN affinity to the positive control gene 

APEX1.  

Overall analysis of promoter binding by MYCN supports direct transcriptional 

regulation of FANCD2 and other FA genes consistent with previous findings of 

correlated expression. However, direct MYCN promoter binding does not occur at all 

genes which are significantly differentially expressed between MYCN high and low 

expression states such as FAAP20, RFWD3 and UHRF1 (Figure 3.23A), suggesting 

other indirect mechanisms also regulate FA gene expression. 

Gene ontology and KEGG pathway enrichment analysis was also undertaken for 

all genes with MYCN-bound promoters. In SHEP-Tet21N MYCN ON cells, ‘cellular 

response to DNA damage stimulus’ was within the top 10 enriched GO terms (Figure 

3.28; Appendix Figure A12; Appendix Table A24). In all three MNA cell lines, ‘DNA 

replication’ was within the top 10 enriched KEGG pathways (Figure 3.29; Appendix 

Table A25). Analysis of genes which were bound by MYCN in all MYCN ON and MNA 

cell lines showed ‘Base excision repair’ was one of the top 10 enriched KEGG pathways 

(Figure 3.29; Appendix Table A25).  

 

Figure 3.27. MYCN binds at multiple FA pathway gene promoters in 
neuroblastoma cells. 
Using the GSE80151 ChIP-Seq dataset, MYCN binding at the promoters of 58 
FA pathway associated genes, 13 DNA damage repair (DDR) or key 
neuroblastoma-associated (NB) genes and 3 control genes was analysed in 
MYCN-inducible SHEP-PLXI-MYCN tet-ON and SHEP-Tet21N tet-OFF cell lines 
and MYCN amplified cell lines SK-N-BE(2)-C, NGP and KELLY. SHEP-PLXI-
MYCN and SHEP-Tet21N cells were treated with doxycycline for indicated 
timepoints to induce induction and inhibition of MYCN expression respectively. 
MYCN status of cells is indicated. The sum of the input-normalised signal values 
of all promoter MYCN peaks was calculated for each gene. APEX1; MYCN target 
positive control, RPL30; house keeping gene; NDUFA3; MYCN target negative 
control. Genes are annotated by ‘FA pathway role’: Core; FA core complex, D2-I; 
FANCD2-FANCI complex, HRR; homologous recombination repair, ICL 
detection; inter-strand crosslink detection, MMR; mis-match repair, NER; 
nucleotide excision repair, TLS; translesion synthesis. 
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Figure 3.28. ‘Cellular response to DNA repair’ is one of the top 10 enriched 
gene ontology terms for MYCN-bound genes in SHEP-Tet21N MYCN ON 
cells. 
MYCN ChIP-Seq read data was downloaded from the GSE80151 dataset, and 
peaks were mapped and quantified using bowtie2 and MACS2. Peaks within 
gene promoters were annotated, and significantly enriched gene ontologies in the 
set of MYCN-bound genes was determined by ChIPpeakAnno. MYCN binding in 
SHEP-Tet21N MYCN ON, SHEP-PLXI-MYCN ON, SK-N-BE(2)-C, KELLY and 
NGP neuroblastoma cell lines was analysed. Gene ontology enrichment was 
similarly analysed for genes which were bound by MYCN in all MYCN ON and 
MYCN amplified cell lines analysed (overlapping). Top 10 most enriched 
biological process (BP) gene ontologies in the set of MYCN-bound genes in each 
cell line are presented. Gene ratio represents the fraction of genes within each 
ontology that is bound by MYCN. Points coloured by significance of enrichment 
(p.adjust) and sized according to number of genes bound by MYCN (count). 
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Figure 3.29. ‘Base excision repair’ is one of the top 10 enriched KEGG 
pathways in MYCN-bound genes across a panel of neuroblastoma cell 
lines.  
MYCN ChIP-Seq read data was downloaded from the GSE80151 dataset, and 
peaks were mapped and quantified using bowtie2 and MACS2. Peaks within 
gene promoters were annotated, and significantly enriched KEGG pathways in 
the set of MYCN-bound genes was determined by ChIPpeakAnno. MYCN 
binding in SHEP-Tet21N MYCN ON, SHEP-PLXI-MYCN ON, SK-N-BE(2)-C, 
KELLY and NGP neuroblastoma cell lines was analysed. KEGG pathway 
enrichment was similarly analysed for genes which were bound by MYCN in all 
MYCN ON and MYCN amplified cell lines analysed (overlapping). Top 10 most 
enriched KEGG pathways in the set of MYCN-bound genes in each cell line are 
presented. Gene ratio represents the fraction of genes within each KEGG 
pathway that is bound by MYCN. Points coloured by significance of enrichment 
(p.adjust) and sized according to number of genes bound by MYCN (count).  
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3.3 Discussion: 
 

MYCN overexpression induces higher levels of DNA damage and replication 

stress, resulting in a therapeutically exploitable dependence on DNA repair and 

replication stress limiting pathways (Cole et al., 2011; Gu et al., 2014; Gu et al., 2015; 

Colicchia et al., 2017; Petroni et al., 2018; King et al., 2020; King et al., 2021; Southgate 

et al., 2020). This increased dependence is often indicated by a MYCN-induced 

transcriptional upregulation of DNA repair genes (Cole et al., 2011; Valentijn et al., 

2012; Chayka et al., 2015; Gu et al., 2015; Newman et al., 2015; Hallett et al., 2016; 

Petroni et al., 2016; Colicchia et al., 2017; Durbin et al., 2018; Petroni et al., 2018; 

Herold et al., 2019; King et al., 2020). The FA pathway has a vital role in maintaining 

genome stability through DNA damage repair, stalled replication fork protection, and R-

loop resolution (Schlacher et al., 2011; Kim and D’Andrea, 2012; Schlacher et al., 2012; 

Chaudhury et al., 2013; Lossaint et al., 2013; Garcia-Rubio et al., 2015; Schwab et al., 

2015; Ceccaldi et al., 2016; Lachaud et al., 2016; Zhang et al., 2017; Daza-Martin et al., 

2019; Herold et al., 2019; Liang et al., 2019a; Okamoto et al., 2019). Upregulation of FA 

pathway expression has been observed in multiple other cancer types and frequently 

correlates with increased tumour aggressiveness (Van Der Groep et al., 2008; Kao et 

al., 2011; Wysham et al., 2012; Kais et al., 2016; Feng and Jin 2019; Liu et al., 2020a). 

The effect of MYCN overexpression on FA pathway expression is unknown.  

Here, we analysed the effect of MYCN overexpression and amplification on the 

expression of FA pathway associated genes in neuroblastoma at the transcriptional and 

protein level by RT-qPCR, RNA-Seq and western blotting. The mechanism of FA 

pathway expression regulation by MYCN was analysed by ChIP-PCR and ChIP-Seq. 

Across isogenic tet-regulated MYCN expression systems, a small group of 

neuroblastoma cell lines, and in neuroblastoma tumours, MYCN overexpression or 

amplification induced differential expression of FA pathway genes which clustered 

according to FA pathway role. Whilst FANC and HRR genes were predominantly 

transcriptionally upregulated, TLS and NER genes were inconsistently downregulated 

or showed no substantial change in expression. Similarly, a correlation between MYCN 

expression and FA pathway activation is observed across neuroblastoma cell lines. 

However, when expanded to a broader panel of 39 neuroblastoma cell lines, very 

limited significant differential FA pathway expression is observed between MYCN status 

subgroups, suggesting observation of this MYCN-induced regulation is dependent on 
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the wider genomic context. ChIP analysis suggests MYCN directly regulates expression 

of many FA pathway genes through promoter binding.  

  

3.3.1 Upregulation of FANC and HRR genes suggests an increased reliance 
on HRR and FA pathway function in MYCN-amplified neuroblastoma 

 

 Study of FA pathway expression in tetracycline-regulated MYCN expression 

systems by western blot, RT-qPCR and RNA-Seq (Figures 3.4, 3.8, 3.13, 3.14), in a 

small panel of neuroblastoma cell lines by RT-qPCR (Figures 3.17, 3.19), and in 

neuroblastoma tumours by RNA-Seq (Figure 3.23), showed MYCN overexpression or 

amplification was associated with significant transcriptional upregulation of most FANC 

and HRR genes. This implies MNA neuroblastoma has an increased dependency on 

these FA pathway proteins which could be therapeutically exploitable. Notably, FA 

genes with a role in HRR such as XRCC2, BRCA1, BLM and BRIP1 most consistently 

showed the greatest upregulation across all RNA-Seq datasets (Figures 3.14, 3.20, 

3.22). This is consistent with previous observations of HRR gene upregulation in MNA 

neuroblastoma (Valentijn et al., 2012; Chayka et al., 2015; Petroni et al., 2016; Petroni 

et al., 2018; Herold et al., 2019; King et al., 2020). Elevated XRCC2 expression has 

been previously observed across a wide variety of cancer types (Chen et al., 2018) but 

has not yet been demonstrated in neuroblastoma. All FA pathway genes with evidenced 

roles in replication stress limitation also consistently cluster as some of the most 

upregulated FA genes, including FANCD2, BRCA1, BRCA2, RAD51, FANCM, BRIP1 

and BLM (Davies et al. 2007; Garcia-Rubio et al., 2015; Schwab et al., 2015; Pan et al., 

2017; Zhang et al., 2017; Herold et al., 2019; Liang et al., 2019a; Lu et al., 2019; 

Okamoto et al., 2019; Pladevall-Morera et al., 2019; Silva et al., 2019). This could 

suggest MNA neuroblastoma is primarily dependent on HRR and the replication stress 

limiting functions of the FA pathway. 

Previous studies have also observed upregulation of some of the FA pathway 

genes we analysed in MNA compared to non-MNA neuroblastoma, such as ATR, BLM, 

BRCA1, and RAD51, and this validates our findings (Valentijn et al., 2012; Chayka et 

al., 2015; Herold et al., 2019; King et al., 2020). Similarly, known differential expression 

of other key DNA repair and neuroblastoma-associated genes in MNA neuroblastoma, 

such as upregulation of ALK, AURKA, CHEK1, CHEK2, TP53, MDM2, PARP, MRE11, 

and reduced MYCC  expression, was also observed in our SHEP-Tet21N and 

neuroblastoma tumour RNA-Seq analyses (Figure 3.14, 3.22) (Slack et al., 2005; 
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Shang et al., 2009; Chen et al., 2010; Cole at al. 2011; Hasan et al., 2013; Gu et al., 

2015; Petroni et al., 2016; Colicchia et al., 2017; King et al., 2020). However, 

expression of PHOX2B, a master regulator of neural crest lineage specification, was not 

significantly correlated with MYCN expression as previously described (Ke et al., 2015). 

Expression of all FA pathway genes which were significantly differentially expressed 

between MYCN amplification subgroups, was also significantly correlated with MYCN 

expression (Appendix Tables A12, A20). This validates that the differential expression 

observed is primarily due to MYCN expression itself, rather than other genetic features 

commonly associated with MYCN amplification such as ALK amplification or 

chromosome 1p deletions (Luttikhuis et al., 2001; De Brouwer et al., 2010). However, 

this also means induction of MYCN expression in an isogenic system does not fully 

recapitulate the effect of MYCN amplification and may account for the differences 

observed between the neuroblastoma models and tumours analysed, such as the less 

frequent significant downregulation of TLS genes in SHEP-Tet21N MYCN ON cells 

compared to in MNA tumours. 

 Differential expression of the 23 FANC genes has also been observed in other 

cancer types. Liu et al., (2020a) observed prevalent transcriptional upregulation of most 

FANC genes in a variety of cancer types compared to normal tissue controls, including 

melanoma, breast, ovarian, colon, bladder, and lung cancers. However, no substantial 

changes in FANC gene expression were observed in prostate cancer, despite a MYCN 

amplification frequency of 45% (Liu et al., 2020a; Liu et al., 2021). The effect of MYCN 

amplification on FA pathway expression may therefore be tumour-type dependent, as 

suggested by the tumour-type specific profile of global active gene upregulation induced 

by MYCN overexpression (Zeid et al., 2018). Kao et al., (2011) observed transcriptional 

upregulation of nine FANC genes in melanoma, with the extent of overexpression 

correlating with melanoma thickness. This upregulation of FANC genes in melanoma 

may also be associated with oncogene activation as it was observed that activation or 

amplification of the oncogenic microphthalmia-associated transcription factor (MiTF), 

observed in a subset of melanoma cases, induces upregulation of FANC genes 

(Bourseguin et al., 2016). This MiTF-induced FANC upregulation promotes proliferation 

and migration and inhibits senescence in malignant melanoma (Bourseguin et al., 

2016).  

Many other studies have also shown high expression of FANC genes in tumours 

correlates with increased tumour aggressiveness, chemo-resistance and reduced 

event-free survival (Taniguchi et al., 2003; Swisher et al., 2009; Ozawa et al., 2010; 
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Nakanishi et al., 2012; Swarts et al., 2013). For example, the extent of FANCD2 

overexpression in ovarian, breast, uterine and hepatocellular carcinomas correlates with 

increased tumour grade and stage, and increased risk of recurrence (Van Der Groep et 

al., 2008; Kais et al., 2016; Wysham et al., 2012; Komatsu et al., 2017; Feng and Jin 

2019). Furthermore, Kais et al., (2016) found FANCD2 is upregulated in BRCA-mutated 

and HRR-deficient subgroups of these cancers relative to HRR-proficient subgroups. 

FANC genes are therefore frequently transcriptionally upregulated across a broad range 

of cancer types, and this commonly is associated with increased tumour 

aggressiveness and poor prognosis. Given the association of MYCN amplification with 

rapid tumour progression and reduced event free survival (Brodeur et al., 1984; Seeger 

et al., 1985), our results similarly indicate a link between FA pathway upregulation and 

increased tumour aggressiveness. 

However, FANC gene downregulation or inactivation has also been observed in 

tumours. In breast carcinomas and head and neck squamous cell carcinomas, 

methylation or deletion of FANCC was associated with poor survival (Sinha et al., 2008; 

Ghosh et al., 2013). In fact, downregulation of at least one FANC gene was observed in 

66% of head and neck squamous cell carcinomas (Wreesmann et al., 2007). Also, 

although many studies have shown FANCD2 overexpression in breast cancer is 

associated with poor prognosis (Kais et al., 2016; Wysham et al., 2012; Van Der Groep 

et al., 2008; Kais et al., 2016; Feng and Jin 2019; Liu et al., 2020a), Zhang et al., (2010) 

found FANCD2 expression was inversely correlated with breast cancer tumour grade 

and metastasis. Furthermore, it is often observed that a greater proportion of breast 

carcinomas have no detectable FANCD2 expression compared to benign tissues, with 

10-65% of malignant breast cancers displaying no FANCD2 expression (Van Der Groep 

et al., 2008; Rudland et al., 2010; Zhang et al., 2010; Feng and Jin 2019). However, 

Rudland et al., (2010) showed this may be specific to nuclear FANCD2. Both 

transcriptional upregulation and inactivation of FANCD2 is therefore observed within 

breast cancer. Similarly, whilst FANC gene upregulation is commonly observed in 

tumours, germline and somatic FANC gene inactivation often confer increased risk of 

cancer, with FANC gene alterations detected in 40% of all cancers (Merajver et al., 

1995; Pejovic et al., 2006; Garaycoechea and Patel, 2014; Wang and Smogorzewska, 

2015; Kuchenbaecker et al., 2017; Niraj et al., 2019; Liu et al., 2020a). HRR-related 

FANC genes are the most commonly altered, however 75% of these alterations are 

characterised by mutations and deletions, whilst core complex FANC gene alterations 

are predominantly amplifications (Niraj et al., 2019). In contrast, we find HRR-related 
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FANC genes are often the most upregulated by MYCN overexpression in 

neuroblastoma (Figures 3.14, 3.20, 3.22). 

Altogether this suggests a biphasic FA pathway dependency during tumour 

progression, in which FA pathway deficiencies may promote carcinogenesis through 

induction of high genomic instability, whilst FA pathway upregulation is advantageous 

during later tumour progression by limiting excess genomic instability and mediating 

chemotherapeutic resistance. This may account for the stage-specificity of FA pathway 

expression changes often observed. Our data suggests this biphasic FA pathway 

dependency is also observed in neuroblastoma, as although bi-allelic germline 

mutations in PALB2 (FANCN) and BRCA2 (FANCD1) predisposes FA patients to 

neuroblastoma (Reid et al., 2007; Loizidou et al., 2016), and somatic defects in 

FANCM, FAN1 and PALB2 have been observed in neuroblastoma (Pugh et al., 2013), 

we demonstrate MYCN-driven neuroblastoma upregulates FA pathway function. 

Although FA genes are not enriched for somatic mutations in high-risk neuroblastoma 

(Pugh et al., 2013), the efficacy of FA pathway inhibition in MNA neuroblastoma would 

be dependent on the mutational profile of FA pathway genes. 

 

3.3.2 FA pathway activation increases in parallel with FANC and HRR gene 
upregulation in MYCN-amplified neuroblastoma 

 

Although multiple previous studies have demonstrated FA pathway activity and 

DNA damage sensitivity can be controlled through transcriptional regulation of FA 

pathway genes (Vaughn et al., 1996; Pejovic et al., 2006; Chen et al., 2007; Hoskins et 

al., 2008; Kais et al., 2016; Feng and Jin 2019), MYCN-induced FA pathway 

upregulation is not necessarily directly indicative of an increase in FA pathway 

activation. We therefore assessed FANCD2 mono-ubiquitination, an established 

hallmark of FA pathway activation (Garcia-Higuera et al., 2001; Taniguchi et al., 2002a; 

Liang et al., 2016; Van Twest et al., 2017). In SHEP-Tet21N cells, a MYCN ON to OFF 

transition consistently resulted in reduced FA pathway activation in parallel with 

FANCD2 downregulation (Figure 3.4A). Similarly, increased FA pathway activation non-

significantly correlated with higher MYCN expression levels across a panel of MNA, 

non-MNA and MYCN-inducible cell lines (Figure 3.18B). MYCN overexpression may 

induce FA pathway activation due to increased replication stress and an increased 

capacity for FANCD2 mono-ubiquitination through upregulation of many FA core 

complex components. However, it must be noted that changes in FANCD2 expression 
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may have affected L:S ratio analyses, as the mono-ubiquitinated FANCD2 western blot 

band is more difficult to detect at lower expression levels. 

 

3.3.3 Increased FA pathway activation and FANC gene upregulation 
suggests the FA pathway is a potential tumour-specific therapeutic target 
in MNA neuroblastoma 

 

MYCN overexpression induces high levels of DNA damage and replication stress 

(Gu et al., 2015; King et al., 2020). As such, inhibition of key DNA repair and DDR 

pathways has been demonstrated to induce intolerable levels of replication stress and 

DNA damage selectively in MNA cells (Cole et al., 2011; Gu et al., 2014; Gu et al., 

2015; Colicchia et al., 2017; Petroni et al., 2018; King et al., 2020; King et al., 2021; 

Southgate et al., 2020). These pathways are therefore potential novel targets for MNA 

neuroblastoma. The increased reliance of MYCN-driven proliferation on these DNA 

repair pathways was indicated by upregulation of DNA repair genes such as BRCA1, 

PARP, MRE11, BLM, ATR, CHK1 and CHK2 in MNA neuroblastoma (Zhang et al., 

2009; Cole et al., 2011; Petroni et al., 2018; Herold et al., 2019; King et al., 2021). The 

FA pathway is the eighth most enriched KEGG pathway among genes upregulated by 

MYCN overexpression in SHEP-Tet21N cells (Figure 3.17). Increased FA pathway 

activation across MNA neuroblastoma cell lines (Figure 3.18B) and predominant 

upregulation of FANC and HRR genes by MYCN in MYCN-inducible cell lines (Figures 

3.4, 3.8, 3.13, 3.14), and neuroblastoma tumours (Figure 3.23), suggests MNA 

neuroblastoma has an increased dependency on the FA pathway and HRR. FA 

pathway inhibition may therefore exploit this increased dependency to selectively target 

MNA tumour cells. This specificity is desirable in identification of novel therapeutics with 

reduced off target toxicity. 

 

3.3.4 High FANC and HRR gene expression may be a prognostic biomarker 
in neuroblastoma  

 

Although high FANC gene expression is commonly associated with poor 

prognosis across many cancer types (Van Der Groep et al., 2008; Zhang et al., 2009; 

Wysham et al., 2012; Fagerholm et al., 2013; Kais et al., 2016; Bravo-Navas et al., 

2019; Feng and Jin 2019; Liu et al., 2020a), this is not always consistent (Rudland et 

al., 2010; Zhang et al., 2010). Similarly, despite aiding chemo-resistance, higher FA 

pathway activation is not always associated with reduced event-free survival (Feng and 
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Jin 2019). In neuroblastoma, upregulation of DNA repair and response genes such as 

BRCA1, PARP, BLM, MRE11, CHEK1 and CHEK2, has previously been shown to 

correlate with poor prognosis (Chayka et al., 2015; Hallett et al., 2016; Durbin et al., 

2018; Petroni et al., 2018; Herold et al., 2019; King et al., 2020). Similarly, we find the 

expression levels of most FA genes that are significantly differentially expressed 

between MYCN status subgroups are able to significantly stratify overall survival across 

all neuroblastoma cases, and across non-MNA cases specifically (Figure 3.25A-B; 

Appendix Figure A10-A12). This indicates the increased DNA repair capacity induced 

by higher expression of FANC and HRR genes is also advantageous in neuroblastoma 

tumours without MYCN amplification, which still harbour greater replication stress than 

non-cancerous cells (Bartkova et al., 2005; Gorgoulis et al., 2005). High FANC and 

HRR gene expression may therefore be a potential marker of poor prognosis in non-

MNA neuroblastoma. However, expression of each FA gene is unable to significantly 

stratify overall survival between MNA cases specifically (Figure 3.25C), perhaps due to 

all cases exhibiting relatively high FANC and HRR gene expression. This is in contrast 

to the findings of Hallett et al (2016), in which FA pathway genes were enriched in a 

gene signature capable of predicting poor prognosis in MNA neuroblastoma cases 

alone. MNA neuroblastoma prognosis may therefore be better stratified by a gene 

signature encompassing differential expression of all FA pathway genes, rather than by 

expression of each gene individually.  

 

3.3.5 Inconsistent downregulation of NER and TLS genes suggests not all 
FA pathway functions are upregulated in MNA neuroblastoma 

 

Liu et al., (2020a) examined the dependency of cancer cells on expression of 

each FANC gene across a panel of 600 cell lines. Although low or modest dependency 

was observed for each gene, dependency scores of FANCD2, FANCI and core complex 

FANC genes were highly correlated, whilst downstream FANC genes involved in HRR, 

TLS and NER had divergent dependency scores. This reflects the complexity of the 

roles of these downstream FANC genes in non-FA pathways. Similarly, MYCN 

overexpression or amplification did not induce a cohesive change in expression of all 

FA pathway genes in neuroblastoma. Whilst upstream FANC and HRR-related FA 

pathway genes were predominantly upregulated in MNA cases, expression of TLS and 

NER FA pathway genes was often downregulated or unchanged (Figures 3.13, 3.14, 

3.19, 3.22).  
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The extent of TLS and NER gene downregulation is inconsistent across 

neuroblastoma models. MYCN overexpression in SHEP-Tet21N only induces significant 

downregulation of one TLS gene POLN (Figure 3.13), although other TLS and NER 

genes are non-significantly downregulated (Figure 3.14). In MNA tumours, five of seven 

TLS genes are significantly downregulated including REV3L, but NER genes are 

instead predominantly upregulated (Figure 3.23). Significant TLS downregulation is 

therefore primarily associated with MYCN amplification rather than overexpression, and 

therefore may instead be induced by other genetic factors that correlate with MYCN 

amplification, rather than high MYCN expression itself. Alternatively, TLS gene 

inactivation could be more frequent during malignant transformation of MNA tumours. 

Differences in the length of time MYCN is overexpressed in tumour cells compared to 

tet-regulated cells could also account for this variation in TLS and NER expression 

changes. 

Downregulation of NER genes, in parallel with upregulation of FANC genes, has 

also been observed previously in melanoma and breast cancer (Kao et al., 2011; 

Fagerholm et al., 2013). The extent of NER downregulation correlated with melanoma 

thickness (Kao et al., 2011). This pattern of differential expression across FA pathway 

roles is therefore associated with increased tumour aggressiveness. Although TLS 

genes are commonly upregulated among various cancers (Zafar and Eoff, 2017), POLK 

was observed to be downregulated in colorectal tumours, loss of POLH pre-disposes to 

skin cancer, and REV3L is downregulated in lung, stomach and colorectal cancers 

(Masutani et al., 1999; Lemée et al., 2006; Pan et al., 2005). Divergent regulation of 

TLS and NER gene expression from other FA pathway roles may suggest MNA 

neuroblastoma primarily has greater dependence on the replication-stress limiting and 

HRR-related FA pathway functions, rather than ICL repair. However, TLS also acts to 

reduce replication stress by enabling bypass of DNA replication blocks (Zafar and Eoff, 

2017). Whilst most downstream FA pathway steps are dependent on FANCD2 mono-

ubiquitination, the TLS step is regulated by the FA core complex and does not require 

FANCD2 mono-ubiquitination (Kim et al., 2012). At sites of DNA damage, the FA core 

complex is therefore able to promote both rapid error-prone TLS repair, as well as a 

more accurate, FANCD2 mono-ubiquitination dependent HRR mechanism (Howlett et 

al., 2009). Upregulation of FANC and HRR genes, and downregulation of TLS and NER 

genes, may enable MYCN to promote this more accurate mechanism of FA pathway-

mediated repair. 
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3.3.6 MYCN-induced FA pathway differential expression is not always 
conserved across neuroblastoma cell lines 

 

 MYCN-induced FA pathway differential expression is not always observed 

across all neuroblastoma cell lines. Firstly, siRNA-mediated depletion of MYCN in MNA 

IMR32 cells did not induce downregulation of FANCD2 (Figure 3.19). However, this 

may reflect an inability to deplete MYCN expression to below the threshold at which it 

induces FANCD2 upregulation. Also, prolonged high MYCN expression in MNA cell 

lines may induce epigenetic changes which result in the upregulation of FANCD2 being 

irreversible. 

Secondly, extending analysis to a wider panel of 39 cell lines reduced the size 

and significance of changes in FA pathway gene expression (Figure 3.21). For 

example, whilst FANCD2 was consistently observed to be significantly upregulated in 

many of the MYCN ON and MNA conditions analysed (Figure 3.13, 3.14A, 3.19, 3.22A), 

a non-significant log2(fold-change) of only 0.4 was observed in MNA cells in the 39 cell 

line RNA-Seq dataset (Figure 3.21A), with MNA cell lines exhibiting a wide distribution 

of FANCD2 expression (Figure 3.22A). Also, the direction of change in expression was 

not conserved for many genes, such as FANCI and multiple core complex genes. Other 

genetic differences which impact FA pathway expression may be masking the effect of 

MYCN amplification, however other common genetic aberrations in neuroblastoma 

were also not associated with FA pathway differential expression in this dataset 

(Appendix Table A14). In contrast, the impact of MYCN amplification on FA pathway 

expression in tumours strongly resembles that of MYCN overexpression in tet-regulated 

cell lines. 

Lastly, FA pathway expression and activation in the non-MNA cell line SH-SY5Y 

showed greater similarity to MNA cell lines than the non-MNA cell line SHEP-1 (Figures 

3.17, 3.19). Similar to MNA cells, SH-SY5Y cells upregulated upstream FANC and HRR 

FA genes (Figure 3.20). However, in contrast to MNA cells, SH-SY5Y cells also 

upregulated TLS and NER genes. This may be accounted for by high MYCC expression 

in SH-SY5Y cells (Figure 3.18A), suggesting induction of FA pathway differential 

expression is not exclusive to MYCN in the MYC family of transcription factors. Given 

high MYCC expression is often observed in high-risk non-MNA cases (Breit and 

Schwab, 1989), high MYCC expression may also account for the lack of FA pathway 

differential expression between MYCN amplification subgroups in the 39 neuroblastoma 

cell line RNA-Seq dataset (Figure 3.21B). In agreement, Fredlund et al., (2008) found 
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that neuroblastoma prognosis correlated with the combined activity of all MYC family 

proteins, suggesting MYC-signalling rather than MNA status is important for defining 

risk. Further study of the effect of MYCC on FA pathway expression would be 

necessary to determine whether our results may also be applicable in MYCC-

deregulated cancers. 

 

3.3.7 Multiple mechanisms of regulation may determine changes in FA 
pathway gene expression induced by MYCN overexpression 

  

The numerous cellular functions of MYCN complicates the elucidation of the 

mechanism by which it regulates FA pathway genes. Given the large number of FA 

genes and the complexity of their roles in multiple DNA repair pathways, there may not 

be one cohesive regulatory mechanism. MYCN can transcriptionally regulate a vast 

array of direct target genes by high-affinity binding to E-boxes in promoters (Zeid et al., 

2018). We observed MYCN binding at a canonical MYCN E-box within the FANCD2 

promoter by ChIP-PCR in SHEP-Tet21N MYCN ON cells and MNA IMR32 cells (Figure 

3.26). ChIP-Seq analysis revealed MYCN binds to 51 of 58 FA gene promoters in 

neuroblastoma cells with high MYCN expression (Figure 3.27). This suggests most FA 

genes are directly regulated by MYCN, however analysis of reporter gene expression 

regulated by upstream FA gene promoters would be necessary to confirm this. The 

number of FA pathway gene promoters MYCN was bound to was reduced with 

decreasing levels of MYCN. Promoters at which MYCN is bound to during low MYCN 

expression have the highest affinity for MYCN binding, such as HES1, RMI1, PMS2, 

REV3L, SLX1A, SLX1B, EME1, FANCC and RPA3. Zeid et al., (2018) found genes 

regulated by low-affinity MYCN binding showed the greatest changes in expression 

upon perturbation of MYCN expression. FA genes with promoters which have weaker 

MYCN affinity, such as MAD2L2, BRCA1, FANCB, FANCM, BRIP1, UBE2T and 

FANCD2 would therefore be most sensitive to changes in MYCN expression. In 

agreement, these genes were often among the most upregulated FA pathway genes in 

MNA and MYCN ON cells (Figure 3.13, 3.14, 3.19, 3.22). However, MYCN does not 

bind at the promoters of all genes which are significantly differentially expressed 

between MYCN status subgroups, such as FAAP20, RFWD3 and UHRF1 (Figures 

3.14, 3.22). This suggests MYCN overexpression also regulates FA gene expression 

through other indirect mechanisms. 
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 At physiological levels, MYCN directly regulates target genes by binding to high-

affinity E-boxes in cis-regulatory elements (Zeid et al., 2018). However, at oncogenic 

levels, MYCN overexpression induces global upregulation of all active genes through 

invasion of excess MYCN at clustered, low-affinity E-boxes in promoters and enhancers 

of active genes. Zeid et al., (2018) observed that the timing of differential expression 

upon MYCN deregulation is important for elucidating the MYCN regulatory mechanism. 

In the following 2 to 24 hours after inhibition of MYCN expression in SHEP-Tet21N 

cells, MYCN is preferentially depleted from weaker binding sites in enhancers, inducing 

a global reduction in mRNA fold change (Zeid et al., 2018). Global loss of active 

chromatin marks was not observed until after 24 hours (Zeid et al., 2018). Conversely, 

high-affinity promoter E-boxes are preferentially bound following induction of MYCN 

expression in SHEP-PLXI-MYCN cells (Zeid et al., 2018). The few FA genes with higher 

MYCN promoter affinity such as HES1, RMI1, PMS2, REV3L, SLX1A, SLX1B, EME1, 

FANCC and RPA3 were bound within 6 hours of MYCN induction in SHEP-PLXI-MYCN 

and retained MYCN binding even at very low MYCN expression levels in SHEP-Tet21N 

cells (Figure 3.27). However, most FA genes lost MYCN binding within 2 hours of 

MYCN shutdown in SHEP-Tet21N cells and were not bound by MYCN within 6 hours of 

MYCN induction in SHEP-PLXI-MYCN. Also, the most substantial change in expression 

for many FA pathway genes occurred between 8 and 24 hours following MYCN 

shutdown in SHEP-Tet21N cells (Figures 3.13, 3.4). The kinetics of FA pathway 

differential expression therefore suggests enhancer binding and other indirect 

mechanisms also contribute to FA pathway regulation by MYCN. 

 MYCN may also induce FA pathway differential expression epigenetically 

through regulation of, or association with, chromatin remodellers (Brenner et al., 2005; 

Corvetta et al., 2013; Tsubota et al., 2018; Zeid et al., 2018; Baluapuri et al., 2020). For 

example, BRCA1 was shown to be significantly hypomethylated in high-risk 

neuroblastoma patients, suggesting a selective pressure for high BRCA1 expression in 

MNA neuroblastoma (Herold et al., 2019). This may account for the high upregulation of 

BRCA1 observed in SHEP-Tet21N MYCN ON cells (Figures 3.13, 3,14), despite lack of 

MYCN binding at the BRCA1 promoter (Figure 3.27).  

MYCN may also regulate FA pathway expression through other downstream 

effectors. It has been previously shown that E2F transcription factors have a vital role in 

coordinated regulation of FA gene expression throughout the cell cycle (Vaughn et al, 

1996; Hoskins et al, 2008; Mitxelena et al, 2018; Liu et al., 2019). Jaber et al., (2016) 

showed p21/E2F4 downregulates nine FANC genes following induction of p53. It was 
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further elucidated that 19 FA genes are targets of the p53-DREAM pathway, which 

downregulates target genes during G0 and G1 when E2F4/5 associates with the 

DREAM complex (Engeland, 2018). Decaesteker et al., (2018) demonstrated that 

MYCN, in conjunction with TBX2, drives proliferation through activation of these p21-

DREAM repressed targets.  

E2F proteins can also induce expression of genes during S-phase (Hoskins et 

al., 2008; Engeland, 2018). E2F1/2 binds at FANC gene promoters to induce 

upregulation upon increased proliferation (Hoskins et al., 2008). The ability of MYCN to 

accelerate proliferation may therefore also contribute to FANC gene upregulation. 

However, although most studies observe a correlation between FANCD2 expression 

and proliferation in both tumour cells and normal tissues (Hölzel et al., 2003; Van Der 

Groep et al., 2008; Rudland et al., 2010; Kais et al., 2016; Feng and Jin et al., 2019), 

this is not always consistent (Rudland et al., 2010; Kao et al., 2011). Also, the 

expression of FANCD2 has been observed to be consistent throughout the cell cycle 

(Taniguchi et al., 2002a; Cantres-Velez et al., 2021), and therefore the impact of MYCN 

on cell cycle progression should not affect the FA pathway expression profile. Instead, 

aberrant regulation of other FA-regulating transcription factors such as NF-kB and p53 

may contribute to cell-cycle independent FANC gene upregulation (Yarde et al., 2009; 

Liebetrau et al., 1997). Also, differentiation of leukaemia cells into macrophages 

induced downregulation of FANCD2 and many FA core complex genes (Lu et al., 

2011). Induction of a more stem-like state upon MYCN overexpression (Kerosuo et al., 

2018), may therefore also contribute to the induction of FANC gene upregulation in a 

similar manner. Regardless of the mechanism of MYCN-induced FA pathway 

regulation, upregulation of FANC and HRR pathway genes suggests a greater reliance 

on FA pathway function in MNA neuroblastoma and supports the investigation of the FA 

pathway as a novel MNA-neuroblastoma target.  

 

3.3.8 Limitations 
 

 Whilst the MYCN-inducible cell lines SHEP-Tet21N and SHEP-PLXI-MYCN 

enabled study of the effect of MYCN overexpression in an isogenic system, these 

models do not fully recapitulate a MYCN amplified environment, which often has higher 

MYCN expression (Figure 3.18A) and is frequently associated with other genetic 

aberrations such as ALK amplification or chromosome 1p deletions (Luttikhuis et al., 

2001; De Brouwer et al., 2010). Furthermore, although MYCN amplification is 
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associated with high-risk, the clinical significance of high MYCN expression in 

neuroblastoma is controversial, and MYCN amplification status does not always 

correlate with MYCN expression (Chan et al., 1997, Bordow et al., 1998). In addition, 

the relevance of short term MYCN overexpression compared to the effects of 

constitutive high MYCN expression in MNA cells is uncertain. Tetracycline treatment, 

required to induce or inhibit MYCN expression, has been shown to impact gene 

expression patterns, resulting in metabolic and proliferation rate changes (Hackl et al., 

2010; Ahler et al., 2013). The impact tetracycline-induced gene expression changes on 

our data was mitigated by demonstrating tetracycline treatment does not induce 

changes in FANCD2 expression in parental SHEP-1 cells with no tet-regulated MYCN 

expression system (Figure 3.12).  

mRNA expression levels are frequently used to estimate functional differences at 

the protein level, however mRNA levels do not always strongly correlate with protein 

levels (Vogel and Marcotte, 2012). Further investigation could be carried out to 

determine protein expression levels of more FANC genes across a larger panel of cell 

lines and primary samples. The RNA-Seq dataset used to analyse FA pathway 

expression across 39 neuroblastoma cell lines only contained one replicate per cell line. 

Cell lines were therefore clustered by MYCN amplification status to determine statistical 

significance of average expression changes. Similarly, the statistical significance of 

differences in MYCN promoter binding between cell lines could not be determined as 

the ChIP-Seq dataset only contained one repeat per cell line. Also, only MYCN 

promoter binding was analysed using the ChIP-Seq dataset, which could be further 

explored to analyse MYCN binding at FA gene enhancers.  

The FANCD2 L:S ratios used to determine FA pathway activation could be 

affected by FANCD2 expression level, as the mono-ubiquitinated FANCD2 western blot 

band is often more difficult to detect at lower expression levels. Also, not all FA pathway 

functions are dependent on FANCD2 mono-ubiquitination, such as recruitment of TLS 

polymerases or regulation of DNA replication dynamics (Kim et al., 2012; Lossaint et al., 

2013). Therefore, FANCD2 L:S ratios may not measure the full extent of FA pathway 

function.  

FA pathway expression in neuroblastoma cells relative to non-cancerous cells 

was not determined. Given neuroblastoma is an embryonal cancer, and can occur 

within multiple tissues, it is difficult to establish an accurate normal cell line control. 

However, FA pathway expression could be further analysed in the hTERT-immortalized 
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retinal epithelial cell line RPE-1, which has been used as a normal cell control in 

previous neuroblastoma studies (Harenza et al., 2017). 

 

3.3.9 Summary 
 

In this chapter, we met the criteria of the first thesis aim by demonstrating that 
MYCN overexpression or amplification induced differential expression of FA pathway 
genes which clustered according to FA pathway role. In isogenic MYCN expression 
systems, across a small panel of neuroblastoma cell lines, and in neuroblastoma 
tumours, upstream FANC genes and HRR genes were predominantly transcriptionally 
upregulated, whilst TLS and NER genes were inconsistently downregulated or showed 
no substantial change in expression. ChIP analysis suggested MYCN may directly 
regulate expression of FA pathway genes through promoter binding. This upregulation 
of FANC genes is indicative of an increased dependence on FA pathway function in 
neuroblastoma cells with high MYCN expression, and therefore validates the FA 
pathway as a putative therapeutic target. In Chapter 4 we therefore determine the effect 
of MYCN overexpression and amplification on the efficacy of FA pathway inhibition in 
neuroblastoma cells, and explore the molecular mechanism behind this. 
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Chapter 4. FA pathway inhibition has therapeutic potential in 
neuroblastoma 
 

4.1 Introduction 
 

The FA pathway is a DNA damage response network which co-ordinates 

proteins from multiple other DNA repair pathways such as NER, TLS and HRR to 

remove DNA inter-strand crosslinks (ICLs) in a replication-dependent manner. (Sasaki 

et al., 1975; Taniguchi et al., 2002a; Moldovan and D’Andrea, 2009; Rodriguez and 

D’Andrea, 2017). The FA pathway also functions to limit replication stress through 

several repair-independent mechanisms to prevent replication-associated DNA damage 

(Sobeck et al., 2006).  

Firstly, multiple FA pathway proteins protect the fidelity of stalled replication forks 

(Howlett et al., 2005; Gari et al., 2008; Schwab et al., 2010; Schlacher et al., 2011; 

Schlacher et al., 2012; Yang et al., 2015; Daza-Martin et al., 2019; Madireddy et al., 

2016). For example, mono-ubiquitination of FANCD2 promotes loading of BRCA1/2-

stabilised RAD51 at stalled forks to protect from nucleolytic degradation (Schlacher et 

al., 2012). Secondly, FA pathway proteins regulate replication fork restart and 

progression, independently from FANCD2 mono-ubiquitination (Lossaint et al., 2013; 

Yeo et al., 2014; Raghunandan et al., 2015). For example, FANCD2, BRCA1 and 

BRCA2 regulate the BLM helicase to promote restart of stalled replication forks whilst 

restraining new origin firing (Chaudhury et al., 2013; Yeo et al., 2014; Raghunandan et 

al., 2015; Thompson et al., 2017). Thirdly, the FANCM-FAAP24 FA pathway complex is 

vital for efficient ATR checkpoint signalling (Collis et al., 2008). Similarly, ATR DDR 

activity is necessary for efficient FA pathway activation (Andreassen et al., 2004; Qiao 

et al., 2004; Collis et al., 2008; Wilson et al., 2008; Collins et al., 2009; Singh et al., 

2013; Chen et al., 2015; Wang et al., 2007). Lastly, FA pathway proteins function in the 

resolution of R-loops (Garcia-Rubio et al., 2015; Schwab et al., 2015; Madireddy et al., 

2016; Barroso et al., 2019; Pan et al., 2019; Silva et al., 2019). R-loops are often 

formed as a consequence of transcription-replication conflicts and are therefore both a 

source of, and a product of, replication stress and genomic instability (Santos-Pereira 

and Aguilera, 2015; Allison and Wang, 2019). FANCD2, BRCA1, BRCA2 and ATR 

function in R-loop resolution, often by recruiting RNA processing enzymes (Bhatia et al., 

2014; Garcia-Rubio et al., 2015; Hatchi et al., 2015; Schwab et al., 2015; Madireddy et 

al., 2016; Zhang et al., 2017; D’Alessandro et al., 2018; Okamoto et al., 2018a; 
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Okamoto et al., 2018b; Okamoto et al., 2019; Chang et al., 2019b; Herold et al., 2019; 

Pladevall-Morera et al., 2019; Matos et al., 2020). R-loop binding by FANCD2 induces 

its mono-ubiquitination (Liang et al., 2019a). 

Altogether, FA pathway function is primarily vital for ICL repair and mitigation of 

replication stress. Loss of FA pathway function therefore primarily sensitises cells to 

DNA crosslinking and replication-stress inducing agents (Sasaki et al., 1975; Taniguchi 

et al., 2002a; Houghtaling et al., 2003; Niedzwiedz et al., 2004; Bridge et al., 2005; Dai 

et al., 2015; Dai et al., 2017). As such, targeted FA pathway inhibition would be 

beneficial in enhancing the efficacy of DNA crosslinking chemotherapeutics. However, 

despite promising ongoing developments (Voter et al., 2016; Cornwell et al., 2019; 

Morreale et al., 2017; Sharp et al., 2020), there are currently no widely accepted 

specific FA pathway inhibitors (Liu et al., 2020a; Taylor et al., 2020). Instead, many non-

specific FA pathway inhibitors have been identified through cell-based or in vitro 

screening assays and, despite broad off-target effects, these are commonly used to 

study the potential effects of FA pathway inhibition (Chirnomas et al., 2006; Landais et 

al., 2009a; Landais et al., 2009b; Jacquemont et al., 2012; Jun et al., 2013; Sharp et al., 

2020). For example, curcumin and ouabain were identified as indirect, non-specific 

inhibitors of FANCD2 mono-ubiquitination (Chirnomas et al., 2006; Jun et al., 2013), 

which sensitise a broad range of cancer cell lines to DNA crosslinking, DNA alkylating 

or replication stress-inducing chemotherapeutics (Chrinomas et al., 2006; Chen et al., 

2007; Jun et al., 2013; Patil et al., 2014; Chen et al., 2015b; Kunnumakkara et al., 2007; 

Sukumari-Ramesh et al., 2011; Namkaew et al., 2018; Fonseka et al., 2020; Yoshida et 

al., 2017). Treatment with ouabain or curcumin alone exacerbates endogenous DNA 

damage in cancer cells (Rak et al., 2013; Chen et al., 2015b; Shang et al., 2016; Chang 

et al., 2019a; Yang et al., 2021; Du et al., 2021; Wang et al., 2022a) but have been 

observed to induce apoptosis through a wide array of mechanisms (Zhai et al., 2020).  

Amplification of the MYCN oncogene occurs in 20% of neuroblastoma cases and 

is always associated with high-risk disease due to its significant association with 

aggressive, refractory and resistant disease (Brodeur et al., 1984; Seeger et al., 1985; 

Moreau et al., 2006; Cohn et al., 2009; Maris, 2010). The five-year survival rate for high-

risk neuroblastoma remains at 50%, despite improvements to the intensive multimodal 

treatment strategies (Qiu and Matthay, 2022). This highlights a need for novel 

therapeutics which improve the efficacy of current treatments. Overexpression of MYCN 

has been shown to induce greater levels of replication stress and DNA damage (Gu et 

al., 2015; King et al., 2020), and this sensitises cells to inhibition of DNA repair and 
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replication stress limiting pathways (Cole et al., 2011; Colicchia et al., 2017; Petroni et 

al., 2018; King et al., 2020; King et al., 2021; Southgate et al., 2020). A greater reliance 

on these pathways in MNA cells was indicated by a MYCN-induced upregulation in their 

expression (Cole et al., 2011; Gu et al., 2015; Petroni et al., 2016; Colicchia et al., 2017; 

Petroni et al., 2018; King et al., 2020). In Chapter 3, we demonstrated MYCN induces 

an upregulation of FANC and HRR-associated FA pathway genes in neuroblastoma cell 

lines and tumours. However, the efficacy of FA pathway inhibition in neuroblastoma 

treatment has not yet been determined and the functional consequence of FA pathway 

upregulation and inhibition in the context of MYCN is unknown. 

It was therefore hypothesised that inhibition of the FA pathway would sensitise 

neuroblastoma cells to (i) clinically relevant DNA crosslinking and alkylating 

chemotherapeutics, and (ii) MYCN-induced replication stress and DNA damage. This 

chapter aimed to: (a) Determine the efficacy of curcumin in inhibiting MYCN- and 

chemotherapy-induced FA pathway activation. (b) Examine the efficacy of curcumin in 

sensitising neuroblastoma cells to crosslinking chemotherapeutics and high MYCN 

expression. (c) Explore the molecular mechanism behind the MYCN-induced sensitivity 

to curcumin observed in neuroblastoma cells. 

 

4.2 Results 
 

4.2.1 Curcumin effectively inhibits endogenous and chemotherapy-induced 
FANCD2 mono-ubiquitination across a range of neuroblastoma cell lines 

 

4.2.1.1 High MYCN expression induces FA pathway activation 
in neuroblastoma cells 

 

The mono-ubiquitination of FANCD2 is required for many FA pathway functions 

and is therefore used as a marker of FA pathway activation (Moldovan and D’Andrea 

2009; Schlacher et al., 2012; Liang et al., 2019a). In Chapter 3, it was observed that 

higher FANCD2 mono-ubiquitination was associated with higher MYCN expression 

across a panel of eight neuroblastoma cell lines, including SHEP-Tet21N MYCN ON 

and OFF cells (Figure 3.16C). To confirm this trend was based on MYCN expression, 

rather than other factors associated with MYCN amplification, we analysed the impact 

of MYCN expression on FA pathway activation in MYCN-inducible SHEP-Tet21N cells 

(Figure 4.1). The extent of FA pathway activation was measured by calculating the ratio 

of mono-ubiquitinated FANCD2 (L) to non-ubiquitinated FANCD2 (S) observed by 
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western blot (Figure 4.1A). Across multiple repeats, the extent of endogenous FANCD2 

mono-ubiquitination was significantly higher in MYCN ON cells compared to MYCN 

OFF cells (Figure 4.1B). This data suggests high MYCN expression induces FANCD2 

mono-ubiquitination in neuroblastoma cells. 

 

 

4.2.1.2 Temozolomide and cisplatin induce FA pathway 
activation in neuroblastoma cell lines 

 

 The DNA alkylating agent temozolomide (TMZ), and DNA crosslinking agent 

cisplatin, have been previously shown to induce FANCD2 mono-ubiquitination and 

therefore FA pathway activation across a range of cancer cell lines (Chirnomas et al., 

2006; Chen et al., 2007; Jun et al., 2013; Patil et al., 2014; Chen et al., 2015b).  

To determine the optimal dose of temozolomide required to induce FA pathway 

activation in neuroblastoma cells, SHEP-Tet21N MYCN ON and OFF cells were treated 

with 5 µM to 100 µM TMZ for 16 hours before FANCD2 protein expression was 

Figure 4.1. High MYCN expression significantly induces FA pathway 
activation in SHEP-Tet21N neuroblastoma cells. 
Endogenous levels of FANCD2 mono-ubiquitination was quantified in SHEP-
Tet21N MYCN ON and OFF cells across multiple experiments. This data is 
summarised here. (A) For clarity, part of Figure 3.16 is re-presented as an 
example of the FANCD2 protein bands compared in each experiment. MYCN 
and FANCD2 protein levels in untreated SHEP-Tet21N MYCN ON and OFF 
cells were determined by western blotting. (B) FANCD2 L:S ratios of un-treated 
SHEP-Tet21N MYCN ON and OFF cells were calculated for all repeats across 
six experiments (n=10). Western blots used for analysis are presented in 
Figures 3.16, 4.2, 4.4-4.7. Data are paired by repeat. Statistical significance 
between L:S ratios in MYCN ON and OFF cells was determined by a paired 
Student’s t-test where n.s. = non-significant, *p<0.05, **p<0.01, ***p<0.001. 
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analysed by western blot (Figure 4.2A). All TMZ doses induced an upregulation in total 

FANCD2 protein levels by over 50% in MYCN ON cells (Figure 4.2B). In both MYCN 

ON and OFF cells, all doses of temozolomide induced more than a 4-fold increase in 

the average FANCD2 L:S ratio (Figure 4.2C). To confirm that these doses of TMZ also 

effectively induced FA pathway activation across other neuroblastoma cell lines, MNA 

IMR32 cells and non-MNA SHEP-1 cells were treated with 50 µM or 100 µM TMZ for 24 

hours before FANCD2 protein expression was analysed by western blot (Figure 4.3A). 

In both IMR32 and SHEP-1 cells, all TMZ doses increased total FANCD2 protein 

expression by over 50% (Figure 4.3B). TMZ treatment induced at least a two-fold 

increase in the FANCD2 L:S ratio in both IMR32 and SHEP-1 cells (Figure 4.3C). 
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Figure 4.2. Temozolomide induces FA pathway activation in SHEP-Tet21N 
neuroblastoma cells. 
SHEP-Tet21N MYCN ON and OFF cells were treated with 0-100 µM 
temozolomide (TMZ) for 16 hours. (A) MYCN and FANCD2 protein levels were 
determined by western blotting. (B) Total FANCD2 band intensity (sum of L and 
S band intensities) was quantified relative to MYCN ON 0 µM TMZ treatment and 
normalised to ß-tubulin band intensity. (C) FANCD2 L:S ratios were calculated for 
each condition. For (B) and (C), means ±SEM are shown (n ≥ 2). 
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 To determine the optimal dose of cisplatin necessary to induce FA pathway 

activation in neuroblastoma cells, SHEP-Tet21N MYCN ON and OFF cells were treated 

with 0.5 µM to 5 µM cisplatin for 24 hours before FANCD2 protein expression was 

analysed by western blot (Figure 4.4A). Increasing doses of cisplatin induced an 

increasing downregulation of total FANCD2 protein levels in MYCN OFF cells but did 

not effect FANCD2 protein levels in MYCN ON cells (Figure 4.4B). Cisplatin induced 

FANCD2 mono-ubiquitination in a dose-dependent manner in both MYCN ON and OFF 

cells, with the biggest induction observed in MYCN OFF cells (Figure 4.4C). 

 This data demonstrates 50 µM TMZ and 5 µM cisplatin effectively induce high 

levels of FA pathway activation in neuroblastoma cells regardless of MYCN status. 

 

Figure 4.3. Temozolomide induces FA pathway activation in SHEP-1 and 
IMR32 cells. 
SHEP-1 (MYCN non-amplified) and IMR32 (MYCN amplified) cells were treated 
with 0-100 µM temozolomide (TMZ) for 24 hours. (A) FANCD2 protein levels 
were determined by western blotting (n=1). (B) Total FANCD2 band intensity 
(sum of L and S band intensities) was quantified relative to 0 µM TMZ treatment 
for each cell line and normalised to ß-tubulin band intensity. (C) FANCD2 L:S 
ratios were calculated for each condition.  
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4.2.1.3 Curcumin inhibits endogenous and cisplatin-induced 
FA pathway activation 

 

 Curcumin, a natural polyphenolic compound, was identified as an inhibitor of 

FANCD2 mono-ubiquitination by Chirnomas et al., (2006) and has since been 

demonstrated to effectively inhibit chemotherapy-induced FA pathway activation in a 

range of cancer cell lines (Chirnomas et al., 2006; Patil et al., 2014; Chen et al., 2015b). 

However, curcumin also induces a wide range of off-target effects and is therefore a 

non-specific FA pathway inhibitor (Zhai et al., 2020). To determine whether curcumin 

effectively inhibits FA pathway activation in neuroblastoma cells, SHEP-Tet21N MYCN 

ON and OFF cells were pre-treated with 0 µM or 10 µM curcumin for 16 hours before 

Figure 4.4. Cisplatin induces FA pathway activation in SHEP-Tet21N 
neuroblastoma cells. 
SHEP-Tet21N MYCN ON and OFF cells were treated with 0-5 µM cisplatin for 24 
hours. (A) MYCN and FANCD2 protein levels were determined by western 
blotting (n=1). (B) Total FANCD2 band intensity (sum of L and S band intensities) 
was quantified relative to MYCN ON 0 µM cisplatin treatment and normalised to 
ß-tubulin band intensity. (C) FANCD2 L:S ratios were calculated for each 
condition.  
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addition of 0 µM to 10 µM cisplatin for 24 hours. FANCD2 protein levels were then 

determined by western blot (Figure 4.5A). Increasing doses of cisplatin did not alter total 

FANCD2 expression in either MYCN ON or OFF cells (Figure 4.5B). However, curcumin 

treatment induced a downregulation of total FANCD2 expression consistently across all 

cisplatin doses in MYCN OFF cells. Cisplatin induced FANCD2 mono-ubiquitination in 

both MYCN ON and OFF cells, with the greatest increase in activation again observed 

in MYCN OFF cells (Figure 4.5C). 10 µM curcumin treatment effectively inhibited both 

endogenous and cisplatin-induced FANCD2 mono-ubiquitination in MYCN ON and OFF 

cells.  
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 To determine the optimal curcumin dose for inhibition of endogenous and 

cisplatin-induced FA pathway activation, SHEP-Tet21N MYCN ON and OFF cells were 

pre-treated with 5 to 15 µM curcumin for 16 hours before addition of 0 µM or 0.5 µM 

cisplatin for 24 hours. FANCD2 protein expression and mono-ubiquitination was then 

analysed by western blot (Figure 4.6A). With no curcumin pre-treatment, cisplatin 

induced a non-significant increase in total FANCD2 protein levels in both MYCN ON 

and OFF cells (F(3) = 0.109, p > 0.05). (Figure 4.6B). Treatment with 15 µM curcumin 

induced a non-significant downregulation in total FANCD2 levels in MYCN ON cells 

(F(3) = 0.109, p > 0.05). Curcumin also inhibited endogenous and cisplatin-induced 

FANCD2 mono-ubiquitination in MYCN ON cells in a dose-dependent manner (Figure 

Figure 4.5. Curcumin inhibits endogenous and cisplatin-induced FA pathway 
activation in SHEP-Tet21N neuroblastoma cells.  
SHEP-Tet21N MYCN ON and OFF cells were pre-treated with 0 µM or 10 µM 
curcumin for 16 hours before addition of 0-10 µM cisplatin for 24 hours. (A) 
FANCD2 protein levels were determined by western blotting (n=1). (B) Total 
FANCD2 band intensity (sum of L and S band intensities) was quantified relative to 
0 µM curcumin with 0 µM cisplatin treatment, independent and normalised to ß-
tubulin band intensity. (C) FANCD2 L:S ratios were calculated for each condition. 
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4.6C), however this inhibition was not statistically significant (F(3) = 0.233, p > 0.05), 

perhaps because of the highly variable level of FA pathway induction achieved by 

cisplatin. In MYCN OFF cells, treatment with 10 µM curcumin inhibited cisplatin-induced 

but not endogenous FA pathway activation. Treatment with 15 µM curcumin induced an 

induction in FANCD2 mono-ubiquitination in MYCN OFF cells. It was observed by eye 

that 15 µM curcumin induced greater cell death and therefore this increased FA 

pathway activation could be indicative of increased toxicity by pleiotropic effects. 

 This data therefore indicates that treatment with 5 µM curcumin consistently 

inhibits cisplatin-induced and endogenous FA pathway activation in MYCN ON cells 

across all three replicates, however it must be noted that this is not statistically 

significant. In contrast, 5 µM curcumin does not inhibit endogenous FA pathway 

activation in MYCN OFF cells. This suggests curcumin inhibits MYCN-induced FA 

pathway activation. Given the lower endogenous level of FANCD2 expression and 

mono-ubiquitination, inhibition of endogenous FA pathway activation in MYCN OFF 

cells may be difficult to observe. Additionally, treatment with 15 µM curcumin induces 

FA pathway activation in MYCN OFF cells. 
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Figure 4.6. 5 µM curcumin inhibits endogenous and cisplatin-induced FA 
pathway activation in SHEP-Tet21N cells.  
SHEP-Tet21N MYCN ON and OFF cells were pre-treated with 0-15 µM curcumin 
for 16 hours before addition of 0 µM or 0.5 µM cisplatin for 24 hours. (A) MYCN 
and FANCD2 protein levels were determined by western blotting. (B) Total 
FANCD2 band intensity (sum of L and S band intensities) was quantified relative 
to 0 µM curcumin with 0 µM cisplatin treatment and normalised to ß-tubulin band 
intensity. (C) FANCD2 L:S ratios were calculated for each condition. In (B) and 
(C), means ±SEM are shown (n=3). Statistical significance between different 
treatment conditions was determined by a two-way ANOVA for each MYCN ON 
and OFF group where n.s. = non-significant, *p<0.05, **p<0.01, ***p<0.001. 
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4.2.1.4 Optimised cisplatin and curcumin doses effectively 
induce and inhibit FA pathway activation across a panel of 
neuroblastoma cell lines 

 

 In Figures 4.4-4.6, it was observed that 5 µM cisplatin and 5 µM curcumin 

effectively induced and inhibited FA pathway activation respectively in SHEP-Tet21N 

MYCN ON cells. To enable direct comparison of the levels of FA pathway activation in 

MYCN ON and OFF cells at these optimised doses, SHEP-Tet21N MYCN ON and OFF 

cells were pre-treated with 0 µM or 5 µM curcumin for 16 hours before addition of 0 µM 

or 5 µM cisplatin for 24 hours. FANCD2 protein levels were determined by western blot 

(Figure 4.7A). FANCD2 expression levels were not affected by curcumin or cisplatin 

treatment in MYCN ON cells, however both treatments induced a small reduction in 

total FANCD2 levels in MYCN OFF cells (Figure 4.7B). At these optimised doses, 

curcumin inhibited cisplatin-induced FANCD2 mono-ubiquitination in both MYCN ON 

and OFF cells and a small reduction in endogenous FANCD2 mono-ubiquitination was 

observed in one of two repeats (Figure 4.5C). 
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Figure 4.7. Optimised curcumin and cisplatin doses effectively induce and 
inhibit FA pathway activation in SHEP-Tet21N MYCN ON and OFF cells.  
SHEP-Tet21N MYCN ON and OFF cells were pre-treated with 0 µM or 5 µM 
curcumin for 16 hours before addition of 0 µM or 5 µM cisplatin for 24 hours. (A) 
MYCN and FANCD2 protein levels were determined by western blotting (n=2). 
(B) Total FANCD2 band intensity (sum of L and S band intensities) was 
quantified relative to 0 µM curcumin with 0 µM cisplatin treatment in MYCN ON 
cells and normalised to ß-tubulin band intensity. (C) FANCD2 L:S ratios were 
calculated for each condition. In (B) and (C), black bar displays means (n=2). 
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To determine whether these optimised curcumin and cisplatin doses were also 

effective in MNA and non-MNA neuroblastoma cell lines, MNA cell lines IMR32 and 

Kelly, and non-MNA cell lines SHEP-1 and SH-SY5Y, were pre-treated with 0 µM or 5 

µM curcumin for 16 hours before addition of 0 µM or 5 µM cisplatin for 24 hours. 

FANCD2 protein expression in IMR32 and SHEP-1 cells was analysed in parallel by 

western blot (Figure 4.8A). Similarly to SHEP-Tet21N MYCN OFF cells, total FANCD2 

expression in SHEP-1 cells was slightly reduced by curcumin and cisplatin treatment 

(Figure 4.8B). In IMR32 cells, cisplatin treatment induced higher FANCD2 expression 

and curcumin treatment downregulated FANCD2 expression. Treatment with 5 µM 

cisplatin induced FA pathway activation in both IMR32 and SHEP-1 cells (Figure 4.8C). 

Treatment with 5 µM curcumin inhibited both endogenous and cisplatin-induced 

FANCD2 mono-ubiquitination in IMR32 cells, but only inhibited cisplatin-induced 

FANCD2 mono-ubiquitination in SHEP-1 cells. FANCD2 protein expression in Kelly and 

SH-SY5Y cells was also analysed in parallel by western blot (Figure 4.9A). Cisplatin 

treatment induced an increase in total FANCD2 levels in Kelly cells, and curcumin 

treatment induced a downregulation in FANCD2 levels in both Kelly and SH-SY5Y cells 

(Figure 4.9B). Treatment with 5 µM cisplatin induced FA pathway activation in both 

Kelly and SH-SY5Y cells (Figure 4.9C). Unlike in MYCN OFF and non-MNA SHEP-1 

cells, treatment with 5 µM curcumin inhibited both endogenous and cisplatin-induced 

FANCD2 mono-ubiquitination in SH-SY5Y cells. The observation of reduced 

endogenous FA pathway activation may be due to high MYCC expression in SH-SY5Y 

cells (Figure 3.16). In Kelly cells, 5 µM curcumin induced FANCD2 mono-ubiquitination. 

This could be indicative of a greater curcumin cytotoxicity in Kelly cells. Given curcumin 

treatment reduced FANCD2 expression in Kelly cells, this observation of FA pathway 

induction by curcumin may also be attributed to the reduced reliability of measuring 

FANCD2 L:S ratios by western blot when total FANCD2 expression is low.  

This data indicates 5 µM cisplatin effectively induces FA pathway activation 

across a panel of MYCN-inducible, MNA and non-MNA neuroblastoma cells. Pre-

treatment with 5 µM curcumin inhibits cisplatin-induced FA pathway activation across 

most cell lines, but only inhibits endogenous FA pathway activation in neuroblastoma 

cells with high MYCN or MYCC expression. In Kelly cells, 5 µM curcumin treatment 

induces FANCD2 mono-ubiquitination. This may be indicative of greater toxicity. Whilst 

the effect of cisplatin treatment on total FANCD2 levels varies across cell lines, 

curcumin consistently induces downregulation of FANCD2 expression across all cell 

lines with the exception of SHEP-Tet21N MYCN ON cells. 
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Figure 4.8. Optimised curcumin and cisplatin doses effectively induce and 
inhibit FA pathway activation in IMR32 and SHEP-1 cells. 
IMR32 (MYCN amplified) and SHEP-1 (MYCN non-amplified) cells were pre-
treated with 0 µM or 5 µM curcumin for 16 hours before addition of 0 µM or 5 µM 
cisplatin for 24 hours. (A) MYCN and FANCD2 protein levels were determined by 
western blotting (n=2). (B) Total FANCD2 band intensity (sum of L and S band 
intensities) was quantified relative to 0 µM curcumin with 0 µM cisplatin treatment 
in IMR32 cells and normalised to ß-tubulin band intensity. (C) FANCD2 L:S ratios 
were calculated for each condition. In (B) and (C), black bar indicates means 
(n=2).  
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Figure 4.9. Optimised curcumin and cisplatin doses effectively induce and 
inhibit FA pathway activation in SH-SY5Y cells but not in Kelly cells.  
Kelly (MYCN amplified) and SH-SY5Y (MYCN non-amplified) cells were pre-treated 
with 0 µM or 5 µM curcumin for 16 hours before addition of 0 µM or 5 µM cisplatin for 
24 hours. (A) MYCN and FANCD2 protein levels were determined by western 
blotting (n=2). (B) Total FANCD2 band intensity (sum of L and S band intensities) 
was quantified relative to 0 µM curcumin with 0 µM cisplatin treatment in Kelly cells 
and normalised to ß-tubulin band intensity. (C) FANCD2 L:S ratios were calculated 
for each condition. In (B) and (C), black bar indicates means (n=2). 
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4.2.2 Curcumin sensitises neuroblastoma cells to high MYCN expression 
and crosslinking chemotherapeutics 

 

4.2.2.1 Curcumin sensitises neuroblastoma cells to 
crosslinking chemotherapeutics. 

 

 Previous studies have shown high MYCN expression sensitises neuroblastoma 

cells and tumours to cisplatin treatment (Lu et al., 2005; Peirce and Findley, 2009; 

Boeva et al., 2017; van Groningen et al., 2017). To test this in our hands, SHEP-Tet21N 

MYCN ON and OFF cells were treated with 0 µM to 20 µM cisplatin for 24 hours before 

cell viability was determined by Alamar blue assays. In agreement with previous 

studies, MYCN expression significantly sensitised SHEP-Tet21N cells to cisplatin 

(Student’s t-test, p < 0.05), with an average IC50 of 2 µM observed in MYCN ON cells 

and 12 µM observed in MYCN OFF cells (Figure 4.10A). 

Previous studies have also shown curcumin treatment sensitises cancer cells to 

DNA crosslinking and alkylating agents by inhibiting FANCD2 mono-ubiquitination and 

therefore limiting DNA crosslink repair (Chirnomas et al., 2006; Chen et al., 2007; Patil 

et al., 2014; Chen et al., 2015b). Given curcumin inhibited cisplatin-induced FA pathway 

activation in neuroblastoma cells, it was hypothesised that curcumin could sensitise 

neuroblastoma cells to chemotherapeutics currently used in high-risk neuroblastoma 

treatment such as cisplatin, carboplatin and TMZ. Clonogenic survival of SHEP-Tet21N 

MYCN ON and OFF cells was analysed following pre-treatment with 0 µM or 5 µM 

curcumin for 16 hours before addition of increasing doses of cisplatin, carboplatin or 

TMZ for 24 hours. Curcumin treatment induced a slight sensitisation to cisplatin in both 

MYCN ON and OFF cells, however this was not significant (Student’s t-test, p > 0.05) 

(Figure 4.10B). The ability of curcumin to sensitise non-MNA SHEP-1 and MNA IMR32 

cells to increasing doses of cisplatin was also analysed. In these cells, treatment with 5 

µM curcumin was too toxic and therefore IMR32 and SHEP-1 cells were instead pre-

treated with 2.5 µM curcumin for all clonogenic survival assays. Curcumin treatment 

induced a small sensitization of SHEP-1 cells to cisplatin, however this was not 

statistically significant (Student’s t-test, p > 0.05) (Figure 4.10C). Curcumin did not 

sensitise IMR32 cells to cisplatin.  
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Figure 4.10. High MYCN expression sensitises SHEP-Tet21N neuroblastoma 
cells to cisplatin but curcumin induces only a small non-significant 
sensitisation.  
(A) Relative cell viability of SHEP-Tet21N MYCN ON and OFF cells following 
treatment with 0-20 µM cisplatin for 24 hours. Percentage viability was determined 
by Alamar Blue assays 72 hours following addition of cisplatin and calculated 
relative to 0 µM cisplatin treatment. Data are presented as means ±SEM (n=3). 
Statistical significance between MYCN ON and OFF was determined at each 
concentration by a Student’s t-test where *p<0.05, **p<0.01, ***p<0.001. (B) 
Relative survival of SHEP-Tet21N MYCN ON and OFF cells following pre-treatment 
with 0 µM or 5 µM curcumin for 16 hours, before addition of 0-1 µM cisplatin for 24 
hours. (C) Relative survival of IMR32 and SHEP-1 cells following pre-treatment with 
0 µM or 2.5 µM curcumin for 16 hours, before addition of 0-5 µM cisplatin for 24 
hours. In (B) and (C) percentage survival was determined by clonogenic survival 
assays and calculated relative to 0 µM cisplatin with 0 µM curcumin treatment for 
each cell line. Data are presented as means ±SEM (n≥3). Statistical significance 
between survival with and without curcumin pre-treatment was determined at each 
cisplatin concentration by a Student’s t-test where *p<0.05, **p<0.01, ***p<0.001. 
Cell lines are coloured according to MYCN status; orange = ON, blue = OFF, pink = 
amplified, green = non-amplified. 
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Similarly, curcumin treatment induced a small sensitisation to carboplatin in 

SHEP-Tet21N MYCN ON and OFF cells (Figure 4.11A) and SHEP-1 cells (Figure 

4.11B), however this was not statistically significant (Student’s t-test, p > 0.05). 

Curcumin treatment did not sensitise IMR32 cells to carboplatin (Figure 4.11B). 

Curcumin treatment also did not sensitise SHEP-Tet21N MYCN ON and OFF cells 

(Figure 4.12A), SHEP-1 cells (Figure 4.12B), or IMR32 cells (Figure 4.12B) to TMZ 

treatment. This could be because TMZ is a monofunctional alkylating agent, as 

opposed to a DNA crosslinking agent like cisplatin and carboplatin, and therefore 

induces DNA lesions which are repairable by other DNA repair pathways such as BER.  

 

 

 

 

Figure 4.11. High MYCN expression sensitises SHEP-Tet21N neuroblastoma 
cells to carboplatin but curcumin induces only a small non-significant 
sensitisation.  
(A) Relative survival of SHEP-Tet21N MYCN ON and OFF cells following pre-
treatment with 0 µM or 5 µM curcumin for 16 hours, before addition of 0-10 µM 
carboplatin for 24 hours (n=3). (B) Relative survival of IMR32 cells (n≥3) and 
SHEP-1 cells (n≥2) following pre-treatment with 0 µM or 2.5 µM curcumin for 16 
hours, before addition of 0-25 µM carboplatin for 24 hours. In (A) and (B), 
percentage survival was determined by clonogenic survival assays and 
calculated relative to 0 µM carboplatin with 0 µM curcumin treatment for each cell 
line. Data are presented as means ±SEM. Statistical significance between 
survival with and without curcumin pre-treatment was determined at each 
carboplatin concentration by a Student’s t-test where *p<0.05, **p<0.01, 
***p<0.001. Cell lines are coloured according to MYCN status; orange = ON, blue 
= OFF, pink = amplified, green = non-amplified.  
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The inability of curcumin to substantially sensitise SHEP-1 and IMR32 cells to 

cisplatin and carboplatin may be due to the lower dose of curcumin used. To determine 

whether 2.5 µM curcumin treatment is able to inhibit endogenous and chemotherapy-

induced FANCD2 mono-ubiquitination as effectively as 5 µM curcumin treatment, 

SHEP-1 and IMR32 cells were pre-treated with 0 µM, 2.5 µM, or 5 µM curcumin for 16 

hours before addition of 0 µM or 5 µM cisplatin for 24 hours. FANCD2 protein levels 

were analysed by western blot (Figure 4.13A). In IMR32 cells, 2.5 µM curcumin induced 

a smaller downregulation of total FANCD2 expression (Figure 4.13B) but was equally 

as effective at inhibiting cisplatin-induced FANCD2 mono-ubiquitination as 5 µM 

curcumin treatment (Figure 4.13D). In SHEP-1 cells, 2.5 µM curcumin treatment 

induced a smaller upregulation of FANCD2 expression (Figure 4.13C) but was not as 

effective at inhibiting cisplatin-induced FANCD2 mono-ubiquitination as 5 µM curcumin 

treatment (Figure 4.13E). Therefore the reduced downregulation of total FANCD2 in 

IMR32 cells, and the reduced inhibition of FANCD2 mono-ubiquitination in SHEP-1 cells 

Figure 4.12. High MYCN expression and curcumin do not sensitise 
neuroblastoma cells to temozolomide.  
(A) Relative survival of SHEP-Tet21N MYCN ON and OFF cells following pre-
treatment with 0 µM or 5 µM curcumin for 16 hours, before addition of 0-10 µM 
temozolomide (TMZ) for 24 hours. (B) Relative survival of IMR32 and SHEP-1 cells 
following pre-treatment with 0 µM or 2.5 µM curcumin for 16 hours, before addition 
of 0-100 µM TMZ for 24 hours. In (A) and (B), percentage survival was determined 
by clonogenic survival assays and calculated relative to 0 µM TMZ with 0 µM 
curcumin treatment for each cell line. Data are presented as means ±SEM (n≥3). 
Statistical significance between survival with and without curcumin pre-treatment 
was determined at each TMZ concentration by a Student’s t-test where *p<0.05, 
**p<0.01, ***p<0.001. Cell lines are coloured according to MYCN status; orange = 
ON, blue = OFF, pink = amplified, green = non-amplified.  
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demonstrates 2.5 µM curcumin is not as effective at inhibiting FA pathway activation 

compared to 5 µM curcumin. 

This data indicates inhibition of FANCD2 mono-ubiquitination by curcumin has 

the potential to sensitise neuroblastoma cells to DNA crosslinking chemotherapies such 

as carboplatin and cisplatin, but not TMZ which is a DNA alkylating agent. However, the 

high clonogenic toxicity of curcumin in some neuroblastoma cell lines such as IMR32 

and SHEP-1 prevents study of optimally effective doses of curcumin. 
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Figure 4.13. FA pathway inhibition by curcumin in IMR32 and SHEP-1 cells 
is dose-dependent.  
IMR32 (MYCN amplified) and SHEP-1 (MYCN non-amplified) cells were pre-
treated with 0 µM, 2.5 µM, or 5 µM curcumin for 16 hours before addition of 0 µM 
or 5 µM cisplatin for 24 hours. (A) FANCD2 protein levels were determined by 
western blotting (n=1). (B-C) Total FANCD2 band intensity (sum of L and S band 
intensities) was quantified relative to 0 µM curcumin with 0 µM cisplatin treatment 
and normalised to ß-tubulin band intensity. (D-E) FANCD2 L:S ratios were 
calculated for each condition. 
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4.2.2.2 High MYCN expression sensitises neuroblastoma cells 
to curcumin treatment alone 

 

 High MYCN expression has been shown to sensitise neuroblastoma cells to 

treatments which inhibit DNA damage repair and replication-stress limiting pathways 

(Cole et al., 2011; Colicchia et al., 2017; Petroni et al., 2018; King et al., 2020; King et 

al., 2021; Southgate et al., 2020). Additionally, we observed that curcumin inhibits 

MYCN-induced FA pathway activation (Figure 4.6). Given the FA pathway has a role in 

limiting replication stress, we next examined whether high MYCN expression would 

sensitise neuroblastoma cells to FA pathway inhibition by curcumin. To determine the 

effect of high MYCN expression on the sensitivity of neuroblastoma cells to curcumin 

alone, cell viability was analysed by Alamar blue assays in SHEP-Tet21N MYCN ON 

and OFF cells following treatment with up to 50 µM curcumin for 40 hours. SHEP-

Tet21N MYCN ON cells were significantly more sensitive to 15 µM (t(4) = 4.85, p = 

0.008) and 25 µM (t(4) = 4.54, p = 0.011) curcumin treatment than MYCN OFF cells 

(Figure 4.14A). MYCN ON and OFF cells had an average IC50 of 14 µM and 20 µM 

respectively. 

To examine whether MYCN amplification also sensitised neuroblastoma cells to 

curcumin, MNA IMR32 and Kelly cell lines and non-MNA SHEP-1 and SH-SY5Y cell 

lines were treated with up to 25 µM curcumin for 40 hours before cell viability was 

assessed by Alamar blue assays. MNA cell lines were more sensitive to curcumin 

treatment than non-MNA cell lines (Figure 4.14B). IMR32 and Kelly cells had an 

average IC50 of 4 µM and 6 µM respectively, whilst SHEP-1 and SH-SY5Y cells had an 

average IC50 of 10 µM and 17 µM respectively. 

The effect of high MYCN expression on clonogenic survival following treatment 

with increasing doses of curcumin alone was also analysed. Induction of high MYCN 

expression significantly sensitised SHEP-Tet21N cells to curcumin treatment (Figure 

4.14C). However, whilst Kelly cells had a greater sensitivity to curcumin treatment than 

SHEP-1 cells, IMR32 cells had a similar curcumin sensitivity to SHEP-1 cells (Figure 

4.14D). This may be due to the higher colony forming efficiency of IMR32 cells 

compared to SHEP-1 cells (Figure 4.14E). However it also suggests other genetic 

factors may impact clonogenic sensitivity to curcumin.  

This data shows MYCN overexpression and amplification sensitises 

neuroblastoma cells to treatment with the FA pathway inhibitor curcumin as a 

monotherapy. 
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Figure 4.14. Neuroblastoma cell lines with high MYCN expression have 
greater sensitivity to curcumin. (Legend overleaf). 
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4.2.3 Curcumin treatment induces higher levels of replication stress in 
neuroblastoma cells 

 

4.2.3.1 Curcumin enhances S-phase accumulation in MYCN 
ON cells 

 

 To begin to determine the molecular mechanism behind the MYCN-induced 

sensitisation to curcumin, the effect of curcumin on the cell cycle profile of SHEP-

Tet21N MYCN ON and OFF cells was analysed. Cells were pre-treated with 0 µM or 5 

µM curcumin for 16 hours before addition of 0 µM or 5 µM cisplatin for 24 hours. Cell 

cycle profiles were then determined by FACS following DNA staining with propidium 

iodide. Cisplatin induced an accumulation of both MYCN ON and OFF cells in G2/M, 

and this increase was statistically significant in MYCN OFF cells (F(3,8) = 11.75, p = 

0.034)  (Figure 4.15, Appendix Figure A13). Curcumin pre-treatment induced a slight 

reduction in this G2/M accumulation. MYCN OFF cells were also observed to 

accumulate in S phase following cisplatin treatment, and this accumulation was 

significant when combined with curcumin treatment (F(3,8) = 9.16, p = 0.019). However, 

no cisplatin-dependent S-phase accumulation was observed in MYCN ON cells. 

Curcumin treatment alone did not affect the cell cycle profile of MYCN OFF cells. In 

MYCN ON cells, curcumin treatment alone induced a small 3% increase in S-phase and 

Figure 4.14. Neuroblastoma cell lines with high MYCN expression have 
greater sensitivity to curcumin. 
Relative cell viability of (A) SHEP-Tet21N MYCN ON and OFF cells and (B) 
IMR32, Kelly, SHEP-1, and SH-SY5Y cell lines following treatment with indicated 
curcumin doses for 40 hours. Cell viability was determined 72 hours following 
addition of curcumin by Alamar Blue assays. Percentage viability was calculated 
relative to 0 µM curcumin treatment for each cell line. Data are presented as 
means ±SEM (n=3). Relative survival of (C) SHEP-Tet21N MYCN ON and OFF 
cells and (D) IMR32, Kelly and SHEP-1 cell lines following treatment with 
indicated curcumin doses for 40 hours. Percentage survival was determined by 
clonogenic survival assays and calculated relative to 0 µM curcumin treatment for 
each cell line. Data are presented as means ±SEM (n=3). In (A) and (C), 
statistical significance between MYCN ON and OFF at each curcumin 
concentration was determined by a Student’s t-test where *p<0.05, **p<0.01, 
***p<0.001. Cell lines are coloured according to MYCN status; orange = ON, blue 
= OFF, pink = amplified, green = non-amplified. (E) Colony forming efficiency of 
untreated SHEP-Tet21N MCYN ON and OFF cells, IMR32 cells, Kelly cells and 
SHEP-1 cells. Data are presented as means ±SEM (n ≥ 3). Statistical significance 
between cell lines was determined by a one-way ANOVA where n.s. = non-
significant, *p<0.05, **p<0.01, ***p<0.001. 
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sub-G1 accumulation. This increase in sub-G1 accumulation is indicative of increased 

apoptotic death.  

 This data indicates curcumin treatment does not significantly mitigate or 

exacerbate cisplatin-induced G2/M and S-phase arrest. Whilst curcumin treatment 

alone does not impact the cell cycle profile of MYCN OFF cells, it does slightly enhance 

the S-phase accumulation in MYCN ON cells.  

 

 

 

 

 

Figure 4.15. Curcumin has no substantial effect on the cell cycle 
distribution of SHEP-Tet21N MYCN ON and OFF cells but cisplatin induces 
G2M arrest. 
SHEP-Tet21N MYCN ON and OFF cells were pre-treated with 0 µM or 5 µM 
curcumin for 16 hours before addition of 0 µM or 5 µM cisplatin for 24 hours. 
FACS cell cycle profiles were then determined with DNA content determined by 
propidium iodide staining. Percentage of cells in each cell cycle phase is 
displayed. Data are presented as means ±SEM (n=3). Statistical significance of 
cell cycle distribution differences between treatments was determined by a one-
way ANOVA for each cell cycle phase and MYCN status where *p<0.05, 
**p<0.01, ***p<0.001.  
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4.2.3.2 Curcumin induces replication stress and exacerbates 
chemotherapy-induced DNA damage 

 

 FANCD2 has been demonstrated to limit replication stress by protecting stalled 

replication forks and aiding R-loop resolution (Schwab et al., 2010; Schlacher et al., 

2011; Schlacher et al., 2012; Garcia-Rubio et al., 2015; Schwab et al., 2015; Okamoto 

et al., 2019). It was hypothesised that neuroblastoma cells with high MYCN expression 

had a higher sensitivity to curcumin because inhibition of the FA pathway exacerbated 

the high endogenous replication stress and DNA damage to intolerable levels. To test 

this, SHEP-Tet21N MYCN ON and OFF cells were treated with 0 µM or 5 µM curcumin 

for 16 hours before addition of 0 µM or 5 µM cisplatin for 24 hours. The effect of 

curcumin on the levels of replication stress and DNA damage in SHEP-Tet21N MYCN 

ON and OFF cells was determined by immunofluorescence analysis of FANCD2 foci 

(Figure 4.16A), pRPA foci (Figure 4.16A), γ-H2AX foci (Figure 4.16D) and R-loop 

intensity (Figure 4.17).  

FANCD2 mono-ubiquitination is required for stable FANCD2 foci formation 

(Taniguchi et al., 2002a). The number of FANCD2 foci per cell is therefore another 

measure of FANCD2 mono-ubiquitination and FA pathway activation. The number of 

endogenous FANCD2 foci was higher in MYCN ON compared to MYCN OFF cells 

(Figure 4.16A-B). This suggests there is a higher level of FANCD2 mono-ubiquitination 

in MYCN ON cells as observed in Figure 4.1. Curcumin treatment alone inhibited 

formation of FANCD2 foci in MYCN ON cells, but not in MYCN OFF cells (Figure 4.16B, 

Appendix Figure A14A). Again, this is consistent with the effect of curcumin on 

endogenous FANCD2 L:S ratios observed in Figure 4.6. Cisplatin treatment increased 

the number of FANCD2 foci in both MYCN ON and OFF cells, with a higher number of 

cisplatin-induced FANCD2 foci observed in MYCN OFF cells (Figure 4.16B). This is 

also consistent with the level of FANCD2 mono-ubiquitination observed for these 

conditions by western blot (Figure 4.3C, 4.4C). This cisplatin-induced increase in 

FANCD2 foci is inhibited by curcumin treatment in both MYCN ON and OFF cells 

(Figure 4.16B), as observed previously for FANCD2 mono-ubiquitination (Figure 4.7C). 
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Figure 4.16. Curcumin inhibits FANCD2 foci formation, induces replication stress and exacerbates cisplatin-induced DNA damage 
in SHEP-Tet21N neuroblastoma cells. (Legend overleaf).  
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Figure 4.16. Curcumin inhibits FANCD2 foci formation, induces replication 
stress and exacerbates cisplatin-induced DNA damage in SHEP-Tet21N 
neuroblastoma cells. (Legend overleaf).  
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Figure 4.16. Curcumin inhibits FANCD2 foci formation, induces replication stress and exacerbates cisplatin-induced DNA damage 
in SHEP-Tet21N neuroblastoma cells. (Legend overleaf).  



242 
 

 

 

 Checkpoint kinases including ATM, ATR and DNA-PK phosphorylate RPA upon 

detection of DNA damage and replication stress to enable protection of ssDNA and 

recruitment of DNA repair proteins (Binz et al., 2004; Nuss et al., 2005; Wu et al., 2005; 

Vassin et al., 2009; Murphy et al., 2014; Maréchal and Zou, 2015). The number of 

pRPA foci per cell is therefore a measure of replication stress and DNA damage. MYCN 

ON cells had a higher endogenous level of pRPA foci per cell than MYCN OFF cells 

(Figure 4.16A,C). This suggests MYCN ON cells have a greater level of replication 

stress, as previously observed by King et al., 2020. Treatment with curcumin alone 

induced an increase in the number of pRPA foci in both MYCN ON and OFF cells 

(Figure 4.16C, Appendix Figure A14B). The number of pRPA foci in curcumin-treated 

MYCN ON cells was greater than or equivalent to that induced by cisplatin in both 

Figure 4.16. Curcumin inhibits FANCD2 foci formation, induces replication 
stress and exacerbates cisplatin-induced DNA damage in SHEP-Tet21N 
neuroblastoma cells. 
SHEP-Tet21N MYCN ON and OFF cells were pre-treated with 0 µM or 5 µM 
curcumin for 16 hours before addition of 0 µM or 5 µM cisplatin for 24 hours. 
Cells were fixed for immunofluorescence analysis. Hannah Walsh helped with 
this Immunofluorescence staining. (A) Representative images of cells stained for 
FANCD2 and pRPA32/RPA2 are shown. Scale bar = 25 µm. Number of (B) 
FANCD2 foci per cell and (C) pRPA foci per cell was quantified for each 
treatment condition. (D) Representative images of cells stained for γ-H2AX are 
shown. Scale bar = 25 µm.  (E) Number γ-H2AX foci per cell was quantified for 
each treatment condition. In (B), (C) and (E), 100 cells per repeat per treatment 
condition were quantified. Mean foci per cell is presented for each repeat, with 
black lines indicating overall mean ±SEM (n=3). Statistical significance between 
treatments was determined by a two-way ANOVA where n.s. = not significant, 
*p<0.05, **p<0.01, ***p<0.001.  
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MYCN ON and OFF cells. γ-H2AX foci are often used as a marker of DNA damage 

(Pilch et al., 2003; Mah et al., 2010). Additionally, γ-H2AX is also required for the 

recruitment of FANCD2 to stalled replication forks (Bogliolo et al., 2007). MYCN ON and 

OFF cells had a similar number of endogenous γ-H2AX foci per cell (Figure 4.16D-E, 

Appendix Figure A14C). Although curcumin treatment alone did not induce an increase 

in the number of γ-H2AX foci, curcumin exacerbated the increase in γ-H2AX foci 

induced by cisplatin in both MYCN ON and OFF cells. 

 R-loops are formed at transcription-replication conflicts and therefore accumulate 

at regions of high replication stress (Santos-Pereira and Aguilera, 2015). As such, R-

loops are both a source of, and a product of, replication stress and genomic instability. It 

has been demonstrated that neuroblastoma cells with high MYCN expression are 

dependent on MYCN-driven mechanisms of R-loop resolution to limit MYCN-induced 

replication and transcription stress (Herold et al., 2019). Given FANCD2 has a role in 

the resolution of R-loops and this is dependent on FANCD2 mono-ubiquitination 

(Garcia-Rubio et al., 2015; Schwab et al., 2015; Liang et al., 2019a), we next examined 

the effect of curcumin on R-loop accumulation in SHEP-Tet21N MYCN ON and OFF 

cells. Analysis of R-loop immunofluorescence intensity demonstrated that MYCN ON 

cells had a lower endogenous level of R-loop accumulation than MYCN OFF cells 

(Figure 4.17, Appendix Figure A14D). However, inhibition of FANCD2 mono-

ubiquitination by curcumin exacerbated endogenous and cisplatin-induced R-loop 

accumulation in MYCN ON cells only. This suggests there is a FANCD2 mono-

ubiquitination-dependent mechanism of R-loop resolution that contributes to the 

limitation of MYCN-induced R-loops. A reduction in R-loop intensity following RNase H 

treatment confirmed specificity of the anti-RNA-DNA-hybrid antibody for R-loops.  
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Figure 4.17. Curcumin induces R-loop accumulation selectively in MYCN 
ON cells. (Legend overleaf).  
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This data therefore indicates that cisplatin-induced activation and curcumin-

induced inhibition of the FA pathway can also be observed by quantification of FANCD2 

foci. In agreement with previous studies (Gu et al., 2015; King et al., 2020), analysis of 

pRPA foci indicated MYCN ON cells had a higher endogenous level of replication stress 

than MYCN OFF cells. Inhibition of FANCD2 foci formation by curcumin enhanced 

endogenous replication stress and cisplatin-induced DNA damage in both MYCN ON 

and OFF cells. Inhibition of FANCD2 mono-ubiquitination by curcumin also exacerbated 

endogenous and cisplatin-induced R-loop accumulation specifically in cells with high 

MYCN expression. This suggests FANCD2 functions in a pathway that resolves MYCN-

induced R-loops.  

 

4.2.3.3 FANCD2-dependent resolution of MYCN-induced R-
loops is not dependent on BRCA1, AURKA or ATR 

 

 Two MYCN-driven pathways of R-loop resolution have been observed. Herold et. 

al (2019) demonstrated promoter-bound MYCN recruits BRCA1 and mRNA de-capping 

enzymes via USP11 during high transcription and replication stress to enable promoter-

proximal R-loop resolution. Roeschert et al., (2021) demonstrated that MYCN recruits 

AURKA during S-phase to phosphorylate the histone residue H3Ser10. This promotes 

incorporation of histone H3.3 into promoters to suppress co-transcriptional R-loop 

formation. It was also suggested that recruitment of AURKA also stabilises MYCN at 

Figure 4.17. Curcumin induces R-loop accumulation selectively in MYCN 
ON cells. 
SHEP-Tet21N MYCN ON and OFF cells were pre-treated with 0 µM or 5 µM 
curcumin for 16 hours before addition of 0 µM or 5 µM cisplatin for 24 hours. 
Cells were stained for R-loops and nucleolin and analysed by 
immunofluoresence. Cells were incubated with RNase H for 24 hours before 
staining to digest R-loops as a negative control. Hannah Walsh helped with this 
Immunofluorescence staining. (A) Representative images of R-loop and nucleolin 
staining are depicted. Scale bar = 25 µm. (B) R-loop corrected total cell 
fluorescence (CTCF) was quantified for 100 cells per repeat per treatment 
condition. To calculate R-loop CTCF, the R-loop intensity within each nucleus 
was quantified, the nucleoli R-loop intensity was deducted, and the nuclear R-
loop intensity was normalised to the background intensity. Mean CTCF is 
presented for each repeat, with black lines indicating overall mean ±SEM (n=3). 
Statistical significance between treatments was determined by a two-way ANOVA 
where n.s. = not significant, *p<0.05, **p<0.01, ***p<0.001.  
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promoters which enables it to recruit BRCA1 and USP11. It was hypothesised FANCD2 

may have a role in these MYCN-dependent pathways of R-loop resolution. 

 It has been previously shown that BRCA1 regulates recruitment of FANCD2 to 

stalled replication forks (Yeo et al., 2014). To determine whether FANCD2 acts 

downstream of BRCA1 in the MYCN-BRCA1 R-loop resolution pathway described by 

Herold et al., (2019), the effect of siRNA-mediated BRCA1 depletion on R-loop 

intensity, FANCD2 foci formation and pRPA foci formation was analysed in SHEP-

Tet21N MYCN ON and OFF cells. In agreement with previous studies (Herold et al., 

2019), BRCA1 depletion induced a greater increase in R-loop intensity in MYCN ON 

cells compared to MYCN OFF cells in two out of three repeats (Figure 4.18A-B, 

Appendix Figure A15A), although this increase was not significant on average (F(1) = 

0.32, p > 0.05). No significant change in the number of FANCD2 foci (Figure 4.18C-D, 

Appendix Figure A15B) or pRPA foci (Figure 4.18C, 4.19E, Appendix Figure A15C) was 

observed in MYCN ON or OFF cells following depletion of BRCA1. This suggests 

FANCD2 does not act downstream of BRCA1 in these R-loop resolution pathways. 
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Figure 4.18. Depletion of BRCA1 induces R-loop accumulation in MYCN ON cells but does not alter FANCD2 or RPA 
foci formation. (Legend overleaf).  
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Figure 4.18. Depletion of BRCA1 induces R-loop accumulation in MYCN ON 
cells but does not alter FANCD2 or RPA foci formation. (Legend overleaf).  
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 To determine whether FANCD2 acts within the MYCN-AURKA dependent R-loop 

resolution pathway described by Roeschert et al., (2021), the effect of AURKA inhibition 

on R-loop intensity, FANCD2 foci formation and pRPA foci formation was analysed in 

SHEP-Tet21N MYCN ON and OFF cells. Only small increases in the average R-loop 

intensity were observed in both MYCN ON and OFF cells following inhibition of AURKA, 

and wide variation was observed between replicates (Figure 4.19A-B, Appendix Figure 

A16A). Besides one replicate in which the number of FANCD2 foci increased in MYCN 

OFF cells, inhibition of AURKA did not affect FANCD2 foci formation in MYCN ON or 

OFF cells (Figure 4.19C-D, Appendix Figure A16B). The average number of pRPA foci 

per nuclei did not change in MYCN OFF cells but did increase slightly in MYCN ON 

cells following AURKA inhibition (Figure 4.19C, 4.20E, Appendix Figure A16B). The lack 

of R-loop accumulation upon AURKA inhibition is in contrast to the results observed by 

Figure 4.18. Depletion of BRCA1 induces R-loop accumulation in MYCN ON 
cells but does not alter FANCD2 or RPA foci formation.  
SHEP-Tet21N MYCN ON and OFF cells were transfected with scrambled siRNA 
or BRCA1 siRNA using dharmafect-1 for 48 hours before cells were fixed, 
permeabilised and analysed by immunofluorescence. (A) Cells were stained for 
R-loops and nucleolin. Cells were incubated with RNase H for 24 hours before 
staining to digest R-loops as a negative control. Hannah Walsh helped with this 
Immunofluorescence staining. (A) Representative images of R-loop and nucleolin 
staining are depicted. Scale bar = 25 µm. (B) R-loop corrected total cell 
fluorescence (CTCF) was quantified for 100 cells per repeat per treatment 
condition. Mean CTCF is presented for each repeat, with black lines indicating 
overall mean ±SEM (n=3). (C) Representative images of cells stained for 
FANCD2 and pRPA32/RPA2 are shown. Scale bar = 25 µm. Number of (D) 
FANCD2 foci per cell and (E) pRPA foci per cell was quantified for each 
treatment condition. In (D) and (E), 100 cells per repeat per treatment condition 
were quantified. Mean foci per cell is presented for each repeat, with black lines 
indicating overall mean ±SEM (n=3). Statistical significance between treatments 
was determined by a two-way ANOVA where n.s. = not significant, *p<0.05, 
**p<0.01, ***p<0.001.  
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Roeschert et al., (2021). Confirmation of the efficacy of LY3295668-mediated AURKA 

inhibition by western blot would be necessary to conclude whether FANCD2 acts within 

the MYCN-AURKA dependent R-loop resolution pathway. 
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Figure 4.19. Treatment with AURKA inhibitor LY3295668 does not induce accumulation of R-loops, FANCD2 foci or RPA foci 
in SHEP-Tet21N MYCN ON and OFF cells. (Legend overleaf).  
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Figure 4.19. Treatment with AURKA inhibitor LY3295668 does not induce 
accumulation of R-loops, FANCD2 foci or RPA foci in SHEP-Tet21N MYCN 
ON and OFF cells. (Legend overleaf).  
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 Previous studies have demonstrated a role for both ATR and FA pathway 

proteins in the resolution of R-loops (Garcia-Rubio et al., 2015; Schwab et al., 2015; 

Madireddy et al., 2016; Hamperl et al., 2017; Barroso et al., 2019; Okamoto et al., 2019; 

Liang et al., 2019a; Matos et al., 2020). Given FANCD2-mediated R-loop resolution is 

associated FANCD2 mono-ubiquitination (Liang et al., 2019a), and ATR activity is 

necessary for efficient FA pathway activation (Andreassen et al., 2004), it was 

hypothesised that FANCD2-dependent R-loop resolution would require ATR activity. To 

determine whether ATR inhibition disrupts the FANCD2-mediated resolution of MYCN-

induced R-loops, SHEP-Tet21N MYCN ON and OFF cells were treated with 1 µM VE-

821 for 24 hours. R-loop intensity, FANCD2 foci and pRPA foci were subsequently 

analysed by immunofluorescence. Inhibition of ATR induced a significant increase in R-

loop intensity in MYCN OFF cells (F(1) = 24.29, p < 0.001), but a non-significant 

Figure 4.19. Treatment with AURKA inhibitor LY3295668 does not induce 
accumulation of R-loops, FANCD2 foci or RPA foci in SHEP-Tet21N MYCN 
ON and OFF cells. 
SHEP-Tet21N MYCN ON and OFF cells were treated with 0 nM (-LY) or 50 nM 
(+LY) LY3295668, an AURKA inhibitor, for 2 hours. Cells were then fixed for 
immunofluorescence analysis. (A) Cells were stained for R-loops and nucleolin. 
Cells were incubated with RNase H for 24 hours before staining to digest R-loops 
as a negative control. Hannah Walsh helped with this Immunofluorescence 
staining. (A) Representative images of R-loop and nucleolin staining are 
depicted. Scale bar = 25 µm. (B) R-loop corrected total cell fluorescence (CTCF) 
was quantified for 100 cells per repeat per treatment condition. Mean CTCF is 
presented for each repeat, with black lines indicating overall mean ±SEM (n=3). 
(C) Representative images of cells stained for FANCD2 and pRPA32/RPA2 are 
shown. Scale bar = 25 µm. Number of (D) FANCD2 foci per cell and (E) pRPA 
foci per cell was quantified for each treatment condition. In (D) and (E), 100 cells 
per repeat per treatment condition were quantified. Mean foci per cell is 
presented for each repeat, with black lines indicating overall mean ±SEM (n=3). 
Statistical significance between treatments was determined by a two-way ANOVA 
where n.s. = not significant, *p<0.05, **p<0.01, ***p<0.001.  
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reduction in R-loop intensity in MYCN ON cells (F(1) = 24.29, p > 0.05) (Figure 4.20A-B, 

Appendix Figure A17A). A small but non-significant increase in the number of FANCD2 

foci per cell was observed following ATR inhibition in both MYCN ON and OFF cells 

(F(1) = 1.62, p > 0.05) (Figure 4.20C-D, Appendix Figure A17B). Consistent with the 

increase in R-loop accumulation selectively in MYCN OFF cells, ATR inhibition also 

resulted in an increase in pRPA foci in two out of three replicates selectively in MYCN 

OFF cells, however this increase was not significant (F(1) = 0.64, p > 0.05) (Figure 

4.20C, 4.21E, Appendix Figure A17C).  

 This data suggests FANCD2 is not involved in the currently known MYCN-

dependent pathways of R-loop resolution. However, analysis of the efficacy of BRCA1 

depletion,  AURKA inhibition and ATR inhibition in SHEP-Tet21N cells should be 

undertaken to confirm these findings. Interestingly, ATR inhibition induces R-loop 

accumulation specifically in MYCN OFF cells. 
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Figure 4.20. Treatment with ATR inhibitor VE-821 induces R-loop accumulation selectively in MYCN OFF cells but does 
not induce accumulation FANCD2 foci or RPA foci. (Legend overleaf).  
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Figure 4.20. Treatment with ATR inhibitor VE-821 induces R-loop 
accumulation selectively in MYCN OFF cells but does not induce 
accumulation FANCD2 foci or RPA foci. (Legend overleaf).  
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Figure 4.20. Treatment with ATR inhibitor VE-821 induces R-loop 
accumulation selectively in MYCN OFF cells but does not induce 
accumulation FANCD2 foci or RPA foci. 
SHEP-Tet21N MYCN ON and OFF cells were treated with 0 µM (-VE) or 1 µM 
(+VE) VE-821 for 24 hours. Cells were then fixed for immunofluorescence 
analysis and stained for R-loops and nucleolin. Cells were incubated with RNase 
H for 24 hours before staining to digest R-loops as a negative control. Hannah 
Walsh helped with this Immunofluorescence staining. (A) Representative images 
of R-loop and nucleolin staining are shown. Scale bar = 25 µm. (B) R-loop 
corrected total cell fluorescence (CTCF) was quantified for 100 cells per repeat 
per treatment condition. Mean CTCF is presented for each repeat, with black 
lines indicating overall mean ±SEM (n=3). (C) Representative images of cells 
stained for FANCD2 and pRPA32/RPA2 are shown. Scale bar = 25 µm. Number 
of (D) FANCD2 foci per cell and (E) pRPA foci per cell was quantified for each 
treatment condition. In (D) and (E), 100 cells per repeat per treatment condition 
were quantified. Mean foci per cell is presented for each repeat, with black lines 
indicating overall mean ±SEM (n=3). Statistical significance between treatments 
was determined by a two-way ANOVA where n.s. = not significant, *p<0.05, 
**p<0.01, ***p<0.001.  
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4.2.4 Off-target effects of curcumin contribute to curcumin-induced toxicity 
in neuroblastoma cells 

 

4.2.4.1 Inhibition of FANCD2 mono-ubiquitination only partially 
accounts for curcumin-induced toxicity 

 

 Curcumin is a non-specific FA pathway inhibitor and has therefore been 

demonstrated to induce a wide array of other off-target effects. For example, in 

neuroblastoma cells, curcumin promotes apoptosis and cell cycle arrest through 

upregulation of p53 and caspase signalling and suppression of AKT and NF-κB (Zhai et 

al., 2020). Therefore, we next examined whether the curcumin-induced toxicity 

observed in this chapter was due to on-target inhibition of FANCD2 mono-ubiquitination 

or off-target effects. Given SHEP-Tet21N MYCN ON cells have a greater sensitivity to 

curcumin treatment than MYCN OFF cells (Figure 4.10A,C), it was hypothesised that if 

curcumin was acting on-target, MYCN ON cells would also have a greater sensitivity to 

FANCD2 depletion. The efficacy of FANCD2 depletion by a range of single FANCD2 

siRNAs and a pool of FANCD2 siRNAs relative to the appropriate scrambled siRNA 

control was confirmed in both MYCN ON and OFF cells by western blotting (Figure 

4.21A). SHEP-Tet21N MYCN ON and OFF cells were transfected with FANCD2-

targeted or scrambled siRNA for 64 hours before cell viability was determined by 

Alamar blue assays. Relative to the scrambled siRNA control, depletion of FANCD2 had 

a limited effect on survival in both MYCN ON and OFF cells (Figure 4.21B).  

 It was next hypothesised that if the toxicity of curcumin was only due to its ability 

to inhibit FANCD2 mono-ubiquitination, depletion of FANCD2 should abrogate the 

toxicity of curcumin. SHEP-Tet21N MYCN ON and OFF cells were transfected with 

scrambled or FANCD2 siRNA for 24 hours before addition of 0 µM or 5 µM curcumin for 

40 hours. Cell viability was then analysed by Alamar blue assays. For each siRNA 

condition, percentage viability after curcumin treatment was calculated. Compared to 

the scrambled siRNA control, depletion of FANCD2 caused a small increase in viability 

following curcumin treatment (Figure 4.21C). 

Given FANCD2 depletion only partially abrogates the sensitivity of MYCN ON 

and OFF cells to curcumin, and MYCN ON cells are not significantly more sensitive to 

FANCD2 depletion than MYCN OFF cells, this data suggests FA pathway inhibition only 

partially accounts for the cytotoxicity of curcumin in neuroblastoma cells. However, it is 

possible that FA pathway inhibition has a dominant negative effect on FANCD2 function 
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that depletion does not induce. As such, inhibition of the residual FANCD2 after 

depletion may be sufficient to cause the toxicity seen.  

 

Figure 4.21. Inhibition of FANCD2 mono-ubiquitination partially accounts 
for the sensitivity of SHEP-Tet21N neuroblastoma cells to curcumin.  
(Legend overleaf). 
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4.2.4.2 High MYCN expression sensitises neuroblastoma cells 
to other FA pathway inhibitors 

 

 In the absence of a specific FA pathway inhibitor, we attempted to validate the 

MYCN-induced sensitivity to FA pathway inhibition observed by analysing the toxicity of 

a different non-specific FA pathway inhibitor with different off-target effects. Ouabain is 

a cardiac glycoside which was identified as a non-specific inhibitor of FANCD2 mono-

ubiquitination by Jun et al., (2013). The optimal dose of ouabain necessary for effective 

inhibition of endogenous and cisplatin-induced FA pathway activation was determined. 

SHEP-Tet21N MYCN ON and OFF cells were pre-treated with 50 nM to 200 nM 

ouabain for 16 hours before addition of 0 µM or 5 µM cisplatin for 24 hours. FANCD2 

protein levels and mono-ubiquitination was determined by western blotting (Figure 

4.22A). Ouabain induced a reduction in total FANCD2 protein levels in a dose-

dependent manner in both MYCN ON and OFF cells (Figure 4.22B). Treatment with 

100 nM ouabain effectively inhibited cisplatin-induced FA pathway activation in both 

MYCN ON and OFF cells (Figure 4.22C). Treatment with 50nM ouabain alone induced 

an increase in FANCD2 mono-ubiquitination in both MYCN ON and OFF cells. 

However, this was inhibited in a dose-dependent manner by 100 nM and 200 nM 

ouabain treatment in MYCN ON cells. 

 

Figure 4.21. Inhibition of FANCD2 mono-ubiquitination partially accounts 
for the sensitivity of SHEP-Tet21N neuroblastoma cells to curcumin.  
SHEP-Tet21N MYCN ON and OFF cells were non-transfected, or transfected 
with dharmafect-1 alone, scrambled siRNA, one of three FANCD2 siRNAs, a pool 
of scrambled siRNAs, or a pool of FANCD2 siRNAs. (A) Cell lysates were 
harvested 48 hours after transfection and FANCD2 protein levels determined by 
western blotting. (B) Cell viability was analysed 64 hours after transfection by 
Alamar blue assays. Percentage viability was determined for FANCD2 siRNA 
transfected cells relative to the corresponding scrambled siRNA transfected cells. 
Data are presented as means ±SEM (n=3). Statistical significance of viability for 
FANCD2 siRNA transfected cells compared to scrambled siRNA transfected cells 
was determined by Student’s t-test where *p<0.05, **p<0.01, ***p<0.001. (C) 24 
hours after transfection, cells were treated with 0 µM or 5 µM curcumin for 40 
hours before cell viability was analysed by Alamar blue assays. Percentage 
viability of cells after curcumin treatment compared to those without curcumin 
treatment was determined for each siRNA-transfected condition. Data are 
presented as means ±SEM (n=3). Statistical significance of viability for FANCD2 
siRNA transfected cells compared to scrambled siRNA transfected cells was 
determined by one-way ANOVA where *p<0.05, **p<0.01, ***p<0.001. 
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Figure 4.22. Ouabain inhibits endogenous and cisplatin-induced FA 
pathway activation in SHEP-Tet21N neuroblastoma cells.  
SHEP-Tet21N MYCN ON and OFF cells were pre-treated with 0-200 nM ouabain 
for 16 hours before addition of 0 µM or 5 µM cisplatin for 24 hours. (A) FANCD2 
protein levels were determined by western blotting. (B) Total FANCD2 band 
intensity (sum of L and S band intensities) was quantified relative to 0 µM 
ouabain with 0 µM cisplatin treatment and normalised to ß-tubulin band intensity. 
(C) FANCD2 L:S ratios were calculated relative to 0 µM ouabain with 0 µM 
cisplatin treatment. (D) Relative survival of SHEP-Tet21N MYCN ON and OFF 
cells following treatment with 0-100 nM ouabain for 40 hours. Percentage survival 
was determined by clonogenic survival assays and calculated relative to 0 µM 
ouabain treatment. Data are presented as means ±SEM (n=3). Statistical 
significance between MYCN ON and OFF was determined at each concentration 
by a Student’s t-test where *p<0.05, **p<0.01, ***p<0.001. 
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 To determine whether high MYCN expression also sensitises neuroblastoma 

cells to ouabain, clonogenic survival of SHEP-Tet21N MYCN ON and OFF cells was 

analysed following treatment with increasing doses of ouabain for 40 hours. MYCN ON 

cells were significantly more sensitive to ouabain than MYCN OFF cells (Student’s t-

test, p < 0.05) (Figure 4.22D). Given ouabain also has many off-target effects including 

inhibition of NHEJ (Du et al., 2018), the extent of toxicity induced by on-target inhibition 

of FANCD2 mono-ubiquitination was analysed. It was hypothesised that if the toxicity of 

ouabain was mediated purely by its ability to inhibit FA pathway activation, depletion of 

FANCD2 would abrogate all ouabain toxicity. SHEP-Tet21N MYCN ON and OFF cells 

were transfected with scrambled or FANCD2-targeted siRNA for 24 hours before 

addition of 0 nM or 100 nM ouabain for 40 hours. Cell viability was then analysed by 

Alamar blue assays. For each siRNA condition, percentage viability after ouabain 

treatment was calculated (Figure 4.23). Depletion of FANCD2 did not abrogate ouabain 

toxicity in comparison to the scrambled siRNA control. This could suggest minimal 

ouabain toxicity was attributed to the on-target inhibitory effects on the FA pathway. 

However, depletion of FANCD2 could have different effects to inhibition of FANCD2 

mono-ubiquitination, and this could account for the lack of abrogation observed. 

Figure 4.23. Off-target effects may largely account for toxicity of ouabain in 
SHEP-Tet21N neuroblastoma cells.  
SHEP-Tet21N MYCN ON and OFF cells were transfected with scrambled siRNA, 
one of three FANCD2 siRNAs, a pool of scrambled siRNAs, or a pool of FANCD2 
siRNAs. 24 hours after transfection, cells were treated with 0 nM or 100nM 
ouabain for 40 hours before cell viability was analysed by Alamar blue assays. 
Percentage viability of cells following ouabain treatment, relative to viability of 
cells without curcumin treatment, was determined for each siRNA-transfected 
condition (n=1). 
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 In collaboration with Dr. Spencer Collis’ laboratory group, the effect of high 

MYCN expression on the sensitivity of SHEP-Tet21N cells to a novel specific FA 

pathway inhibitor nFAPi was determined. Clonogenic survival of SHEP-Tet21N MYCN 

ON and OFF cells was analysed following treatment with 0 nM to 100 nM nFAPi. 

Although limited toxicity was observed overall, MYCN ON cells were significantly more 

sensitive to treatment with 100 nM nFAPi than MYCN OFF cells (t(4) = -4.18, p = 0.014) 

(Figure 4.24). The effective dose range of nFAPi in SHEP-Tet21N cells could be further 

optimised to clarify these results. 

 

 

 This data validates the findings that high MYCN expression sensitises cells to FA 

pathway inhibition by demonstrating that SHEP-Tet21N MYCN ON cells were 

significantly more sensitive to treatment with ouabain; a different non-specific FA 

pathway inhibitor, and nFAPi; a novel specific FA pathway inhibitor. However, depletion 

of FANCD2 indicated non-specific effects contribute to the cytotoxicity of curcumin and 

ouabain in neuroblastoma cells.  

 

Figure 4.24. High MYCN expression may sensitise SHEP-Tet21N cells to 
higher doses of nFAPi, a specific FA pathway inhibitor.  
Relative survival of SHEP-Tet21N MYCN ON and OFF cells following treatment 
with 0-100 nM nFAPi, a novel specific FA pathway inhibitor (Dr. S. Collis, 
University of Sheffield). Percentage survival was determined by clonogenic 
survival assays and calculated relative to 0 µM nFAPi treatment. Data are 
presented as means ±SEM (n=3). Statistical significance between MYCN ON and 
OFF was determined at each concentration by a Student’s t-test where *p<0.05, 
**p<0.01, ***p<0.001. 
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4.3 Discussion 
 

 The FA pathway is a DNA damage repair network which functions in the 

replication-dependent repair of ICLs (Moldovan and D’Andrea, 2009; Rodriguez and 

D’Andrea, 2017). The FA pathway also functions to limit replication stress, for example 

by protecting stalled replication forks and resolving R-loops (Sobeck et al., 2006; Collis 

et al., 2008; Schlacher et al., 2012; Chaudhury et al., 2013; Lossaint et al., 2013; 

Garcia-Rubio et al., 2015; Schwab et al., 2015; Madireddy et al., 2016; Herold et al., 

2019). Although there are no widely recognised specific FA pathway inhibitors, it has 

been shown that non-specific FA pathway inhibitors, such as curcumin, sensitise cancer 

cells to crosslinking, alkylating and replication stress-inducing chemotherapeutics 

(Chrinomas et al., 2006; Kunnumakkara et al., 2007; Patil et al., 2014). In Chapter 3, it 

was observed that high MYCN expression induced an upregulation of FANC and HRR-

associated FA pathway genes in neuroblastoma cell lines and tumours. Also, higher 

endogenous FA pathway activation was associated with greater MYCN expression. 

This suggested high MYCN expression led to an increased reliance on the FA pathway. 

We therefore hypothesised that FA pathway inhibition would sensitise neuroblastoma 

cells to crosslinking chemotherapeutics and MYCN-induced replication stress and DNA 

damage. 

 Here, we analyse the impact of MYCN expression on FA pathway activation and 

examine whether inhibition of the FA pathway has therapeutic potential in MNA 

neuroblastoma. By quantifying FANCD2 mono-ubiquitination and foci formation, it was 

demonstrated that MYCN expression induces significantly higher levels of FA pathway 

activation in SHEP-Tet21N cells. Curcumin inhibited cisplatin-induced FA pathway 

activation in most cell lines but only inhibited endogenous FA pathway activation in cells 

with high MYCN or MYCC expression. Neuroblastoma cell viability was analysed by 

Alamar blue and clonogenic survival assays. Curcumin treatment sensitised SHEP-

Tet21N MYCN ON and OFF cells to crosslinking chemotherapeutics cisplatin and 

carboplatin, but not the alkylating agent TMZ. High MYCN expression sensitised cells to 

curcumin treatment alone. Furthermore, we explored the molecular mechanism behind 

this MYCN-induced curcumin sensitivity. Curcumin treatment did not affect the cell cycle 

distribution of MYCN OFF cells but induced a small S-phase and sub-G1 accumulation 

in MYCN ON cells. In MYCN ON and OFF cells, curcumin exacerbated endogenous 

replication stress and cisplatin-induced DNA damage. Curcumin also induced R-loop 

accumulation specifically in MYCN ON cells. Depletion of FANCD2 by siRNA did not 
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fully abrogate the toxicity of curcumin treatment in MYCN ON and OFF cells, suggesting 

pleiotropic effects other than FA pathway inhibition may contribute to curcumin toxicity. 

However, high MYCN expression also sensitised cells to the non-specific FA pathway 

inhibitor ouabain and the specific FA pathway inhibitor nFAPi, and this validated the FA 

pathway as a potential target in MNA neuroblastoma. 

 

4.3.1 High MYCN expression induces replication stress and FA pathway 
activation which is required for survival. 

 

Here, we demonstrated in an isogenic system that expression of MYCN leads to 

increased endogenous FANCD2 mono-ubiquitination and formation of FANCD2 foci 

(Figure 4.1B, 4.17B). Together, these results indicate high MYCN expression induces 

FA pathway activation. Endogenously, many FA pathway proteins function to limit 

replication stress through protection of stalled replication forks and suppression of R-

loops, often in a manner dependent on FANCD2 mono-ubiquitination (Schlacher et al., 

2012; Liang et al., 2019a). Consistent with others (Gu et al., 2015; King et al., 2020), we 

observed MYCN expression increased replication stress as indicated by an increase in 

pRPA foci (Figure 4.16C) and an increase in S-phase accumulation (Figure 4.15). 

Inhibition of FANCD2 mono-ubiquitination by curcumin exacerbated both the increase in 

pRPA foci (Figure 4.16C) and the increase in S-phase accumulation (Figure 4.15). Thus 

we consider that higher levels of replication stress in MYCN ON cells likely activate 

FANCD2 in order to limit oncogene-induced replication stress. 

 Analysis of endogenous FA pathway activation levels across a panel of 

neuroblastoma cell lines demonstrates that presence of MYCN amplification does not 

correlate as clearly with higher FANCD2 mono-ubiquitination levels compared to MYCN 

overexpression in an isogenic system. Non-MNA SH-SY5Y cells were observed to have 

the highest FANCD2 L:S ratio of 0.30 (Figure 4.9C), followed by MNA Kelly cells at 0.17 

(Figure 4.9C), MNA IMR32 cells at 0.14 (Figure 4.8C) and non-MNA SHEP-1 cells at 

0.13 (Figure 4.8C). This highlights the impact of other genetic factors on endogenous 

FA pathway activation. In the case of SH-SY5Y, high MYCC expression may contribute 

to FA pathway activation (Figure 3.16). As such, wide variation in endogenous FA 

pathway activation levels is also observed across cancer types. For example, the 

endogenous FANCD2 L:S ratio is 0.6 in MCF-7 breast cancer cells and 0.3 in HeLa 

cervical cancer cells (Chirnomas et al., 2006). Additionally, we observed large variation 

in the endogenous FANCD2 L:S ratio MYCN ON cells between experiment replicates, 
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from 0.05 to 0.5. Similarly, Jun et al., (2013) observed that the endogenous FANCD2 

L:S ratio in U2OS osteosarcoma cells ranged from 0.01 to 0.28. This highlights the 

impact of environmental factors on FA pathway activation. 

Previously, FA pathway activation has been frequently observed in response to 

replication-stress inducing agents (Taniguchi et al., 2002a; Schlacher et al., 2012; 

Schwab et al., 2015; Yang et al., 2015; Okamoto et al., 2018b; Liang et al., 2019a). 

However, there is limited observation of oncogene-induced FA pathway activation, thus 

our data are important in highlighting this function of FANCD2 in a cancer setting. 

Helbling-Leclerc et al., (2019) observed that chronic expression of oncogenes RAS or 

RAF1 in non-cancerous cells induced a transitory increase in FANCD2 expression and 

mono-ubiquitination before increased replication stress induced oncogene-induced 

senescence, leading to FANCD2 depletion. Overexpression of FANCD2 delayed 

oncogene-induced senescence (Helbling-Leclerc et al., 2019), suggesting the effects of 

FA pathway inhibition on cellular senescence in MNA neuroblastoma cells could be 

further explored. In support of this, silencing of FANCD2 overexpression in melanoma 

cells harbouring activation or amplification of the MiTF oncogene rapidly induced 

cellular senescence (Bourseguin et al., 2016). Constitutive expression of the HPV 

oncogenes E6 or E7 has also been observed to induce an increase in FANCD2 mono-

ubiquitination and foci formation (Khanal and Galloway, 2019).  

The necessity of FA pathway activity in limiting oncogene-induced replication 

stress is highlighted in the mechanism of bone marrow failure in patients with Fanconi 

anaemia. In this, FA-deficient haematopoietic stem and progenitor cells (HSPCs) 

accumulate high levels of DNA damage, leading to hyperactivation of p53 and TGF-β 

growth suppressive pathways (Ceccaldi et al., 2012; Pontel et al., 2015; Walter et al., 

2015; Zhang et al., 2016; Garaycoechea et al., 2018). To promote survival and 

proliferation under these conditions, FA-deficient HSPCs upregulate MYCC, or 

occasionally MYCN (Rodriguez et al., 2021). However, overexpression of MYC 

oncogenes exacerbates the chronic replication stress and DNA damage in FA-deficient 

cells to intolerable levels, leading to further HSPC death and bone marrow failure 

(Rodriguez et al., 2021). This supports our hypothesis that FA pathway activity is 

necessary to mitigate the replication stress and DNA damage induced by MYC 

oncogenes. 

We therefore subsequently tested whether the increased FA pathway activation 

observed in MYCN expressing cells was required for survival. To do this, we first 

demonstrated the ability of curcumin to inhibit endogenous FA pathway activation in 
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MYCN expressing cells. It was observed that curcumin inhibited endogenous FA 

pathway activation consistently in MYCN ON SHEP-Tet21N cells, but not in MYCN OFF 

cells (Figure 4.6). Similarly, curcumin inhibited endogenous FANCD2 foci formation in 

MYCN ON cells but not MYCN OFF cells (Figure 4.16B). This suggests curcumin 

inhibited MYCN-induced FA pathway activation. Expanding analysis to more 

neuroblastoma cell lines, it was observed that curcumin was able to inhibit endogenous 

FANCD2 mono-ubiquitination in MNA IMR32 cells, and SH-SY5Y cells which have high 

MYCC expression (Figure 4.8C, 4.10C). However, endogenous FANCD2 mono-

ubiquitination was not inhibited in non-MNA SHEP-1 cells, or in Kelly cells in which 

curcumin induced FA pathway activation likely through increased toxicity. Curcumin was 

also observed to reduce the total FANCD2 protein expression levels across all 

neuroblastoma cell lines analysed except SHEP-Tet21N MYCN ON cells (Figures 4.7A, 

4.9A, 4.10A). However this downregulation is only significant in IMR32 cells (Figure 

4.8A). Downregulation of FANCD2 expression may be another mechanism through 

which curcumin inhibits FA pathway activation.  

Consistent with the increased FA pathway activation observed in neuroblastoma 

cells with high MYCN expression, expression of MYCN sensitised neuroblastoma cells 

to the FA pathway inhibitor curcumin (Figure 4.14A,C). Additionally, MNA 

neuroblastoma cell lines were more sensitive to curcumin than non-MNA cell lines 

(Figure 4.14B). This suggests MYCN expressing cells are dependent on the increased 

FA pathway activation for survival. 

Overall, we observed that MYCN overexpression induced an increase in FA 

pathway activation, and this was inhibited by curcumin treatment. The increased FA 

pathway activation observed upon MYCN overexpression was shown to aid the 

limitation of MYCN-induced replication stress. This was demonstrated by the 

observation that curcumin exacerbated high replication stress levels in MYCN 

expressing cells. Additionally, curcumin was selectively more toxic in MYCN expressing 

cells, suggesting that MYCN-induced FA pathway activation is required for survival of 

these cells. In parallel with the increased FA pathway expression observed in Chapter 

3, this indicates MYCN expression induces a greater dependency on the FA pathway 

which could be therapeutically exploited. It is tempting to speculate that FA pathway 

inhibitors could be used as single agents in the treatment of MNA neuroblastoma, 

however in reality combination therapies are more likely.  
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4.3.2 DNA crosslinking and alkylating chemotherapeutics activate the FA 
pathway in  neuroblastoma cell lines  

  

 As expected, in addition to endogenous activation, we observed that TMZ or 

cisplatin treatment induced FANCD2 mono-ubiquitination in all neuroblastoma cell lines 

(Figures 4.2, 4.3, 4.7, 4.9, 4.10). Interestingly, cisplatin increased FANCD2 mono-

ubiquitination to a greater extent in MYCN OFF cells compared to MYCN ON cells 

(Figure 4.4, 4.5, 4.7). This consistent with the fact that cisplatin induces S-phase arrest 

in MYCN OFF cells but not MYCN ON cells (Figure 4.15) and also induces a greater 

level of DNA damage in MYCN OFF compared to MYCN ON cells (Figure 4.16E). 

However, this greater cisplatin-induced FA pathway activation in MYCN OFF cells is not 

observed by FANCD2 foci levels, where cisplatin induces a greater number of FANCD2 

foci in MYCN ON cells than MYCN OFF cells in two of three replicates (Figure 4.16B). 

Also, cisplatin induced greater FA pathway activation in MNA cell lines compared to 

non-MNA cell lines (Figures 4.9C, 4.10C). 

 Cisplatin was observed to induce a dose-dependent downregulation in total 

FANCD2 protein expression selectively in MYCN OFF cells (Figures 4.4B, 4.7B), 

however this observation was not always consistent (Figures 4.5B, 4.6B). Cisplatin also 

induced a small FANCD2 downregulation in non-MNA cells, but not MNA cells (Figures 

4.9B, 4.10B). Cisplatin treatment therefore activates the FA pathway but reduces 

FANCD2 expression in non-MNA neuroblastoma cells. This cisplatin-induced FANCD2 

downregulation was not observed in other cancer types (Chirnomas et al., 2006, Jun et 

al., 2013). Cisplatin-induced FANCD2 downregulation may occur through activation of 

p53 by DNA damage, leading to assembly of the DREAM complex which associates 

with E2F4/5 in G0/G1 to repress target genes, including FA pathway genes such as 

FANCD2 (Jaber et al., 2016; Engeland et al., 2018). This effect is perhaps mitigated in 

MYCN ON and MNA cells by the MYCN-induced upregulation of FANCD2 observed in 

Chapter 3. TMZ had no consistent effect on total FANCD2 levels (Figure 4.2). 

 

4.3.3 Curcumin inhibits chemotherapy-induced FA pathway activation and 
sensitises neuroblastoma cells to DNA crosslinking chemotherapeutics. 

 

 Previous studies have demonstrated that curcumin effectively inhibits 

chemotherapy-induced FA pathway activation in glioblastoma cells and ovarian, breast 

and cervical cancer cells (Chirnomas et al., 2006; Patil et al., 2014; Chen et al., 2015b). 

Similarly, we demonstrated that curcumin could inhibit cisplatin-induced activation of 
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FANCD2 in all NB cell lines tested (Figure 4.6, 4.7, 4.9, 4.10, 4.17B). Before examining 

whether curcumin could sensitise neuroblastoma cells to chemotherapy, we looked at 

the effect of MYCN overexpression on chemotherapy sensitivity. Expression of MYCN 

sensitised neuroblastoma cells to treatment with cisplatin (Figure 4.10A,B), carboplatin 

(Figure 4.11B) and TMZ (Figure 4.12B), despite cisplatin often inducing greater FA 

pathway activation (Figure 4.3C, 4.5C, 4.7C) and DNA damage (Figure 4.16E) in MYCN 

OFF cells. This is perhaps due to the faster proliferation rate and higher endogenous 

levels of replication stress and DNA damage in MYCN ON cells (Figures 3.2C, 4.17C) 

(Gu et al., 2015; King et al., 2020). Previous studies have also demonstrated that high 

MYCN expression or MYCN amplification in neuroblastoma cells and tumours induces 

greater initial sensitivity to cisplatin (Lu et al., 2005; Peirce and Findley, 2009; Boeva et 

al., 2017; van Groningen et al., 2017). MYCN may sensitise neuroblastoma cells to 

cisplatin-induced apoptosis through upregulation of the MDM2-p53 pathway (Fulda et 

al., 1999; Chen et al., 2010; Slack et al., 2005; Petroni et al., 2012; Veschi et al., 2012). 

The higher sensitivity of MYCN ON cells to the DNA crosslinking agents cisplatin and 

carboplatin suggests that the increase in FANC and HRR gene expression observed in 

Chapter 3 does not necessarily increase the efficacy of ICL repair in MYCN ON cells, 

perhaps due to the lack of upregulation of TLS and NER genes (Figure 3.14). This 

supports the hypothesis that FANC gene upregulation is instead primarily necessary to 

limit MYCN-induced replication stress. Similarly to MYCN, expression of the HPV 

oncogene E6 also induces higher FA pathway expression and activation whilst 

simultaneously sensitising cells to crosslinking agents (Khanal and Galloway, 2019).  

Regardless of the MYCN-induced differences in sensitivity, curcumin treatment 

sensitised both MYCN ON and OFF cells to cisplatin and carboplatin (Figure 4.10B, 

4.12A). In agreement with our results, Sukumari-Ramesh et al., (2011) observed that 

curcumin sensitised the non-MNA neuroblastoma cell line SK-N-AS to cisplatin. 

However the mechanism by which curcumin induced this sensitivity was not 

determined. FA pathway inhibition by curcumin has also been shown to sensitise cell 

lines of different cancer types to cisplatin, such as ovarian, breast and lung cancer cell 

lines (Chirnomas et al., 2006; Chen et al., 2015b). Other studies also demonstrated the 

ability of curcumin to sensitise NSCLC, ovarian cancer, breast cancer and laryngeal 

carcinoma cells to cisplatin or carboplatin, however curcumin was shown to sensitise 

these cells through alternative mechanisms such as promotion of apoptosis, ROS 

production, suppression of NF-êB pathway activation, inhibition of β-catenin expression, 

and downregulation of genes which mediate cisplatin-resistance such as FEN1 or BCL-



270 
 

2 (Yallapu et al., 2010; Chanvorachote et al., 2009; Sreenivasan et al., 2013; Zhang et 

al., 2013; Kang et al., 2015; Zou et al., 2018; Wang et al., 2022a; Wang et al., 2022b).  

In contrast, curcumin did not sensitise neuroblastoma cells to TMZ (Figure 4.12), 

However, previous studies have shown that FA pathway inhibition by curcumin 

significantly sensitised GBM cell lines to TMZ (Patil et al., 2014; Chen et al., 2007). This 

discrepancy may be observed because TMZ is a monofunctional alkylating agent and 

therefore primarily induces DNA methylation, which is repaired by BER, MMR or the 

DNA methyltransferase MGMT (Caporali et al., 2004; Trivedi et al., 2005; Liu and 

Gerson, 2006; Wang et al., 2006; Kondo et al., 2010; Fu et al., 2012). Therefore, whilst 

the FA pathway may contribute to the replication-associated repair of TMZ-induced 

DNA damage (Chen et al., 2007), its inhibition does not always sensitise cells to TMZ 

as the TMZ-induced lesions have multiple alternative repair mechanisms. GBM cells are 

more often defective in DNA repair processes such as MMR or dependent on the FA 

pathway for TMZ resistance and therefore may be more reliant on the FA pathway for 

repair of TMZ-induced damage (Friedman et al., 1997; Chen et al., 2007; Sarkaria et 

al., 2008).  

Overall, these results indicate FA pathway inhibition could sensitise both MNA 

and non-MNA neuroblastoma cells to crosslinking chemotherapeutics used in the 

treatment of high-risk neuroblastoma. Use of FA pathway inhibitors in combination with 

induction chemotherapeutics could increase the efficacy of induction chemotherapy or 

enable use of lower doses to limit side-effects, and these are two major aims in 

neuroblastoma treatment development (Qiu and Matthay, 2022). FA pathway inhibition 

has also been previously shown to re-sensitise cancer cells which have acquired 

resistance to crosslinking or alkylating agents through FA pathway upregulation 

(Chirnomas et al., 2006; Chen et al., 2007; Zhao et al., 2014; Dai et al., 2015; Bretz et 

al., 2016; Dai et al., 2017). Given MNA neuroblastomas upregulate FA pathway 

expression, the potential of FA pathway inhibition in re-sensitising resistant 

neuroblastoma cells could be further explored. 

 

4.3.4 MYCN-induced curcumin sensitivity is associated with increased 
replication stress  

 

In agreement with findings from Gu et al., (2015) and King et al., (2020), we 

observed that high MYCN expression induces an increase in replication stress. This 

was demonstrated by an increase in pRPA foci (Figure 4.16C), which are formed when 
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RPA proteins are phosphorylated by checkpoint kinases ATM, ATR and DNA-PK upon 

detection of replication stress or DNA damage (Binz et al., 2004; Nuss et al., 2005; Wu 

et al., 2005; Vassin et al., 2009; Maréchal and Zou, 2015; Murphy et al., 2014). 

Previous studies demonstrated that this increased replication stress sensitised MYCN 

expressing neuroblastoma cells to inhibition of DNA repair and replication stress limiting 

pathways (Cole et al., 2011; Colicchia et al., 2017; Petroni et al., 2018; King et al., 

2020; King et al., 2021; Southgate et al., 2020). As described in Chapter 4.3.1, we 

similarly observed that the MYCN-induced sensitivity to FA pathway inhibition by 

curcumin was associated with increased replication stress, as demonstrated by 

exacerbation of MYCN-induced S-phase accumulation and pRPA foci formation.  

More specifically, curcumin induced a 3% increase in S-phase accumulation 

selectively in MYCN expressing cells (Figure 4.15), suggesting curcumin treatment 

results in greater activation of the S-phase checkpoint when MYCN is overexpressed. 

Curcumin also induced an increase in sub-G1 accumulation selectively in MYCN ON 

cells and this provides further indication that curcumin induces greater cell death upon 

MYCN overexpression. As observed in MYCN OFF cells, curcumin treatment had no 

effect on the cell cycle profile of basal cell carcinoma and cervical cancer cells 

(Chirnomas et al., 2006; Ghasemi et al., 2019). However, as observed in MYCN ON 

cells, curcumin treatment induced a 3% increase in the proportion of U2OS cells in S-

phase (Jun et al., 2013). Curcumin has also been observed to induce G2/M-phase 

arrest in a wide variety of cancer types, including other neuroblastoma cell lines such as 

NUB-7 and LAN5, and this is indicative of the presence of damaged or incompletely 

replicated DNA (Liontas et al., 2004; Weir et al., 2007; Hu et al., 2017; Martinez-Castillo 

et al., 2018; Mo et al., 2021; Ye et al., 2021).  

Although the impact of curcumin on cell cycle progression was specific to MYCN 

expressing cells, curcumin exacerbated pRPA foci levels in both MYCN ON and OFF 

cells (Figure 4.16C). However, given the higher endogenous replication stress level in 

MYCN ON cells, curcumin-treated MYCN ON cells had a greater level of replication 

stress than curcumin-treated MYCN OFF cells. As such, curcumin could exacerbate 

replication stress to intolerable levels specifically in MYCN ON cells. However the ability 

of curcumin to induce replication stress in MYCN OFF cells without effectively inhibiting 

endogenous FA pathway activation in these cells suggests curcumin may also induce 

replication stress through other mechanisms. For example, curcumin has been 

previously shown to downregulate RAD51 and this could contribute to the increased 
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replication stress observed (Zellweger et al., 2015; Mason et al., 2019; Wang et al., 

2022a). 

Despite this increase in replication stress, curcumin treatment alone was not 

observed to increase DNA damage levels, as demonstrated by analysis of γ-H2AX foci 

(Figure 4.16E). However, curcumin did exacerbate the number of cisplatin-induced γ-

H2AX foci. In contrast, previous studies have demonstrated that FANCD2 depletion 

increases γ-H2AX foci formation (Garcia-Rubio et al., 2015; Schwab et al., 2015). 

Perhaps the expected impact of higher replication stress on DNA damage is mitigated 

by the curcumin-induced upregulation of PARP, BRCA1, BRCA2, ERCC1 and DNA-PK 

(Shang et al., 2016; Chen et al., 2017). However, Wang et al., (2022a) demonstrated 

that curcumin induces γ-H2AX foci formation in triple-negative breast cancer cells, and 

other studies observed that curcumin enhances DNA fragmentation in laryngeal, 

cervical and breast cancer cells (Rak et al., 2013; Shang et al., 2016; Wang et al., 

2022a). 

 

4.3.5 The FA pathway contributes to the resolution of MYCN-induced R-
loops 

 

Given the FA pathway maintains genome integrity through the regulation of 

multiple DNA repair and replication stress-limiting pathways, its inhibition is likely 

multifaceted. FANCD2 mono-ubiquitination dependent mechanisms of replication stress 

limitation includes protection of stalled replication forks and resolution of R-loops 

(Taniguchi et al., 2002a; Sobeck et al., 2006; Collis et al., 2008; Schlacher et al., 2012; 

Garcia-Rubio et al., 2015; Schwab et al., 2015; Madireddy et al., 2016; Herold et al., 

2019; Liang et al., 2019a). To further examine the role of the FA pathway in limiting 

MYCN-induced replication stress, the effect of curcumin on R-loop accumulation was 

examined in SHEP-Tet21N MYCN ON and OFF cells. Endogenously MYCN ON cells 

had a lower average level of R-loop accumulation than MYCN OFF cells (Figure 4.17B). 

This is likely due to the multiple mechanisms of MYCN-driven R-loop resolution which 

are employed by MYCN to limit replication and transcription stress (Herold et al., 2019; 

Roeschert et al., 2021). Treatment with curcumin exacerbated endogenous R-loop 

accumulation selectively in MYCN ON cells. This suggested the FA pathway was 

involved in the resolution of MYCN-induced R-loops in a manner dependent on 

FANCD2 mono-ubiquitination. Similarly, Liang et al., (2019a) demonstrated that binding 

of the FANCD2-FANCI complex to R-loops stimulates FANCD2 mono-ubiquitination. 
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Similarly to the curcumin-induced S-phase accumulation, curcumin treatment induced 

R-loop accumulation specifically in MYCN expressing cells. Given curcumin also inhibits 

endogenous FANCD2 mono-ubiquitination selectively in MYCN ON cells, this could 

suggest the higher FANCD2 mono-ubiquitination and foci formation observed in MYCN 

ON compared to MYCN OFF cells is driven primarily by an increase in FANCD2-

mediated R-loop repair. However, analysis of FANCD2 foci formation in MYCN ON and 

OFF cells, in the presence and absence of R-loops, would be necessary to determine 

this. 

 Since inhibition of FANCD2 mono-ubiquitination increased R-loop accumulation 

selectively in MYCN ON cells, we next explored whether FANCD2 was involved in 

either of the two previously observed MYCN-dependent mechanisms of R-loop 

suppression. Herold et al., (2019) observed that MYCN promotes escape of RNAPII 

from transcriptional pause sites in promoters to enhance transcriptional activation. 

However, when RNAPII escape fails during high replication and transcription stress, 

MYCN recruits BRCA1 to promoter-proximal regions via USP11, which binds to MYCN 

when residue Thr58 is dephosphorylated. BRCA1 stabilises mRNA de-capping 

complexes to enable resolution of  MYCN-induced promoter-proximal R-loops. BRCA1 

also promotes R-loop resolution at transcription end sites in a MYCN-independent 

mechanism involving recruitment of DNA/RNA helicases such as senataxin (Hatchi et 

al., 2015). Similarly, FANCD2 has been observed to resolve R-loops through 

recruitment of RNA processing enzymes (Garcia-Rubio et al. 2015; Schwab et al. 2015; 

Okamoto et al., 2018a; Okamoto et al., 2018b; Okamoto et al., 2019). Although BRCA1 

is not essential for FANCD2 foci formation (Garcia-Higuera et al., 2001), it has been 

shown that BRCA1 contributes to the recruitment of and activation of FANCD2 in the 

repair of DNA damage (Garcia-Higuera et al., 2001; Bunting et al., 2012; Duquette et 

al., 2012; Long et al., 2014). We therefore examined whether FANCD2 is also involved 

in this MYCN-BRCA1 dependent mechanism of promoter-proximal R-loop resolution. In 

agreement with Herold et al., (2019), depletion of BRCA1 induced a greater increase in 

R-loop accumulation in MYCN ON cells in two out of three repeats (Figure 4.18B). 

However, depletion of BRCA1 did not reduce FANCD2 foci formation (Figure 4.18D) or 

increase pRPA foci formation (Figure 4.18E) in MYCN ON or OFF cells, suggesting 

FANCD2 does not act downstream of BRCA1 in this R-loop resolution pathway. 

 Another MYCN-dependent R-loop resolution pathway was observed by 

Roeschert et al., (2021). MYCN was shown to recruit AURKA during S-phase, leading 

to phosphorylation at histone H3Ser10. This promoted incorporation of histone H3.3 into 
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promoter regions to prevent co-transcriptional R-loop formation. Recruitment of AURKA 

also stabilised MYCN by blocking binding of the SCFFBXW7-ligase to pThr58 in MYCN 

(Otto et al., 2009; Roeschert et al., 2021). It is hypothesised that this would promote the 

dephosphorylation of this residue by the DNA damage-regulated EYA1 phosphatase to 

enable recruitment of USP11 and therefore BRCA1 (Roeschert et al., 2021). 

Recruitment of AURKA may therefore also promote the MYCN-BRCA1 dependent R-

loop resolution mechanism described above. We therefore next examined whether 

FANCD2 is involved in this MYCN-AURKA dependent mechanism of R-loop 

suppression. However, in contrast to the observation of Roeschert et al., (2021), the 

AURKA inhibitor LY3295668 (LY) did not induce R-loop accumulation (Figure 4.19B) or 

FANCD2 foci formation (Figures 4.20D), and only a small increase in pRPA foci was 

observed in MYCN ON cells (Figure 4.19E). Given this discrepancy in observations, the 

efficacy of 50 nM LY treatment in inhibiting AURKA should be determined and the 

dosage further optimised. It therefore cannot be concluded whether FANCD2 has a role 

in this MYCN-AURKA R-loop resolution pathway. 

 FA pathway-mediated R-loop resolution requires FANCD2 mono-ubiquitination 

(Liang et al., 2019a) and therefore it was hypothesised that it also requires activation of 

the ATR DDR for efficient FA pathway activation. Both ATR and FA pathway proteins 

are involved in the resolution of R-loops (Garcia-Rubio et al., 2015; Schwab et al., 2015; 

Madireddy et al., 2016; Hamperl et al., 2017; Okamoto et al., 2019; Barroso et al., 2019; 

Liang et al., 2019a; Matos et al., 2020). For example, MUS81 endonuclease activity at 

R-loops recruits and activates ATR to prevent DSB formation (Matos et al., 2020). This 

MUS81 recruitment to R-loops could be driven by FANCD2, which has been shown to 

recruit MUS81 to telomeres during high ALT-associated replication stress (Xu et al., 

2019). It was therefore next determined whether ATR was also necessary for resolution 

of MYCN-induced R-loops. Interestingly, the ATR inhibitor VE-821 significantly induced 

R-loop accumulation selectively in MYCN OFF cells (Figure 4.20D). In parallel with this 

increased R-loop accumulation, ATR inhibition also frequently resulted in an increase in 

pRPA foci specifically in MYCN OFF cells (Figure 4.20E). This is perhaps because the 

MYCN-dependent mechanisms of R-loop resolution are ATR-independent, and 

therefore MYCN expressing cells have a larger repertoire of pathways which can 

resolve R-loops in the absence of ATR signalling. In agreement with this, MYCN-

dependent recruitment of BRCA1 to R-loops was shown to be ATR-independent, and 

AURKA inhibition activates the ATR pathway suggesting this mechanism is also ATR-

independent (Herold et al., 2019; Roeschert et al., 2021).  
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 Overall these results suggest the higher FA pathway activation observed in 

MYCN ON cells may be driven by a higher dependency on FANCD2 to resolve MYCN-

induced R-loops. However, it is unknown whether MYCN ON cells are reliant on the 

known FANCD2-dependent mechanism of R-loop resolution (Garcia-Rubio et al., 2015; 

Schwab et al., 2015; Okamoto et al., 2019; Liang et al., 2019a) or whether, similarly to 

BRCA1, FANCD2 also functions in a separate MYCN-dependent mechanism of R-loop 

repair. It was observed that FANCD2 is unlikely to act downstream of BRCA1 in the 

MYCN-BRCA1 R-loop resolution pathway. 

 

4.3.6 The effect of curcumin may be due to many pleiotropic effects 
 

Whilst previous studies have demonstrated that the toxicity of curcumin in 

ovarian, cervical, and lung cancer cells is mediated at least in part by FA pathway 

inhibition or accumulation of DNA damage (Chirnomas et al., 2006; Landais et al., 

2009b; Chen et al., 2015b; Shang et al., 2016), curcumin is a non-specific FA pathway 

inhibitor and therefore is known to induce a wide array of pleiotropic effects. For 

example, curcumin has been shown to induce apoptosis in neuroblastoma cells through 

induction of mitochondrial dysfunction, an increase in ROS production, upregulation of 

pro-apoptotic genes such as BAX and TP53, and inhibition of AKT and NF-κB (Liontas 

et al., 2004; Aravindan et al., 2008; Freudlsperger et al., 2008; Pisano et al., 2010; 

D’Aguanno et al., 2012; Picone et al., 2014; Kalashnikova et al., 2017; Sidhar et al., 

2017; Bavisotto et al., 2020; Zhai et al., 2020). However, it has been hypothesised that 

curcumin indirectly inhibits FA pathway activation via inhibition of the NF-êB pathway 

(Otsuki et al., 2002; Kasinski et al., 2008; Landais et al., 2009b). Similarly, this observed 

mitochondrial dysfunction and increase in ROS may be a result of FA pathway 

inhibition, as these effects are also observed in FA deficient cells (Kumari et al., 2013). 

Curcumin has also been observed to regulate the expression or activation of other DNA 

repair associated proteins, with upregulation or activation of ATM, ATR, MRE11, PARP, 

BRCA1, BRCA2, ERCC1 and DNA-PK and downregulation of RAD51 previously 

observed (Landais et al., 2009a; Shang et al., 2016; Chen et al., 2017; Wang et al., 

2022a). This suggests curcumin may modulate DNA repair through multiple 

mechanisms. 

Patil et al., (2014) validated that curcumin sensitised glioblastoma cell lines to 

TMZ through on target FA pathway inhibition by demonstrating that depletion of 

FANCD2 abrogated the curcumin-induced sensitisation. We therefore used siRNA-
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mediated depletion of FANCD2 to determine whether the MYCN-induced sensitivity to 

curcumin was due to FA pathway inhibition, rather than other pleiotropic effects. In 

contrast to treatment with curcumin, depletion of FANCD2 induced limited cell death in 

SHEP-Tet21N MYCN ON and OFF cells (Figure 4.21B). MYCN ON and OFF cells 

showed approximately equal sensitivity to depletion of FANCD2. Also, the reduction in 

cell viability induced by curcumin was only slighted abrogated by depletion of FANCD2 

(Figure 4.21C). This data suggests broad spectrum effects contribute to the overall 

curcumin-induced toxicity and the MYCN-induced sensitivity to curcumin. However, 

differences in the effects of FANCD2 inhibition compared to depletion could affect the 

ability of siRNA-mediated FANCD2 depletion to abrogate the toxicity of curcumin. The 

effects of curcumin on replication stress could also be validated by comparing with the 

effect of FANCD2 depletion on replication stress in MYCN ON and OFF cells.  

To further validate the FA pathway as a potential target in MNA neuroblastoma, 

we analysed the sensitivity of SHEP-Tet21N MYCN ON and OFF cells to a different 

non-specific FA pathway inhibitor; ouabain. Treatment with ouabain induced a dose-

dependent reduction in total FANCD2 levels in both MYCN ON and OFF cells (Figure 

4.22A,B). Treatment with 100 nM ouabain effectively inhibited cisplatin-induced 

FANCD2 mono-ubiquitination in both MYCN ON and OFF cells (Figure 4.22C). 

Following an initial increase in FANCD2 mono-ubiquitination at 50 nM, ouabain also 

induced a dose-dependent reduction in the endogenous FANCD2 L:S ratio selectively 

in MYCN ON cells. Similarly, Jun et al., (2013) observed that 200 nM ouabain induced 

complete inhibition of cisplatin-induced FANCD2 mono-ubiquitination in osteosarcoma, 

cervical cancer and prostate cancer cell lines. Consistent with our observation that 

MYCN expression sensitises cells to curcumin, ouabain induced a significantly greater 

reduction in the cell viability of MYCN ON cells compared to MYCN OFF cells (Figure 

4.22D).  

Ouabain is a cardiac glycoside and therefore also has many other off-target 

effects such as induction of ROS generation and ER stress (Kulikov et al., 2007; 

Hiyoshi et al., 2012; Chang et al., 2019a). However, it is frequently observed that 

ouabain induces cancer cell death by exacerbating DNA damage, particularly DSBs 

(Chang et al., 2019a; Du et al., 2018; Du et al., 2021; Yang et al., 2021). Whilst it can 

be assumed FA pathway inhibition contributes to ouabain-induced DNA damage, it 

should also be noted that ouabain has been observed to inhibit NHEJ activity (Du et al., 

2018). Additionally, ouabain was observed to downregulate BRCA1 and DNA-PK and 

upregulate PARP (Chang et al., 2019a; Yang et al., 2021). Although ouabain also has 
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numerous off-target effects, many of these are different to the off-target effects of 

curcumin. Therefore, the higher sensitivity of MYCN ON cells to two non-specific FA 

pathway inhibitors with different off-target effects further validates the FA pathway as a 

potential target in MNA neuroblastoma. However, FANCD2 depletion did not mitigate 

the effects of ouabain toxicity (Figure 4.23) suggesting non-specific effects may account 

for a large proportion of ouabain-induced toxicity and therefore these results should be 

interpreted cautiously. 

The indirect and undefined mechanism of these non-specific inhibitors makes it 

difficult to distinguish the true effect of MYCN expression on the sensitivity of 

neuroblastoma cells to FA pathway inhibition. To further validate the FA pathway as a 

target in MNA neuroblastoma, the effect of high MYCN expression on the sensitivity of 

neuroblastoma cells to a novel specific FA pathway inhibitor (nFAPi) was determined. 

nFAPi  was developed by Dr. Spencer Collis’ laboratory group at the University of 

Sheffield. Although nFAPi had limited cytotoxic effects in both MYCN ON and OFF 

cells, MYCN ON cells were significantly more sensitive than MYCN OFF cells at 100 nM 

(Figure 4.24). Re-testing the sensitivity of SHEP-Tet21N cells to a new resuspension of 

nFAPi at higher doses may further elucidate the effect of MYCN expression on the 

sensitivity of neuroblastoma cells to specific FA pathway inhibitors. Our results therefore 

suggest FA pathway inhibitors have therapeutic potential neuroblastoma, both in 

sensitising cells to crosslinking chemotherapeutics and in sensitising cells to MYCN-

induced replication stress. These results therefore provide further rationale for the 

development of specific FA pathway inhibitors for use in cancer treatment. 

 

4.3.7 Limitations 
 

We primarily examine the effect of FA pathway inhibition using non-specific FA 

pathway inhibitors. Depletion of FANCD2 in combination with curcumin or ouabain 

highlighted that the broad spectrum effects of these compounds contributed to their 

observed effects on cell viability, and these results should therefore be analysed with 

this in mind. We analysed cell viability using Alamar blue assays. Given the Alamar blue 

assay monitors metabolic activity, observed changes in cell viability may actually be 

reflective of changes in the proliferation rate, the metabolic rate, the type of cellular 

respiration or the cell area. This limitation was mitigated by analysing clonogenic 

survival in parallel to Alamar blue viability assays. Also, Rak et al., (2013) showed that 

the sensitivity of laryngeal cancer cells to curcumin correlated with the extent of 
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intracellular curcumin accumulation, and the effect of MYCN expression on cellular 

curcumin accumulation has not been determined.  

We predominantly analysed FA pathway activation and inhibition by 

quantification of FANCD2 mono-ubiquitination in L:S ratios. However, not all FA 

pathway functions are dependent on FANCD2 mono-ubiquitination, such as the 

regulation of replication fork restart and new origin firing (Lossaint et al., 2013; Yeo et 

al., 2014; Chen et al., 2015a; Raghunandan et al., 2015). The full extent of FA pathway 

activity therefore may not be fully represented by measuring FANCD2 mono-

ubiquitination. This limitation was mitigated by additionally analysing FANCD2 foci 

formation. Similarly, given curcumin inhibits the FA pathway by inhibiting FANCD2 

mono-ubiquitination (Chirnomas et al., 2006), it may not be effective in inhibiting all the 

replication-stress limiting functions of the FA pathway. Furthermore, whilst we explored 

the effect of FA pathway inhibition on R-loop accumulation in MYCN ON and OFF cells, 

we did not explore the effect of FA pathway inhibition on other mechanisms of 

replication stress limitation that are dependent on FANCD2 mono-ubiquitination such as 

protection of stalled replication forks. This could therefore be explored in future work to 

further understand the increased dependency of MYCN expressing cells on FA pathway 

function. 

We examined the DNA damage accumulation by measuring the number of γ-

H2AX foci per cell. However, it should be noted that whilst γ-H2AX foci are often used 

primarily as a marker of DNA damage (Pilch et al., 2003; Mah et al., 2010), these foci 

are also markers of other factors such as cellular senescence and neural stem cell 

development (Turinetto and Giachino, 2015). In examining the potential role of FANCD2 

in MYCN-induced R-loop resolution, the efficacy of siRNA-mediated BRCA1 depletion 

and the efficacy of AURKA and ATR inhibition was not confirmed by western blot. Also, 

only one BRCA1-targeted siRNA was used to demonstrate the effects of BRCA1 

depletion. Analysis of the effect of multiple BRCA1-targeted siRNAs would confirm the 

observed results were not caused by off-target effects. Finally, this chapter only 

analysed the potential effect of MYCN overexpression and amplification on the 

sensitivity of neuroblastoma cells to FA pathway inhibition. Future work could study the 

effect of other common neuroblastoma-associated aberrations on FA pathway inhibitor 

sensitivity. For example, given FA pathway inhibition is synthetic lethal with ATM 

pathway deficiencies (Ceccaldi et al., 2016; Rodriguez and D’Andrea, 2017; Cai et al., 

2020), 11q deletion may also sensitise neuroblastoma cells to FA pathway inhibition. 
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4.3.8 Summary 
 

We addressed the first aim of this chapter through analysis of FANCD2 mono-

ubiquitination and FANCD2 foci formation in SHEP-Tet21N cells and observed that 

curcumin inhibited cisplatin-induced and MYCN-induced FA pathway activation. Whilst 

treatment with curcumin induced a small sensitisation to crosslinking 

chemotherapeutics that was not statistically significant, cells with high MYCN 

expression were significantly sensitised to curcumin treatment alone. This observation 

addressed the second aim of this chapter however the lack of specific FA pathway 

inhibitors prevents determination of clear conclusions about the efficacy of FA pathway 

inhibition. The third aim of this chapter was to explore the molecular mechanism behind 

this putative MYCN-induced sensitivity to FA pathway inhibition. We observed that FA 

pathway inhibition by curcumin was accompanied by an increase in replication stress. 

Curcumin also increased R-loop accumulation specifically in neuroblastoma cells with 

high MYCN expression, suggesting the FA pathway may contribute to MYCN-mediated 

R-loop suppression necessary to limit replication stress to tolerable levels. REDACTED. 
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Chapter 6. Discussion 
 
6.1 High MYCN expression induces an increase in replication stress and FA 
pathway expression and activation 
 

 In this thesis, we examined the therapeutic potential of FA pathway inhibition in 

neuroblastoma and explored the effect of MYCN overexpression and amplification on 

this. High MYCN expression has been shown to induce high levels of replication stress 

and DNA damage (Gu et al., 2015; King et al., 2020), and we confirmed this through 

observation of increased pRPA foci. To cope with this increased genomic instability, 

MYCN has been shown to transcriptionally upregulate DNA repair genes such as 

PARP, MRE11, BLM, BRCA1, CHK1, and components of alternative NHEJ (Cole et al., 

2011; Valentijn et al., 2012; Chayka et al., 2015; Gu et al., 2015; Hallett et al., 2016; 

Petroni et al., 2016; Colicchia et al., 2017; Newman et al., 2015; Durbin et al., 2018; 

Petroni et al., 2018; Herold et al., 2019; King et al., 2020). This upregulation of DNA 

repair genes frequently correlates with poor prognosis in neuroblastoma (Chayka et al., 

2015; Hallett et al., 2016; Durbin et al., 2018; Petroni et al., 2018; Herold et al., 2019; 

King et al., 2020). MYCN-induced replication stress therefore results in a therapeutically 

exploitable dependence on DNA repair and replication-stress limiting pathways. For 

example, high MYCN expression sensitises neuroblastoma cells to inhibition of ATR, 

CHK1, MRE11 and PARP (Cole et al., 2011; Colicchia et al., 2017; Petroni et al., 2018; 

King et al., 2020; Southgate et al., 2020; King et al., 2021).  

To begin to determine whether the FA pathway is a potential therapeutic target in 

MNA neuroblastoma, we first aimed to examine the effect of MYCN overexpression and 

amplification on FA pathway expression in neuroblastoma cell lines and tumours. We 

hypothesised that MYCN would transcriptionally upregulate the FA pathway to limit 

accumulation of replication stress-induced DNA damage. As with the expression of 

many other DDR genes, we found that overexpression of MYCN in MYCN-inducible cell 

lines resulted in a reversible upregulation of FANCD2 protein expression. Furthermore, 

FANCD2 protein expression significantly correlated with that of MYCN across a panel of 

eight MNA, non-MNA and MYCN-inducible cell lines. qRT-PCR and RNA-seq analyses 

confirmed this MYCN-induced upregulation of FANCD2 at the transcriptional level and 

enabled wider analysis of all FA pathway associated genes. In MYCN-inducible SHEP-

Tet21N cells, a small panel of four neuroblastoma cell lines, and in neuroblastoma 

tumours, MYCN overexpression or amplification induced differential expression of FA 



302 
 

pathway genes which clustered according to their FA pathway role. Whilst FANC and 

HRR genes were predominantly transcriptionally upregulated by MYCN overexpression 

or amplification, TLS and NER genes were predominantly downregulated or showed no 

substantial change in expression, as summarised in Figure 6.1. Additionally, the FA 

pathway was the eighth most upregulated KEGG pathway induced by MYCN 

overexpression in SHEP-Tet21N cells, confirming the first hypothesis of this thesis. FA 

pathway genes which have been shown to have a repair-independent role in limiting 

replication stress, such as FANCD2, BRCA1 and BLM, were consistently among the 

most upregulated FA genes (Garcia-Rubio et al., 2015; Schwab et al., 2015; Pan et al., 

2017; Herold et al., 2019; Liang et al., 2019a; Okamoto et al., 2019). We therefore 

speculate that MYCN induces this pattern of expression to promote the limitation of 

MYCN-induced replication stress and promote high fidelity HRR to limit genomic 

instability. However, when analysis was expanded to a wider panel of 39 neuroblastoma 

cell lines, very limited differential FA pathway expression was observed between MYCN 

status subgroups. This suggested the MYCN-induced modulation of FA pathway 

expression is dependent on the wider genomic context. Nevertheless, we observed that 

other common neuroblastoma aberrations, such as 11q deletion, were also not 

associated with significant changes in FA pathway expression in this panel of cell lines. 

We observed that high expression of FA pathway genes that were upregulated in 

MNA neuroblastomas was significantly associated with reduced survival. Given MYCN 

amplification is associated with increased tumour aggressiveness and treatment 

resistance, our results are in agreement with previous studies which demonstrated that 

the extent of FA pathway upregulation correlated with increased tumour aggressiveness 

and progression in other cancer types such as melanoma and breast cancer (Van Der 

Groep et al., 2008; Kao et al., 2011; Wysham et al., 2012; Kais et al., 2016; Feng and 

Jin 2019). Interestingly, the pattern of FA pathway differential expression we observed 

in MNA compared to non-MNA neuroblastoma was similarly observed by Kao et al., 

(2011) in melanomas compared to normal tissue. FANC genes were predominantly 

upregulated but NER genes were downregulated or were not differentially expressed 

(Kao et al., 2011). This was proposed to be associated with the high incidence of 

melanoma in xeroderma pigmentosum patients who harbour germline defects in the 

NER pathway, suggesting impairment of the NER pathway is a frequent event in 

melanoma tumorigenesis.  
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Figure 6.1. Summary of significant FA pathway differential expression in 
MYCN ON/MNA compared to MYCN OFF/non-MNA neuroblastoma cells 
across all RNA-seq dataset analyses. (Legend overleaf). 
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At physiological levels of expression, MYCN regulates target genes by direct 

binding at high-affinity MYCN E-boxes (Zeid et al., 2018; Baluapuri et al., 2020). At 

oncogenic levels of expression, excess MYCN invades the active cis-regulatory 

landscape to induce a weak global upregulation of all active genes (Murphy et al., 2009; 

Valentijn et al., 2012; Zeid et al., 2018). MYCN can also regulate genes through protein-

protein interactions and interaction with epigenetic remodellers (Brenner et al., 2005; 

Corvetta et al., 2013; Tsubota et al., 2018; Baluapuri et al., 2020). Through ChIP 

analyses, we determined that MYCN directly binds at the promoters of 51 of 58 FA 

pathway associated genes, including all FANC genes except FANCW. This suggests 

the MYCN-induced differential expression observed is regulated by direct promoter 

binding for most FA genes. However, the MYCN-affinity of FA gene promoters varied 

and analysis of the kinetics of MYCN binding and FA pathway differential expression 

suggested that MYCN enhancer binding likely contributed to regulation of FA gene 

expression. Also, MYCN did not bind at the promoters of FAAP20, FANCW or UHRF1, 

which were significantly differentially expressed upon MYCN overexpression or 

amplification. This suggests MYCN likely regulates expression of FA pathway 

associated genes through both direct promoter binding and indirect mechanisms such 

as enhancer binding or secondary effects. Future work could confirm the ability of 

MYCN to directly regulate FA pathway gene expression using FA promoter-regulated 

reporter genes.  

We also demonstrated that high MYCN expression induces higher FA pathway 

activation in neuroblastoma cells. A trend between high MYCN expression and high 

Figure 6.1. Summary of significant FA pathway differential expression in 
MYCN ON/MNA compared to MYCN OFF/non-MNA neuroblastoma cells 
across all RNA-seq dataset analyses. 
mRNA expression of 58 FA pathway associated genes and 13 DNA damage 
repair (DDR) or key neuroblastoma-associated (NB) genes was analysed across 
three RNA-seq data sets in Chapter 3; (i) in SHEP-Tet21N cells (MYCN ON vs 
OFF) (21N), (ii) in 39 neuroblastoma cell lines (MNA vs non-MNA) using the 
GSE89413 data set (NB CL), (iii) in 493 neuroblastoma tumours (MNA vs non-
MNA) using the GSE62564 data set (Tumour). Heatmap summarises significant 
differential expression (p<0.05, log2(fold-change)>0.5) of FA pathway genes 
observed in MYCN ON/MNA cells compared to MYCN OFF/non-MNA cells. Grey; 
genes filtered for low expression in all samples. Genes are ordered and 
annotated by ‘FA pathway role’: Core; FA core complex, D2-I; FANCD2-FANCI 
complex, HRR; homologous recombination repair, ICL detection; inter-strand 
crosslink detection, MMR; mis-match repair, NER; nucleotide excision repair, 
TLS; translesion synthesis.   
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FANCD2 mono-ubiquitination was observed across a panel of eight MNA, non-MNA 

and MYCN-inducible cell lines. Further analysis demonstrated that induction of high 

MYCN expression in SHEP-Tet21N cells consistently induced greater FANCD2 mono-

ubiquitination and foci formation. High MYCN expression is therefore associated with an 

upregulation of FA pathway expression and activation. This suggests MNA 

neuroblastoma cells are more reliant on the FA pathway. Altogether, these results 

suggest the FA pathway is a potential tumour-specific therapeutic target in MNA 

neuroblastoma. Interestingly, we also observed relatively high FA pathway expression 

and activation in SH-SY5Y cells, which do not harbour amplification of MYCN but 

overexpress MYCC. This suggests the FA pathway may also be a potential target in 

MYCC-driven tumours, however further analysis would be required to examine this. The 

potential mechanistic role of FANCD2 downstream of MYCN is discussed more 

comprehensively at the end of Chapter 4 and below. 

 

6.2 MYCN-induced replication stress may sensitise neuroblastoma cells to FA 
pathway inhibition as a monotherapy 
 

 Given high MYCN expression was associated with increased FA pathway 

expression and activation, we secondly hypothesised that MYCN overexpression or 

amplification would sensitise cells to inhibition of the FA pathway due to an increased 

dependence on the FA pathway to limit replication stress. We therefore aimed to 

determine the efficacy of FA pathway inhibition in sensitising neuroblastoma cells to 

MYCN-induced replication stress. We demonstrated that neuroblastoma cells with high 

MYCN expression have a greater sensitivity to FA pathway inhibitors, which induced an 

increase in replication stress and MYCN-dependent R-loop accumulation.  

We observed that MYCN overexpression or amplification sensitised cells to two 

non-specific FA pathway inhibitors; curcumin and ouabain, and a novel specific FA 

pathway inhibitor; nFAPi. Although the ability of curcumin and ouabain to induce 

neuroblastoma cell death has been previously reported, the impact of MYCN 

expression on this sensitivity has not been previously identified (Liontas et al., 2004; 

Aravindan et al., 2008; Freudlsperger et al., 2008; Pisano et al., 2010; D’Aguanno et al., 

2012; Picone et al., 2014; Kalashnikova et al., 2017; Sidhar et al., 2017). We further 

analysed the mechanism of this MYCN-induced curcumin sensitivity in MYCN-inducible 

SHEP-Tet21N cells. It was observed that curcumin and ouabain inhibited endogenous 

FANCD2 mono-ubiquitination and foci formation specifically in cells with high MYCN 
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expression, and therefore inhibited MYCN-induced FA pathway activation. Curcumin 

treatment did not induce significant changes in the cell cycle profile of MYCN ON or 

OFF cells, however a slight increase in S-phase and sub-G1 accumulation was 

observed specifically in MYCN ON cells. Given one of the major functions of FANCD2 

in the absence of exogenous DNA damage is to project from replication stress, and 

given MYCN is known to increase replication stress (Gu et al., 2015; King et al., 2020), 

we hypothesised that the ability of curcumin to inhibit MYCN-induced FA pathway 

activation resulted in greater levels of replication stress in MYCN ON cells. This was 

supported by our observation of increased pRPA foci. Whilst curcumin treatment 

exacerbated endogenous replication stress in both MYCN ON and OFF cells, the extent 

of curcumin-induced replication stress was highest MYCN ON cells. It is therefore likely 

that in MYCN ON cells, curcumin treatment increased replication stress to a level where 

cell death was induced. However, curcumin treatment alone did not increase γ-H2AX 

foci accumulation in MYCN ON or OFF cells. γ-H2AX foci are a marker of DNA damage 

and therefore this result is in contrast to other studies which have demonstrated that 

curcumin and ouabain induce DNA damage (Hiyoshi et al., 2012; Rak et al., 2013; 

Shang et al., 2016; Chang et al., 2019a; Du et al., 2018; Du et al., 2021; Yang et al., 

2021; Wang et al., 2022a). FANCD2 has been shown previously to limit replication 

stress induced by other oncogenes (Helbling-Leclerc et al., 2019; Khanal and Galloway, 

2019), and thus our data add to this concept through expanding the number of 

documented oncogenes. 

There are multiple mechanisms of FA pathway-mediated replication stress 

limitation that are dependent on FANCD2 mono-ubiquitination, such as protection of 

stalled replication forks and resolution of R-loops (Schlacher et al., 2012; Liang et al., 

2019a). We therefore analysed the effect of curcumin treatment on R-loop accumulation 

in MYCN ON and OFF cells. We found that MYCN ON cells had a lower endogenous 

level of R-loops than MYCN OFF cells and reasoned this was likely due to MYCN-

induced mechanisms of R-loop resolution (Herold et al., 2019; Roeschert et al., 2021). 

Similarly, Herold et al., (2019) demonstrated that activation of MYCN suppressed 

formation of promoter-proximal R-loops. In contrast, expression of RAS and Cyclin E 

oncogenes was shown to promote R-loop formation (Jones et al., 2012; Kotsantis et al., 

2016). Curcumin treatment exacerbated R-loop accumulation selectively in MYCN ON 

cells, suggesting FANCD2 functions in the resolution of MYCN-induced R-loops. This 

also indicated MYCN-induced R-loops contribute to the increased FA pathway 

activation observed in MYCN ON cells.  
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We next examined whether FANCD2 functions in the known MYCN-dependent 

mechanisms of R-loop resolution. Herold et al., (2019) observed that promoter-bound 

MYCN recruits BRCA1 during high replication stress to resolve promoter-proximal R-

loops. In agreement, we observed that depletion of BRCA1 induced R-loop 

accumulation specifically in MYCN ON cells on two independent occasions. However, 

depletion of BRCA1 had no effect on FANCD2 foci formation. Roeschert et al., (2021) 

observed that MYCN interacts with AURKA to promote incorporation of histone H3.3 

into MYCN-regulated promoters to prevent R-loop accumulation. Inhibition of AURKA 

did not induce R-loop accumulation and had no effect on FANCD2 foci formation, 

however validation of the efficacy of the AURKA inhibitor at the dosage used has not 

yet been undertaken. Given ATR is required for efficient FA pathway activation, and FA 

pathway-mediated R-loop resolution is associated with FANCD2 mono-ubiquitination, 

we hypothesised ATR activity would also be required for FA pathway-mediated R-loop 

resolution (Andreassen et al., 2004; Qiao et al., 2004; Wang et al., 2007; Collis et al., 

2008; Wilson et al., 2008; Collins et al., 2009; Singh et al., 2013; Chen et al., 2015a; 

Liang et al., 2019a). Interestingly, ATR inhibition significantly increased R-loop 

resolution specifically in MYCN OFF cells. We speculate this could be because MYCN 

ON cells have more alternative ATR-independent mechanisms of R-loop resolution than 

MYCN OFF cells.  

Future studies could further elucidate the dependence of MYCN-driven cells on 

FANCD2-mediated R-loop resolution by analysing the effect of RNase H1 expression 

on FANCD2 foci in MYCN ON and OFF cells. Furthermore, immunoprecipitation of 

MYCN in the presence and absence of R-loops could determine whether FANCD2 

associates in a complex with MYCN in an R-loop dependent manner. Additionally, 

whilst we explored the effect of FA pathway inhibition on MYCN-dependent R-loop 

accumulation, we did not explore the effect of FA pathway inhibition on other replication 

stress-induced lesions. MYCN may upregulate the FA pathway to minimise multiple 

mechanisms through which it induces replication stress. For example, FANCD2 mono-

ubiquitination also functions in the protection of stalled replication forks (Schlacher et 

al., 2012), and this may also be a mechanism that MYCN upregulates to limit replication 

stress. Similarly, FANCD2 also acts to restrain replication fork progression, promote 

restart of stalled replication forks, and suppress new origin firing during high replication 

stress (Chaudhury et al., 2013; Lossaint et al., 2013; Yeo et al., 2014; Raghunandan et 

al., 2015; Madireddy et al., 2016; Raghunandan et al., 2020). Although this regulation of 

replication fork dynamics is not dependent on FANCD2 mono-ubiquitination, MYCN 
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may upregulate FANCD2 expression due to its dependency on these functions. 

Consistent with this, it has been shown that MYCN also induces replication stress 

through increased origin firing (King et al., 2021). The impact of FANCD2 inhibition or 

depletion on replication fork dynamics in MYCN-inducible cells could therefore be 

explored through DNA fibre assays. Furthermore, future work could examine whether 

other frequent neuroblastoma aberrations sensitise neuroblastoma cells to FA pathway 

inhibition. For example, ATM inhibition is synthetic lethal with FA pathway deficiencies 

(Cai et al., 2020), and therefore 11q deletion may also sensitise cells to FA pathway 

inhibition. 

Overall, these results suggest that the upregulation of FA pathway expression 

and activation by MYCN is necessary to limit MYCN-induced R-loop accumulation and 

suppress intolerable levels of replication stress and DNA damage, as summarised in 

Figure 6.2. MYCN binds the active cis-regulatory network to globally promote 

transcription initiation and elongation through transcription-dependent and -independent 

mechanisms (Baluapuri et al., 2020). Transcriptional upregulation of FANCD2 to limit R-

loop accumulation may be an additional mechanism through which MYCN promotes 

transcription elongation to provide the increased levels of transcription required in 

neuroblastoma cells without suffering the consequence of paused replication. 

Alternatively, upregulation of FANCD2 expression may be a mechanism employed by 

MYCN to overcome increased transcription stalling which may result from the increased 

replication origin firing induced by MYCN (King et al., 2021). Furthermore, our results 

suggest this increased FA pathway dependency induced by MYCN can be 

therapeutically exploited to selectively target MNA neuroblastoma cells. In a wider 

context, we demonstrate the potential of targeting the FA pathway to selectively kill 

tumour cells harbouring oncogene-induced replication stress. However, it is unlikely FA 

pathway inhibitors would be used as a monotherapy in high-risk neuroblastoma 

treatment. Instead, it would likely be used in combination with DNA damaging 

chemotherapeutics. 
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6.3 FA pathway inhibition may improve the efficacy of crosslinking induction 
chemotherapeutics 
 

The FA pathway is the major mechanism for efficient ICL repair (Sasaki et al., 

1975; Taniguchi et al., 2002a). Loss of FA pathway function therefore primarily 

sensitises cells to DNA crosslinking agents, and this is a clinical marker of Fanconi 

anaemia (Sasaki et al., 1975; Auerbach and Wolman, 1976; German et al., 1987; 

Auerbach 1988; Taniguchi et al., 2002a; Houghtaling et al., 2003; Niedzwiedz et al., 

2004; Bridge et al., 2005; Dai et al., 2015; Dai et al., 2017). FA pathway inhibition 

therefore sensitises a broad range of cancer cell lines to DNA crosslinking and 

Figure 6.2. Model of proposed mechanism of action of FA pathway 
inhibition in MYCN amplified neuroblastoma cells.  
Expression of MYCN increases replication stress and DNA damage. The FA 
pathway suppresses R-loop accumulation, protects stalled forks and contributes 
to DNA repair to limit MYCN-induced replication stress and DNA damage to 
tolerable levels. Inhibition of the FA pathway (FAPi) results in intolerable levels of 
MYCN-induced replications stress and DNA damage leading to cell death. 

B 

A 
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alkylating chemotherapeutics. For example, curcumin has been shown to sensitise 

glioblastoma, breast cancer, ovarian cancer, NSCLC, retinoblastoma and 

neuroblastoma cells to crosslinking chemotherapeutics cisplatin or carboplatin or the 

alkylating agent TMZ (Chirnomas et al., 2006; Chanvorachote et al., 2009; Yallapu et 

al., 2010; Sukumari-Ramesh et al., 2011; Sreenivasan et al., 2013; Chen et al., 2015b; 

Kang et al., 2015; Zou et al., 2018; Huang et al., 2022; Wang et al., 2022a; Wang et al., 

2022b).  

We therefore hypothesised that FA pathway inhibition by curcumin would 

sensitise neuroblastoma cells to clinically relevant DNA crosslinking chemotherapeutics. 

We found that curcumin treatment induced a small, but statistically insignificant, 

sensitisation to cisplatin and carboplatin in SHEP-Tet21N MYCN ON and OFF cells and 

SHEP-1 cells. However, we failed to detect sensitisation to TMZ. Analysis of 

sensitisation in SHEP-1 and IMR32 cells was limited by the high curcumin toxicity in 

these cell lines. However, our results suggest curcumin may sensitise neuroblastoma 

cells to clinically relevant crosslinking chemotherapeutics, regardless of MYCN 

expression level. As such, addition of FA pathway inhibitors in combination with 

induction chemotherapy may increase treatment efficacy and enable use of lower 

doses. This is particularly important in the development of high-risk neuroblastoma 

treatment which aims to minimise treatment morbidity. However it has been suggested 

that integrating FA pathway inhibitors as a combination therapy alongside DNA 

crosslinkers may result in adverse events due to intolerable toxicity in all rapidly dividing 

cells, particularly in the bone marrow (Garaycoechea et al., 2012; Domenech et al., 

2018; Sharp et al., 2021). Additionally, Sharp et al., (2021) argued that use of FA 

pathway inhibitors in the treatment of paediatric patients would entail greater risks of 

side-effects due to the importance of the FA pathway in embryonic development 

(Fiesco-Roa et al., 2019). 

FA pathway inhibition has also been shown to re-sensitise resistant cancer cells 

to DNA crosslinking chemotherapeutics (Chirnomas et al., 2006; Chen et al., 2007; 

Lyakhovich and Surralles, 2007; Zhao et al., 2014; Dai et al., 2015; Bretz et al., 2016; 

Dai et al., 2017). Many cancer cells acquire resistance to crosslinking and alkylating 

chemotherapy through upregulation of FA pathway expression and activation 

(Taniguchi et al., 2003; Chen et al., 2005; van der Heijden et al., 2005; Pejovic et al., 

2006; Chen et al., 2007; Swisher et al., 2009; Wysham et al., 2012; Chen et al., 2016; 

Nagel et al., 2017). Given MNA neuroblastoma is associated with increased frequency 

of relapse and resistance (Brodeur et al., 1984; Seeger et al., 1985; Ponzoni et al., 



311 
 

2022) and increased FA pathway expression and activation, the efficacy of FA pathway 

inhibition in re-sensitising resistant MNA neuroblastoma could be further explored.  

 

6.4 Development of specific FA pathway inhibitors would validate the observed 
MYCN-induced sensitivity to FA pathway inhibition 

 

We observed that off-target effects contribute to the cell death induced by the 

non-specific FA pathway inhibitors curcumin and ouabain. Similarly, other studies have 

demonstrated that curcumin induces apoptosis in neuroblastoma cells through many 

pleiotropic effects such as induction of mitochondrial dysfunction, ROS production, 

upregulation of pro-apoptotic genes, and inhibition of AKT and NF-êB (Liontas et al., 

2004; Aravindan et al., 2008; Freudlsperger et al., 2008; Pisano et al., 2010; D’Aguanno 

et al., 2012; Picone et al., 2014; Kalashnikova et al., 2017; Sidhar et al., 2017). 

However, curcumin may inhibit FANCD2 mono-ubiquitination indirectly through 

inhibition of the NF-êB pathway (Otsuki et al., 2002; Kasinski et al., 2008; Landais et al., 

2009a) and lack of FA pathway function could be responsible for the observed 

mitochondrial dysfunction and ROS production (Kumari et al., 2013). Ouabain has been 

shown to induce ROS production, activate pro-apoptotic pathways, and activate DDR 

checkpoint-induced quiescence in neuroblastoma cells (Kulikov et al., 2007; Hiyoshi et 

al., 2012). Importantly, curcumin and ouabain have been observed to modulate 

expression and activation of other DNA repair pathways. Curcumin upregulates PARP, 

BRCA1, BRCA2, ERCC1 and DNA-PK and downregulates of RAD51 (Shang et al., 

2016; Chen et al., 2017; Wang et al., 2022a). Ouabain was shown to inhibit NHEJ 

activity, downregulate DNA-PK and upregulate PARP and BRCA1 (Du et al., 2018; 

Chang et al., 2019a; Yang et al., 2021). Given curcumin may modulate DNA repair 

through multiple mechanisms, future work could validate the observed impact of FA 

pathway inhibition on replication stress and DNA damage by comparing the effects of 

curcumin to that of FANCD2 depletion. 

Whilst we validated the effect of MYCN overexpression on FA pathway inhibitor 

sensitivity through use of an unpublished specific FA pathway inhibitor (Dr. S. Collis, 

University of Sheffield), development of more specific FA pathway inhibitors would 

enable better study of its potential as a chemotherapeutic in neuroblastoma. Currently 

there are no widely accepted small molecule FA pathway inhibitors that directly and 

selectively inhibit FA pathway activation (Liu et al., 2020a; Taylor et al., 2020; Sharp et 

al., 2021). Most selective FA pathway inhibitors that have been identified target 
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downstream FA proteins involved in NER, TLS or HRR and therefore are not FA 

pathway specific and have broader effects on DNA repair (Huang et al., 2011b; Takaku 

et al., 2011; Budke et al., 2012; Zhu et al., 2013; Chapman et al., 2015; McNeil et al., 

2015; Actis et al., 2016; Liu et al., 2020a). Voter et al., (2016) identified the small 

molecule PIP-199 which targets the upstream FANCM-RMI interaction to inhibit FA core 

complex recruitment and therefore FA pathway activation. However the efficacy of PIP-

199 has not yet been demonstrated in a cellular context. Also, FANCM has DNA repair 

functions outside its role in the FA pathway, and therefore similarly may have broader 

effects on DNA repair (Xue et al., 2015; Pan et al., 2017; Pan et al., 2019; Silva et al., 

2019).  

High throughput biochemical screening methods have been optimised to aid 

future identification of specific FA pathway inhibitors (Sharp et al., 2020). One such 

screen identified the small molecule inhibitor CU2, which inhibits UBE2T/FANCL-

mediated ubiquitination of FANCD2 and was demonstrated to inhibit FANCD2 foci 

formation in U2OS cells (Cornwell et al., 2019). Similarly, Morreale et al., (2017) used 

biophysical screening methods to identify fragments which bound to a previously 

unknown allosteric pocket on the UBE2T E2 ligase and inhibited FANCD2 mono-

ubiquitination in vitro. Inhibition of the FANCL E3 ligase in the FA core complex relies 

on targeting protein-protein interactions and is therefore challenging (Surade and 

Blundell, 2012). However, advances in E3 ligase inhibition has been demonstrated, with 

inhibitors designed to block interactions between E3 and E2 ligases (Brenke et al., 

2018), E3 ligases and substrate adaptors (Zeng et al., 2010; Chan et al., 2013), or E3 

ligases and substrates (Sackton et al., 2014; Tisato et al., 2017) demonstrating efficacy. 

Targeting the E3 ligase activity of the FA core complex is therefore a promising strategy 

that would be advantageous as FANCD2 and FANCI are its only known substrates 

(Renaudin et al., 2014), and this inhibition would therefore be highly selective. Multiple 

FA core complex proteins are required for its efficient E3 ligase activity (van Twest et 

al., 2017), and any one of these proteins could therefore be targeted. However the 

clinical severity of FA is heterogeneous, with the loss of function of some FA proteins, 

such as FANCD2 and FANCB, inducing a more severe phenotype, and this should be 

considered (Fiesco-Roa et al., 2019; Jung et al., 2020). Given the structure of many FA 

core complex proteins has been elucidated (Shakeel et al., 2019; Farrell et al., 

2020;  Wang et al., 2020; Wang et al., 2021), structure-based drug design and in silico 

screening are also promising methods of FA core complex inhibitor development 

(Hodson et al., 2014). 
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6.5 REDACTED 
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6.6 Conclusion: 
 

Overall, this thesis demonstrates the therapeutic potential of FA pathway 

inhibition REDACTED in the treatment of neuroblastoma. In particular, we speculate 

MYCN-induced replication stress and FA pathway dependency may sensitise MNA 

neuroblastoma to these treatments. Our results therefore provide further rationale for 

the development and use of specific FA pathway inhibitors in cancer treatment, 

REDACTED. In a broader context, our results demonstrate the potential of exploiting 

oncogene-induced replication stress to selectively sensitise cancer cells to treatments 

which inhibit DNA repair. 
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Chapter 7. Appendix 
 
7.1 Chapter 2 Appendix 
 
 

 
 
 
 
 
 
 
 
 
 
 

Figure 2.A1. Representative images of antibody control conditions for 
immunofluorescence experiments. 
Alongside experimental conditions, un-treated SHEP-Tet21N MYCN ON cells were 
fixed, permeabilised and analysed by immunofluorescence for non-specific antibody 
interactions. These antibody control conditions were undertaken for each 
experiment. Representative images are displayed. (A) For γ-H2AX 
immunofluorescence experiments, cells were stained with no primary antibody 
before staining with the secondary antibody to verify there was no non-specific 
binding of the secondary antibodies. (B) For FANCD2/pRPA co-
immunofluorescence experiments, cells were stained with no primary antibody 
before staining with the secondary antibody to verify there was no non-specific 
binding of the secondary antibodies. Additionally, cells were stained with only the 
FANCD2 or pRPA antibody alone before staining with the secondary antibody. This 
verified there no non-specific cross-binding between antibodies. (C) For R-loop 
(S9.6 antibody)/nucleolin co-immunofluorescence experiments, cells were stained 
with no primary antibody before staining with the secondary antibody to verify there 
was no non-specific binding of the secondary antibodies. Additionally, cells were 
stained with only the R-loop (S9.6) or nucleolin antibody alone before staining with 
the secondary antibody. This verified there no non-specific cross-binding between 
antibodies.  
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7.2 Chapter 3 Appendix 
 
All Chapter 3 appendix tables are provided in Additional File 1.  

 
 

Figure A2. Differential expression of FA pathway associated genes across 
three biological replicates of SHEP-Tet21N MYCN ON and MYCN OFF cells.  
(Legend overleaf). 
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Figure A2. Differential expression of FA pathway associated genes across 
three biological replicates of SHEP-Tet21N MYCN ON and MYCN OFF cells.  
SHEP-Tet21N MYCN ON cells were treated with 1 µg/ml tetracycline for 48 hours 
to induce a MYCN OFF state. mRNA expression of 55 FA pathway associated 
genes and 12 DNA damage repair (DDR) or key neuroblastoma-associated (NB) 
genes were analysed in SHEP-Tet21N MYCN ON and MYCN OFF cells (n=3) by 
RNA-Seq. Differential expression between MYCN ON and MYCN OFF cells was 
analysed using DESeq2. ‘LFC’ indicates which genes show a log2(fold-
change)>0.5. A regularised log2 (rlog) transformation was applied to the 
normalised count data, from which statistical significance of differential 
expression (annotated by ‘P-value’) was determined for each gene by a Student’s 
t-test, Welch t-test or Mann Whitney U t-test, depending on data distribution. Z-
scores calculated independently for each gene in all sample replicates using rlog-
transformed normalised count data is presented. Genes are clustered according 
to k-means analysis and are annotated by ‘FA pathway role’: Core; FA core 
complex, D2-I; FANCD2-FANCI complex, HRR; homologous recombination 
repair, ICL detection; inter-strand crosslink detection, MMR; mis-match repair, 
NER; nucleotide excision repair, TLS; translesion synthesis.  
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Figure A3. Global differential expression in SHEP-Tet21N MYCN ON and 
MYCN OFF cells. (Legend overleaf). 
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Figure A3. Global differential expression in SHEP-Tet21N MYCN ON and 
MYCN OFF cells.  
SHEP-Tet21N MYCN ON cells were treated with 1 µg/ml tetracycline for 48 hours 
to induce a MYCN OFF state. Global mRNA expression was analysed in SHEP-
Tet21N MYCN ON and MYCN OFF cells by RNA-Seq (n=3). Log2(fold-change) 
and significance of differential expression between MYCN ON and MYCN OFF 
cells was analysed using DESeq2. (A) Volcano plot of all significantly 
differentially expressed genes (p<0.05). Red circles indicate genes with a 
log2(fold-change)>0.5. Top 10 most significantly differentially expressed genes 
are annotated. (B) A regularised log2 (rlog) transformation was applied to the 
normalised count data. rlog-transformed normalised count data was used to 
calculate Z-scores independently for each of the top 30 most upregulated and 
downregulated genes in MYCN ON cells. The average Z-score in MYCN ON and 
MYCN OFF cells is presented. Genes are clustered by k-means analysis. 
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Figure A4. Top 10 gene ontologies enriched in all significantly upregulated 
and downregulated genes in MYCN ON compared to MYCN OFF SHEP-
Tet21N cells. 
SHEP-Tet21N MYCN ON cells were treated with 1 µg/ml tetracycline for 48 hours 
to induce a MYCN OFF state. Global mRNA expression was analysed in SHEP-
Tet21N MYCN ON and MYCN OFF cells by RNA-Seq (n=3). Log2(fold-change) 
and significance of differential expression between MYCN ON and MYCN OFF 
cells was analysed using DESeq2. Significantly enriched gene ontologies in the 
set of significantly upregulated (p < 0.05, log2(fold-change) > 0.5) and 
downregulated (p < 0.05, log2(fold-change) < -0.5) genes was determined. Top 
10 most enriched biological process (BP), molecular function (MF) and cellular 
component (CC) gene ontologies in upregulated and downregulated genes are 
presented. Gene ratio represents the fraction of genes within each ontology that 
is significantly differentially expressed. Points coloured by significance of 
enrichment (p.adjust) and sized according to number of genes significantly 
differentially expressed (count).  
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Figure A5. Differential expression of FA pathway genes across 39 
neuroblastoma cell lines.  
mRNA expression of 58 FA pathway associated genes and 13 DNA damage 
repair (DDR) or key neuroblastoma-associated (NB) genes was analysed across 
39 neuroblastoma cell lines using the GSE89413 RNA-Seq dataset (n=1) 
Differential expression between MYCN amplified and MYCN non-amplified cell 
lines was analysed using DESeq2. ‘LFC’ indicates which genes show a log2(fold-
change)>0.5. A regularised log2 (rlog) transformation was applied to the 
normalised count data, from which statistical significance of differential 
expression (annotated by ‘P-value’) was determined for each gene by a Student’s 
t-test, Welch t-test or Mann Whitney U t-test, depending on data distribution. Z-
scores calculated independently for each gene across all 39 cell lines using rlog-
transformed normalised count data are presented. Genes and cell lines are 
clustered according to k-means analysis, with cell line clustering based on 
expression of FA pathway associated genes only. (Figure legend continues 
overleaf). 
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Figure A5. Differential expression of FA pathway genes across 39 
neuroblastoma cell lines (continued). 
Genes are annotated by ‘FA pathway role’: Core; FA core complex, D2-I; 
FANCD2-FANCI complex, HRR; homologous recombination repair, ICL 
detection; inter-strand crosslink detection, MMR; mis-match repair, NER; 
nucleotide excision repair, TLS; translesion synthesis. Cell lines annotated by 
amplification of MYCN, presence of aberration in 1p36, 3p26 and 11q23 loci, gain 
of 17q locus, and mutation of ALK and TP53 genes. 
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Figure A6. Global differential expression across 39 neuroblastoma cell 
lines. (Legend overleaf).  
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Figure A6. Global differential expression across 39 neuroblastoma cell 
lines. 
Global mRNA expression was analysed across 39 neuroblastoma cell lines using 
the GSE89413 RNA-Seq dataset (n=1) Log2(fold-change) and significance of 
differential expression between MYCN amplified and MYCN non-amplified cell 
lines was analysed using DESeq2. (A) Volcano plot of all significantly 
differentially expressed genes (p<0.05). Red circles indicate genes with a 
log2(fold-change)>0.5. Top 10 most significantly differentially expressed genes 
are annotated. (B) A regularised log2 (rlog) transformation was applied to the 
normalised count data. rlog-transformed normalised count data was used to 
calculate Z-scores independently for each of the top 30 most upregulated and 
downregulated genes in MYCN amplified compared to MYCN non-amplified cell 
lines. The average Z-score in MYCN amplified and MYCN non-amplified cells is 
presented. Genes and cell lines are clustered by k-means analysis. Cell lines are 
annotated by MYCN amplification status, presence of deletion at 1p36, 3p26 and 
11q23 loci, 17q gain, and mutation of ALK and TP53 genes. 
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Figure A7. Top 10 gene ontologies enriched in all significantly upregulated and downregulated genes in MYCN amplified 
compared to MYCN non-amplified neuroblastoma cell lines. (Legend overleaf).  
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Figure A7. Top 10 gene ontologies enriched in all significantly upregulated 
and downregulated genes in MYCN amplified compared to MYCN non-
amplified neuroblastoma cell lines. 
Global mRNA expression was analysed across 39 neuroblastoma cell lines using 
the GSE89413 RNA-Seq dataset (n=1) Log2(fold-change) and significance of 
differential expression of all genes in MYCN amplified compared to MYCN non-
amplified cell lines was analysed using DESeq2. Significantly enriched gene 
ontologies in the set of significantly upregulated (p < 0.05, log2(fold-change) > 
0.5) and downregulated (p < 0.05, log2(fold-change) < -0.5) genes was 
determined. Top 10 most enriched biological process (BP), molecular function 
(MF) and cellular component (CC) gene ontologies in upregulated and 
downregulated genes are presented. Gene ratio represents the fraction of genes 
within each ontology that is significantly differentially expressed. Points coloured 
by significance of enrichment (p.adjust) and sized according to number of genes 
significantly differentially expressed (count).  

Figure A8. Top 10 KEGG pathways enriched in all significantly upregulated 
and downregulated genes in MYCN amplified compared to MYCN non-
amplified neuroblastoma cell lines. 
Global mRNA expression was analysed across 39 neuroblastoma cell lines using 
the GSE89413 RNA-Seq dataset (n=1) Log2(fold-change) and significance of 
differential expression of all genes in MYCN amplified compared to MYCN non-
amplified cell lines was analysed using DESeq2. Significantly enriched KEGG 
pathways in the set of significantly upregulated (p < 0.05, log2(fold-change) > 0.5) 
and downregulated (p < 0.05, log2(fold-change) < -0.5) genes was determined. 
Top 10 most enriched KEGG pathways in upregulated and downregulated genes 
are presented. Gene ratio represents the fraction of genes within each KEGG 
pathway that is significantly differentially expressed. Points coloured by 
significance of enrichment (p.adjust) and sized according to number of genes 
significantly differentially expressed (count).  
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Figure A9. FA pathway associated genes are differentially expressed across 
493 neuroblastoma tumours.  
mRNA expression of 58 FA pathway associated genes and 13 DNA damage repair 
(DDR) or key neuroblastoma-associated (NB) genes was analysed in 493 
neuroblastoma tumours using the GSE62564 RNA-Seq data set and the R2: 
Genomics Analysis and Visualisation Platform. Z-scores calculated for each gene 
independently using log2(RPM+1) expression values across all 493 tumours are 
presented. Genes and patients are clustered according to Pearson analysis, with 
patient clustering split by MYCN status and clustered based on expression of FA 
pathway associated genes only. ‘LFC’ indicates which genes show a log2(fold-
change) in expression between MYCN amplified and MYCN non-amplified tumours 
greater than 0.5. Statistical significance of this differential expression (annotated by 
‘P-value’) was determined for each gene by Student’s t-test. Genes are annotated 
by ‘FA pathway role’: Core; FA core complex, D2-I; FANCD2-FANCI complex, 
HRR; homologous recombination repair, ICL detection; inter-strand crosslink 
detection, MMR; mis-match repair, NER; nucleotide excision repair, TLS; 
translesion synthesis. Patients annotated by MYCN amplification status, sex, 
disease progression, overall survival, INSS stage at diagnosis, high risk status at 
diagnosis, event-free survival, death from disease. 
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 Figure A10. Overall survival stratification of non-MYCN amplified neuroblastoma cases can be significantly stratified by 
expression of most FA pathway genes that are significantly differentially expressed between MYCN amplified and 
MYCN non-amplified neuroblastomas. (Legend overleaf). 
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 Figure A10. Overall survival stratification of non-MYCN amplified neuroblastoma cases can be significantly stratified by 
expression of most FA pathway genes that are significantly differentially expressed between MYCN amplified and 
MYCN non-amplified neuroblastomas. (Legend overleaf). 
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Figure A10. Overall survival stratification of non-MYCN amplified neuroblastoma cases can be significantly stratified by 
expression of most FA pathway genes that are significantly differentially expressed between MYCN amplified and 
MYCN non-amplified neuroblastomas.  
FA pathway gene mRNA expression and overall survival was analysed across 493 neuroblastoma tumours using the GSE62564 
RNA-Seq data set and the R2: Genomics Analysis and Visualisation Platform. Kaplan Meier curves are presented showing 
overall survival across 401 MYCN non-amplified neuroblastoma cases, with cases split according to expression level of each FA 
pathway gene that was significantly differentially expressed between MYCN amplified and MYCN non-amplified neuroblastoma 
tumours. High (blue line) and low (red line) expression threshold determined by scan modus. Significance determined by log-
rank test (raw p). The P-value is adjusted for multiple testing by Bonferroni correction (bonf p). 
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 Figure A11. Overall survival stratification of all neuroblastoma cases can be significantly stratified by expression of most 
FA pathway genes that are significantly differentially expressed between MYCN amplified and MYCN non-amplified 
neuroblastomas. (Legend overleaf). 
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 Figure A11. Overall survival stratification of all neuroblastoma cases can be significantly stratified by expression of most 
FA pathway genes that are significantly differentially expressed between MYCN amplified and MYCN non-amplified 
neuroblastomas. (Legend overleaf). 
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Figure A11. Overall survival stratification of all neuroblastoma cases can be significantly stratified by expression of most 
FA pathway genes that are significantly differentially expressed between MYCN amplified and MYCN non-amplified 
neuroblastomas.  
FA pathway gene mRNA expression and overall survival was analysed across 493 neuroblastoma tumours using the GSE62564 
RNA-Seq data set and the R2: Genomics Analysis and Visualisation Platform. Kaplan Meier curves are presented showing overall 
survival across all 493 neuroblastoma cases, with cases split according to expression level of each FA pathway gene that was 
significantly differentially expressed between MYCN amplified and MYCN non-amplified neuroblastoma tumours. High (blue line) 
and low (red line) expression threshold determined by scan modus. Significance determined by log-rank test (raw p). The P-value is 
adjusted for multiple testing by Bonferroni correction (bonf p). 
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 Figure A12. Top 10 gene ontologies enriched in MYCN-bound genes in 
neuroblastoma cells.  
MYCN ChIP-Seq read data was downloaded from the GSE80151 dataset, and 
peaks were mapped and quantified using bowtie2 and MACS2. Peaks within 
gene promoters were annotated, and significantly enriched gene ontologies in the 
set of MYCN-bound genes was determined by ChIPpeakAnno. MYCN binding in 
SHEP-Tet21N MYCN ON, SHEP-PLXI-MYCN ON, SK-N-BE(2)-C, KELLY and 
NGP neuroblastoma cell lines was analysed. Gene ontology enrichment was 
similarly analysed for genes which were bound by MYCN in all MYCN ON and 
MYCN amplified cell lines analysed (overlapping). Top 10 most enriched 
biological process (BP), molecular function (MF) and cellular component (CC) 
gene ontologies in the set of MYCN-bound genes in each cell line are presented. 
Gene ratio represents the fraction of genes within each ontology that is bound by 
MYCN. Points coloured by significance of enrichment (p.adjust) and sized 
according to number of genes bound by MYCN (count).  
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7.3 Chapter 4 Appendix

Figure A13. Curcumin has no substantial effect on the cell cycle distribution of SHEP-Tet21N MYCN ON and OFF 
cells (representative FACS cell cycle profiles). 
SHEP-Tet21N MYCN ON and OFF cells were pre-treated with 0 µM or 5 µM curcumin for 16 hours before addition of 0 µM 
or 5 µM cisplatin for 24 hours. FACS cell cycle profiles were then determined with DNA content determined by propidium 
iodide staining (n=3). Representative FACS cell cycle profiles for each condition is displayed. Blue 660/20-H indicates PI 
fluorescence (DNA content).  Count indicates cell count. 
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Appendix Figure A14. Curcumin inhibits FANCD2 foci formation, induces 
replication stress, exacerbates cisplatin-induced DNA damage, and induces 
accumulation of MYCN-induced R-loops in SHEP-Tet21N neuroblastoma cells 
(individual foci graphs). 
SHEP-Tet21N MYCN ON and OFF cells were pre-treated with 0 µM or 5 µM 
curcumin for 16 hours before addition of 0 µM or 5 µM cisplatin for 24 hours. Cells 
were fixed and stained for immunofluorescence analysis of FANCD2 foci, pRPA 
foci, γ-H2AX foci and R-loops. Representative images and average point plots 
displayed in Figure 4.15 and 4.16. Number of (A) FANCD2 foci per cell, (B) pRPA 
foci per cell and (C) γ-H2AX foci per cell was quantified for each treatment 
condition. (D) R-loop corrected total cell fluorescence (CTCF) was quantified. To 
calculate R-loop CTCF, the R-loop intensity within each nucleus was quantified, the 
nucleoli R-loop intensity was deducted, and the nuclear R-loop intensity was 
normalised to the background intensity. Cells were incubated with RNase H for 24 
hours before staining to digest R-loops as a negative control. For (A) - (D), 100 
cells per repeat per treatment condition were quantified. The foci number and R-
loop intensity in each cell across all repeats is presented (n=3). Statistical 
significance between treatments was determined by a two-way ANOVA using the 
means of each replicate where n.s. = not significant, *p<0.05, **p<0.01, ***p<0.001.  



338 
 

 
 

 
 
 
 

Appendix Figure A15. Depletion of BRCA1 induces R-loop accumulation in 
MYCN ON cells but does not alter FANCD2 or RPA foci formation (individual 
foci graphs). 
SHEP-Tet21N MYCN ON and OFF cells were transfected with scrambled siRNA or 
BRCA1 siRNA using dharmafect-1 for 48 hours before cells were fixed and stained 
for immunofluorescence analysis of R-loops, FANCD2 foci and pRPA32/RPA2 foci. 
Representative images and average point plots displayed in Figure 4.17. (A) R-loop 
corrected total cell fluorescence (CTCF) was quantified. To calculate R-loop CTCF, 
the R-loop intensity within each nucleus was quantified, the nucleoli R-loop intensity 
was deducted, and the nuclear R-loop intensity was normalised to the background 
intensity. Cells were incubated with RNase H for 24 hours before staining to digest R-
loops as a negative control. Number of (B) FANCD2 foci per cell and (C) pRPA foci 
per cell was quantified for each treatment condition. For (A) - (C), 100 cells per 
repeat per treatment condition were quantified. The foci number and R-loop intensity 
in each cell across all repeats is presented (n=3). Statistical significance between 
treatments was determined by a two-way ANOVA using the means of each replicate 
where n.s. = not significant, *p<0.05, **p<0.01, ***p<0.001.  
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Appendix Figure A16. Treatment with AURKA inhibitor LY3295668 does not 
induce accumulation of R-loops, FANCD2 foci or RPA foci in SHEP-Tet21N 
MYCN ON and OFF cells (individual foci graphs). 
SHEP-Tet21N MYCN ON and OFF cells were treated with 0 nM (-LY) or 50 nM 
(+LY) LY3295668, an AURKA inhibitor, for 2 hours. Cells were then fixed for 
immunofluorescence analysis of R-loops, FANCD2 foci and pRPA32/RPA2 foci. 
Representative images and average point plots displayed in Figure 4.18. (A) R-loop 
corrected total cell fluorescence (CTCF) was quantified. To calculate R-loop CTCF, 
the R-loop intensity within each nucleus was quantified, the nucleoli R-loop intensity 
was deducted, and the nuclear R-loop intensity was normalised to the background 
intensity. Cells were incubated with RNase H for 24 hours before staining to digest 
R-loops as a negative control. Number of (B) FANCD2 foci per cell and (C) pRPA 
foci per cell was quantified for each treatment condition. For (A) - (C), 100 cells per 
repeat per treatment condition were quantified. The foci number and R-loop intensity 
in each cell across all repeats is presented (n=3). Statistical significance between 
treatments was determined by a two-way ANOVA using the means of each replicate 
where n.s. = not significant, *p<0.05, **p<0.01, ***p<0.001.  
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Appendix Figure A17. Treatment with ATR inhibitor VE-821 induces R-loop 
accumulation selectively in MYCN OFF cells but does not induce accumulation 
FANCD2 foci or RPA foci (individual foci graphs). 
SHEP-Tet21N MYCN ON and OFF cells were treated with 0 µM (-VE) or 1 µM (+VE) 
VE-821 for 24 hours. Cells were then fixed for immunofluorescence analysis of R-
loops, FANCD2 foci and pRPA32/RPA2 foci. Representative images and average 
point plots displayed in Figure 4.19. (A) R-loop corrected total cell fluorescence 
(CTCF) was quantified. To calculate R-loop CTCF, the R-loop intensity within each 
nucleus was quantified, the nucleoli R-loop intensity was deducted, and the nuclear 
R-loop intensity was normalised to the background intensity. Cells were incubated 
with RNase H for 24 hours before staining to digest R-loops as a negative control. 
Number of (B) FANCD2 foci per cell and (C) pRPA foci per cell was quantified for 
each treatment condition. For (A) - (C), 100 cells per repeat per treatment condition 
were quantified. The foci number and R-loop intensity in each cell across all repeats is 
presented (n=3). Statistical significance between treatments was determined by a 
two-way ANOVA using the means of each replicate where n.s. = not significant, 
*p<0.05, **p<0.01, ***p<0.001.  
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 7.4 REDACTED

Figure A18. REDACTED 
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