
 
 

 

 

 

This thesis has been submitted in fulfilment of the requirements for a 

postgraduate degree (e. g. PhD, MPhil, DClinPsychol) at the University of 

Edinburgh. Please note the following terms and conditions of use: 

• This work is protected by copyright and other intellectual property rights, 

which are retained by the thesis author, unless otherwise stated. 

• A copy can be downloaded for personal non-commercial research or 

study, without prior permission or charge. 

• This thesis cannot be reproduced or quoted extensively from without 

first obtaining permission in writing from the author. 

• The content must not be changed in any way or sold commercially in 

any format or medium without the formal permission of the author. 

• When referring to this work, full bibliographic details including the 

author, title, awarding institution and date of the thesis must be given.



   

 

   

 

 

 

 

Transcriptional regulation and DNA damage 

response of extrachromosomal DNA in human 

glioblastoma stem cells 

 

Karin Rita Purshouse 

 

 

 

 

PhD 

The University of Edinburgh 

2023 





   

 

 iii 

Declaration 

I declare that this thesis is of my own composition. The work presented in it is my 

own, unless stated otherwise by reference or acknowledgement. Any information 

derived  from  the  published  or  unpublished  work  of  others  has  been 

acknowledged in the text and references are listed in the bibliography. This work 

has not been submitted, in whole or in part, in any previous application for a 

degree.  

 

 6th April 2023     _ 

Date       Signature 

 

 





   

 

 v 

Abstract 

Glioblastoma is a cancer characterised by limited treatment options and poor 

prognosis.  Glioblastoma is driven by neural stem cell-like cells and is 

characterised by intratumoral heterogeneity.  Extrachromosomal DNA (ecDNA) 

are circular regions of DNA that are seen in many cancers and are particularly 

frequent in glioblastoma.  They are an important means of oncogene 

amplification, and correlate with treatment resistance and poor prognosis.  Due to 

their frequency and association with accessible chromatin, it has been proposed 

that ecDNA oncogene transcription is amplified by their clustering with each other 

and key components of the transcriptional machinery.  Such a mechanism could 

lead to greater levels of oncogene transcription than expected from copy number 

amplification alone.  A major mechanism of ecDNA generation is massive DNA 

damage (chromothripsis), but the impact of DNA damage on existing ecDNA is 

yet to be fully characterised.   

This thesis characterises ecDNA in five glioblastoma cell lines derived from 

patients using WGS and DNA FISH analysis.  Super-resolution imaging and 

quantitative image analysis are used to evaluate the spatial organisation of 

ecDNA-resident oncogenes in glioblastoma cell lines.  EcDNA are widely 

distributed throughout the nucleus, but a novel cluster analysis method 

demonstrates that ecDNA do not cluster closely with each other, nor do they 

closely engage with large transcriptional hubs.  Focusing on the EGFR 

oncogene, transcriptional output is increased in cells harbouring ecEGFR.  A 

combination of RNA:DNA FISH and RNAseq:WGS analysis is used to 

demonstrate that transcription per gene copy number is similar between 

chromosomal and ecDNA EGFR loci.  This suggests increased ecDNA-resident 

oncogene transcription is primarily driven by copy number amplification rather 

than synergistic ecDNA regulatory processes and interactions. 

Glioblastoma cells have many active DNA damage sites not closely related to 

ecDNA. To explore the impact of random and targeted DNA damage on ecDNA 

characteristics and dynamics, ionising radiation (IR) and CRISPR/Cas9 are 

utilised respectively.  Treatment of ecEGFR-harbouring cells with IR results in a 

reduction in EGFR foci copy number and EGFR expression.  Preliminary 
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experiments suggest EGFR expression reduces further with co-treatment with the 

PARP inhibitor olaparib, although ecEGFR copy number appears protected. In a 

glioblastoma cell line with ecEGFR, CRISPR/Cas9 targeting EGFR generates 

cells with reduced EGFR expression. Cells can be FACS-sorted into EGFR High, 

Low and Null pools, in which Low and Null pools lose ecEGFR by DNA FISH and 

WGS analysis.  Repeating this in a glioblastoma cell line with EGFR as a 

chromosomal amplification and MYC ecDNA demonstrates minimal effect on 

EGFR, but marked rearrangement of ecMYC loci.  

Overall, these findings suggest that ecDNA are an important mechanism of 

oncogene amplification, the transcriptional effect of which is primarily driven by 

copy number.  Understanding the impact of DNA damage on ecDNA and cell 

selection is important for development of new therapeutic strategies that 

successfully target genomic vulnerabilities.   
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Lay Summary 

Glioblastoma is the most common type of brain cancer and is particularly 

aggressive with limited treatment options.  Extrachromosomal DNA (ecDNA) are 

small circles of genetic information that exist separately to the rest of our genetic 

code, and can contain cancer information, known as oncogenes.  EcDNA are an 

important way for oncogenes to make cancer cells more powerful, mainly 

because they drive messages that make cancer active.  Whereas most of our 

genetic code is very organised with only one copy of each piece of information 

from each parent, ecDNA can exist as many copies in each cancer cell. They are 

seen in many cancers, but particularly glioblastoma. It has been suggested that 

ecDNA group together, or with other important machinery in cancer cells, to make 

the information carried on their oncogenes more powerful.  It is also uncertain 

what happens to ecDNA when they are damaged when DNA is cut.   

This thesis uses cells donated from patients with glioblastoma to explore these 

questions. EcDNA were examined with a powerful microscope. Mathematical 

analysis of these images shows that ecDNA don’t cluster closely together, nor 

are they close to other important machinery in the cell. Oncogenes hold the code 

for cancer messages which can be converted into structures called proteins.  

Cells with more oncogenes have more cancer messages and more proteins.  

Analysing the genetic code in ecDNA and their cancer messages shows that this 

is mainly because there are more oncogenes, rather than the oncogenes on 

ecDNA behaving differently to those on normal DNA.  

Radiotherapy, which creates damage in DNA, is used to treat most glioblastoma. 

My work has shown that ecDNA are affected by DNA damage.  Radiotherapy 

creates random DNA cuts.  My research show radiotherapy affects the number of 

ecDNA, even a short time after the radiotherapy dose is received.   A drug that 

can stop DNA being repaired after cuts, called a PARP inhibitor, seems to limit 

this effect. I have also shown, using molecular scissors to make more precise 

DNA cuts, that making a cut in an oncogene present on ecDNA completely 

removes ecDNA. However, when cuts were created elsewhere - not on ecDNA - 

ecDNA were also unexpectedly affected.  Understanding what happens when 

ecDNA are damaged is important for current and future cancer treatments.   
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Chapter 1 Introduction 

1.1 Glioblastoma 

1.1.1 Clinical context of Glioblastoma 

Over 12,000 people are diagnosed with brain tumours every year in the UK, with 

incidence rates increasing by 11% in the last decade (CRUK, 2021).  Gliomas 

represent over half of these diagnoses.  Adult-type diffuse gliomas are classified, 

based on histological features (microscopic morphology, grade and 

immunohistochemistry) and molecular markers, as astrocytomas, 

oligodendrogliomas (ODG) or glioblastomas (Lin et al., 2021; Louis et al., 

2021).  They are histologically diffuse, meaning that the tumours are infiltrative 

and the boundary between tumour and normal brain tissue poorly demarcated, 

rendering complete resection surgically challenging.  Molecular markers are now 

fully integrated into the most recent (5th) edition of the World Health Organisation 

diagnostic classification system (Louis et al., 2021).  Prior to this glioblastoma was 

described as a primary (i.e. de novo) tumour (90% of cases), or secondary low-

grade astrocytoma that subsequently progressed (~10% of cases) (Louis et al., 

2016).  Secondary glioblastoma can, however, no longer be used diagnostically 

as these tumours have hallmark mutations of isocitrate dehydrogenase (IDH) 

genes.  Glioblastoma is therefore now considered diagnostically distinct from 

other diffuse gliomas, by combining the wild-type (wt) IDH status with histological 

features (microvascular proliferation, nuclear pleomorphism and regions of 

necrosis) of a high grade glioma.  Within this revised classification, glioblastoma 

is defined as IDH-wt and Grade IV, the highest grading available to describe the 

undifferentiated, abnormal microscopic pattern (Louis et al., 2021).   

Glioblastoma represents the most common primary brain tumour, with an age–

standardised incidence rate of 3.2-5.0 per 100,000 person years (Philips et al., 

2018; Ostrom et al., 2019).  Glioblastoma is a devastating diagnosis, with limited 

treatment options, almost universal recurrence and a median overall survival 

(mOS) from initial diagnosis of only 12-18 months (Stupp et al., 2005, 2014). 

Clinical presentation of glioblastoma is dependent on the site and size of the 

tumour, with symptoms including headache, nausea, motor/visual/speech deficit 

or seizures.  Most tumours arise in the supra-tentorial space, with around a 
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quarter arising in the frontal lobe (Gilard et al., 2021).  Diagnosis is via magnetic 

resonance imaging, where tumours are classically visualised as a poorly 

circumscribed non-enhancing central region surrounded by contrast 

enhancement, which reflects disruption to the blood-brain barrier (Yan et al., 2019; 

Gilard et al., 2021).  Imaging guides the strategy by which tissue for histological 

and molecular testing is obtained, either by surgical resection or biopsy.   

Patients generally undergo maximum surgical resection, followed by radiotherapy 

and, if eligible, temozolomide (TMZ) chemotherapy (Stupp et al., 2014).  TMZ, an 

alkylating agent, results in greater treatment response in patients with methyl-

guanine methyl transferase (MGMT) promoter methylation by inhibiting repair of 

TMZ-induced DNA damage (Hegi et al., 2005, 2008; Stupp et al., 2014).  Tumours 

virtually always recur, and do so locally in about 80% of cases (Piper et al., 

2018).  Options at recurrence are limited to retreatment (surgery or radiotherapy) 

or alternative chemotherapy.   

Since the introduction of TMZ ~20 years ago, there have been no major 

treatment developments, despite trials involving highly diverse therapeutic 

strategies.  Targeting of dysregulated angiogenesis and upregulated vascular 

endothelial growth factor A (VEGF-A) signalling seen in glioblastoma by the 

VEGF inhibitor bevacizumab showed promise in early-phase trials, but ultimately 

showed no survival benefit in a phase 3 clinical trial (Jain et al., 2007; Kreisl et al., 

2009; Gilbert et al., 2014).  Targeting the immune system via cytotoxic T-

lymphocyte-associated protein 4 (CTLA-4), programmed cell death protein 1 

(PD1) and PD1 ligand (PDL1) inhibitors, termed checkpoint inhibitors, has 

revolutionised the treatment of other cancers, but has shown no benefit in 

glioblastoma. This is thought to be due to the presence of an immunosuppressive 

tumour microenvironment (Reardon et al., 2020; Chuntova et al., 2021; Gangoso et 

al., 2021; Omuro et al., 2023).  Combining immunotherapy with the activation of a 

CD8-T cell response via gene therapy is currently being explored in early phase 

clinical trials in glioblastoma (Lang et al., 2018; Chiocca et al., 2022).   Non-invasive 

innovations such as Tumour Treating Fields have shown promise with a 

randomised non-sham device-controlled trial suggesting an overall survival 

advantage of 4.9 months (Stupp et al., 2017).   
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Challenges remain at every level of innovation development in glioblastoma, 

including drug delivery, the blood-brain barrier, markers of efficacy and clinical 

trial design (Aldape et al., 2019). Ultimately, none of these innovations has proven 

successful enough to integrate into clinical practice, either in primary or recurrent 

glioblastoma.  

1.1.2 Genomic landscape of glioblastoma 

Glioblastoma is characterised by its intra- and inter-tumoural heterogeneity, 

featuring alterations in major oncogenic signalling pathways, most prominently 

receptor tyrosine kinase (RTK)/Ras/phosphatidylinositol 3-kinase (PI3K) (altered 

in 88-90% of glioblastoma), tumour protein p53 (TP53) (86-87%) and 

Retinoblastoma (Rb) (78-79%), with 74% harbouring alterations in all three 

(Cancer Genome Atlas Research Network, 2008; Brennan et al., 2013) (Figure 

1.1).  These pathways involve key oncogenes, such as epidermal growth factor 

receptor (EGFR) and cyclin-dependent kinase 4 (CDK4), and tumour suppressor 

genes (TSGs), such as TP53 and phosphatase and tensin homolog 

(PTEN).  Alterations in these pathways, which upregulate downstream pathways 

as varied as mitogen activated protein kinase (MAPK) pathway signalling, 

senescence, apoptosis and cell cycle regulation, are essential in glioblastoma 

tumorigenesis (Brennan et al., 2013).  

Genomic characterisation by consensus clustering led to the proposal of four 

molecular subclasses of glioblastoma, each enriched in different genomic 

aberrations and survival trends (Phillips et al., 2006; Verhaak et al., 

2010).  Reanalysis due to greater stringency in glioblastoma-specific mRNA 

classification during transcriptome analysis has since proposed that the neural 

class may have represented a subtype artifact due to neuronal contamination. 

Classical, Mesenchymal and Proneural emerged as the three main transcriptional 

molecular subtypes (IDH-wt only) (Wang et al., 2017) (Table 1.1).  Glioblastoma 

subtypes have also been proposed based on DNA methylation, with 6 distinct 

glioblastoma methylation clusters, M1-M6, where M5 is the G-CIMP phenotype 

and has been linked to the improved survival advantage seen in the proneural 

subtype (Brennan et al., 2013). Reanalysis of the datasets from which these 

subtypes were derived may yet lead to an evolution in glioblastoma subtype 
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categorisation, given that the presence of IDH-mutant (previously secondary 

glioblastoma) has been associated with more favourable clinical outcomes 

(Brennan et al., 2013).  

 

 

Figure 1.1 | Pathway alterations in glioblastoma 

From TCGA datasets (Brennan et al., 2013 (Figure 4A)) showing shared genetic aberrations affecting 

RTK/PI3K/MAPK, p53 and Rb pathways (see large boxes with percentage of tumours in TCGA glioblastoma 

dataset with a mutation in the corresponding pathway). Red = activating mutations, Blue = inactivating 

mutations, with colour intensity corresponding with frequency of mutation in that gene, shown as a 

percentage of tumours in the TCGA glioblastoma dataset.  
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patient outcomes (Reardon, Wen and Mellinghoff, 2014; Lee et al., 2020), and no 

other RTK-targeting agents have shown efficacy in glioblastoma.  Contributory 

factors likely include the presence of other driver mutations and intra-tumoural 

heterogeneity in the signalling pathway mutations that make resistance easy to 

achieve (Verhaak et al., 2010; Snuderl et al., 2011; Szerlip et al., 2012; Brennan et al., 

2013).  Such redundancy has been addressed in other cancers by targeting more 

than one pathway component, such as dual Raf and MAPK/ERK kinase (MEK) 

inhibitor therapy (e.g. dabrafenib and trametinib) in BRAF-mutant melanoma 

which now represents standard-of-care (Sanchez, Wang and Cohen, 2018).  This is 

a promising approach that many groups are exploring now for glioblastoma. 

  

Figure 1.2 | Overview of RTK pathways 

RTKs facilitate signal transduction across the plasma membrane.  The ligand binds to the extra-cellular 

receptor, initiating intracellular signalling pathways via dimerisation-triggered kinase phosphorylation (P). 

These include the Ras/Raf/MAPK/ERK pathway, the PI3K/AKT pathway, the Janus Kinase (JAK)/ signal 

transducer and activator of transcription (STAT) pathway and the protein kinase C (PKC) pathway.  These 

pathways interact with a wide range of gene targets, driving proliferation, differentiation, survival and cell 

migration.  In addition, they link with cell cycle, angiogenesis, autophagy and lipid synthesis pathways. 

EGFRvIII lacks the extracellular ligand binding domain yet displays constitutive signalling.  Figure created 

with Biorender.com.   
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Glioblastoma may be categorised by a genomic profile defined at diagnosis, but 

this profile remains highly heterogeneous over time and space, both within and 

between patients.  It has been shown that tumours from an individual patient can 

harbour multiple genomically distinct clonal populations (Sottoriva et al., 2013; Patel 

et al., 2014; Meyer et al., 2015), which have been anatomically mapped by the Ivy 

Glioblastoma Atlas Project to link transcriptional signatures to their anatomical 

location within a tumour (Puchalski et al., 2018).  The genomic profile of tumours is 

likely to evolve between initial diagnosis and recurrence, with only 55% of 

tumours retaining their subtype, along with other changes in the immune 

microenvironment (Wang et al., 2017).  The clonal diversity and evolution of 

glioblastoma is supported by processes including functional subclone 

cooperativity, whereby driver mutations such as EGFRvIII may represent a 

minority population but promote paracrine activation of EGFR-wt-harbouring 

clones (Inda et al., 2010; McGranahan and Swanton, 2017).  

Transcriptome-defined glioblastoma subtypes represent a dynamic spectrum 

rather than distinct entities, with functional redundancy and plasticity driving 

ongoing evolution, including in response to cancer treatment (Brennan et al., 

2013).  The failure of any therapeutic agents to successfully target these 

pathways highlights the challenges posed by genomic heterogeneity, clonal 

evolution and the dynamic tumour microenvironment.  The limited benefit across 

all cancer types of genome-focussed targeted therapies over the last decade 

(Marquart, Chen and Prasad, 2018) has been frustrating in many instances for 

common solid tumours. This suggests a need for greater understanding of cancer 

biology (beyond genome sequencing) in order to identify cancer-acquired 

vulnerabilities and their corresponding pathways.   

1.1.3 Cellular hierarchy 

Attempts to understand the origins of glioblastoma heterogeneity have led to the 

key discovery that stem cell-like cells underlie glioblastoma initiation and 

progression. These glioblastoma stem cells (GSCs) are thought to hijack 

neurodevelopment mechanisms to achieve their characteristic heterogeneity and 

plasticity (Aldape et al., 2019; Neftel et al., 2019).  
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Stem cells represent the apex of the developmental hierarchy. They often exist in 

both quiescent and proliferative states, and are regulated by local niches.   

(Barker, Bartfeld and Clevers, 2010; Lathia et al., 2015).  The cancer stem cell (CSC) 

hypothesis suggests that tumour cells acquire (or arise from) tissue stem cells 

and are the drivers of cancer and their cellular heterogeneity either by stochastic 

clonal evolution influenced by intrinsic or extrinsic factors, a more hierarchical 

model driven by CSCs and its differentiated derivatives, or a ‘unified’ dynamic 

model (Kreso and Dick, 2014). After extensive study in hematopoietic systems, 

CSCs were first isolated in solid tumours in breast cancer and shown to exist in 

many solid-organ cancers (Al-Hajj et al., 2003; Tan et al., 2006).  CSCs are thought 

to become more restricted in their tumour initiating potential by the process of 

differentiation. Despite sharing the same cancer genome, not all tumour cells are 

functionally equivalent and must therefore have altered transcriptional and 

epigenetic programs that restrict their malignant phenotype. 

Glioblastomas have been shown to harbour tumorigenic neural stem cell-like 

cells (Ignatova et al., 2002; Galli et al., 2004).  CD133+ CSCs isolated from 

glioblastoma tumours, have the capacity to self-renew, proliferate and 

differentiate in culture (Singh et al., 2003). These cells can also generate brain 

tumours when injected into mice, in contrast with CD133- cells (Singh et al., 

2004).  This has been further developed in models using other definitions of 

GSCs, given that CD133 is neither a sensitive nor specific GSC marker (Beier et 

al., 2007; Pollard et al., 2009).  Using a genetically engineered mouse model to 

follow glioblastoma tumorigenesis, neural cell types with different differentiated 

states revealed an inverse relationship between malignant transformation and 

lineage restriction, suggesting that stem cells may often arise through 

transformation of the endogenous neural stem and progenitor cells (Alcantara 

Llaguno et al., 2019).   

Neural stem- and progenitor cell fates are dictated by master regulatory 

transcription factors (TFs) (Takahashi and Yamanaka, 2006; Orkin and Hochedlinger, 

2011), and the same is true of GSCs. GSCs are driven and sustained by four core 

neurodevelopmental TFs - POU3F2 (BRN2), SOX2, SALL2 and OLIG2 (Suvà et 

al., 2014).  These TFs operate downstream of recognised signalling pathways, 
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including RTK signalling.  Silencing SOX2 has been shown to inhibit proliferation 

and tumorigenicity in glioblastoma tumour initiating cells (Gangemi et al., 2009). 

These TFs operate downstream of recognised signalling pathways, including 

RTK signalling. 

Combining lineage tracing with transcriptome data has led to a more integrated 

perspective of the cellular states driving glioblastoma and how these correlate 

with genomic alterations.  Glioblastoma cells have been proposed to exist in four 

cellular states - neural-progenitor-like (NPC-like), oligodendrocyte-progenitor-like 

(OPC-like), astrocyte-like (AC-like) and mesenchymal-like (MES-like) (Neftel et al., 

2019) (Figure 1.3).  These do not describe restricted subtypes, but a continuum of 

developmental cell states between which cells in an individual tumour can 

transition.  A similar model of plasticity between cell states has since been 

described for immune evasion cell states (L.-B. Wang et al., 2021) and a 

developmental/inflammatory injury response (Richards et al., 2021) which has been 

functionally confirmed using mouse models (Gangoso et al., 2021).  

 

Figure 1.3 | Cellular states in glioblastoma 

From (Neftel et al., 2019) Figure 7G.  A model for cellular states, integrating lineage tracing and 

transcriptome data, and demonstrating intermediate and transition states between the four neural lineage-

defined cellular states. 
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Taken together, although glioblastoma is highly heterogeneous and dynamic 

owing to genetic, epigenetic, and neurodevelopmental mechanisms, the 

commonality seems to be that a neural stem cell-like identity reminiscent of foetal 

forebrain development is always observed molecularly and histologically.  These 

considerations have led to recent improved mouse and human glioblastoma 

models.  

1.1.4 Models of glioblastoma 

It is important to select an in vitro model that recapitulates the features of GSCs 

(Robertson et al., 2019).  Human astrocytes can be immortalised via human 

telomerase catalytic component (hTERT) in cooperation with Ras-pathway 

activation, or inhibition of the TP53 pathway (Rich et al., 2001; Sonoda et al., 

2001).  Both of these models fail to truly recapitulate GSC biology, including 

genetic heterogeneity and stem cell pathways. Established glioma cell lines, such 

as U87 or U251, which are grown in serum-containing media, are often 

inadvertently driven away from a stem cell pathway towards a differentiated 

astrocytic state with the resulting tumours lacking the infiltrative and migratory 

histology seen in glioblastoma (Lee et al., 2006).  Induced pluripotent stem cells 

(iPSCs) genetically altered by deletion of PTEN/NF1 and TP53/PDGFRA (exon 

8-9), result in mesenchymal and proneural progenitor and glioma cell lines (Koga 

et al., 2020).  These create tumour forming cells that recapitulate many features of 

GSCs, including tumour heterogeneity and genomic instability.  However, this 

only reflects a discrete group of genetic mutations and glioblastoma subtypes, 

and it is unclear if iPSCs reflect a relevant primary cell.   

Patient-derived primary glioblastoma cell cultures permit the study of GSC 

pathobiology in the model format that most reflects the disease.  These can be 

grown in neurospheres (Galli et al., 2004), or in an adherent 2D culture with 

laminin which facilitates a greater range of experimental opportunities (Pollard et 

al., 2009). The key culture conditions used here were those first optimised for 

human foetal neural stem cells (NSCs) (Conti et al., 2005; Pollard et al., 2009). A 

limitation of these genetically heterogeneous primary cell cultures is experimental 

standardisation.  However, targeted gene editing via CRISPR/Cas9 is both 

feasible and efficient in NSCs (Bressan et al., 2017) and they can act as a control 
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for stem cell pathways and normal copy number of genes that might be altered in 

GSCs.  The Glioma Cellular Genetics Resource (GCGR) has generated a novel 

set of genetically characterised human glioblastoma and foetally-derived NSC 

lines with matched molecular profiling data (Figure 1.4).  

 

Figure 1.4 | GCGR Cell lines 

Summary of GCGR cell lines (x-axis), commonly mutated gene (left y-axis = gene name, right y axis = % of 

cell lines with mutation), type of mutation and ploidy-status (see legend). WGS data. Note bottom panel 

denotes SNV mutational signatures. The two cell lines with primarily C>T mutations (E51 and E62) are not 

further explored in this thesis.     
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1.2 Extrachromosomal DNA  

Extrachromosomal DNA (ecDNA) were first described when karyotype analyses 

of human cancers revealed abnormal chromosomal and additional non-

chromosomal structures. The medulloblastoma tumour of an 8-year-old girl was 

shown to have multiple small DNA fragments, and a glioblastoma resected from a 

43-year-old man harboured very long, abnormal chromosomes (Lubs and Salmon, 

1965). The long, abnormal chromosomes would go on to be characterised in 

drug-resistant cell lines as homogeneously staining regions (HSRs) (Biedler and 

Spengler, 1976). A larger case series (3 neuroblastoma, 1 medulloblastoma, 1 

rhabdomyosarcoma, 1 bronchial carcinoma) identified minute centromere-free 

double chromatin bodies which were variable from cell to cell (Cox, Yuncken and 

Spriggs, 1965) and defined as double minutes (DMs) (Kaufman, Brown and Schimke, 

1979).  The existence of these chromatin bodies as doublets or singlets has 

resulted in the more global description of these chromosome-independent bodies 

as ecDNA (Hamkalo et al., 1985).  

1.2.1 EcDNA composition 

EcDNA structures were described with remarkable accuracy via simple 

karyotyping and molecular approaches, with novel imaging and bioinformatics 

tools confirming and further enhancing our understanding of ecDNA 

structures.  EcDNA often exist as singlets, with only 30% shown to be paired 

doublets (Turner et al., 2017).  EcDNA interact dynamically to integrate with 

chromosomes to form more stable chromosomal focal amplifications – HSRs 

(Balaban-Malenbaum and Gilbert, 1980; Hamkalo et al., 1985; Vogt et al., 2004; 

Storlazzi et al., 2010; Verhaak, Bafna and Mischel, 2019).  Sequencing and 

associated analytical tools have enabled higher resolution structural 

characterisation of ecDNA. EcDNA in mammalian cancer cells had originally 

been hypothesised to be circular through comparison with similar structures in 

other cell types such as protozoa (Schimke, 1984).  Combining sequencing tools 

with microscopy has confirmed ecDNA are indeed circular and, approximately 1-

3Mb in size, although this may extend up to 5Mb (Turner et al., 2017; Deshpande et 

al., 2019; Verhaak, Bafna and Mischel, 2019; Wu et al., 2019).  Their large size 

differentiates these elements from other circular extrachromosomal structures, 

such as extrachromosomal circular DNA (eccDNA), which are predominantly 
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<25kb in size, do not usually contain genes or regulatory sequences and are 

present in normal and cancer cells (Møller et al., 2016). 

The first studies linking ecDNA to gene amplifications were in a range of murine 

cell types and Chinese Ovarian Hamster (CHO) cells treated with methotrexate 

(MTX) to generate MTX resistance. Amplifications in the gene encoding 

dihydrofolate reductase (DHFR) were observed, the copy number of which 

correlated with the number of emergent DMs (Alt et al., 1978; Kaufman, Brown and 

Schimke, 1979; Haber and Schimke, 1981; Haber et al., 1981). Subsequently, ecDNA 

and HSRs were confirmed as the location of oncogene amplifications in a range 

of glioma, neuroblastoma and colorectal cell lines (Alitalo et al., 1983; Kohl et al., 

1983; Bigner et al., 1987). Studies across many cancers have shown that the most 

common focal oncogene amplifications are all located on ecDNA and/or HSRs, 

and indeed enable oncogene copy number to be amplified tens to hundreds of 

times, with significant copy number heterogeneity (Turner et al., 2017; Lange et al., 

2022).  Given that ecDNA replicate only once during the S phase of each cell 

cycle (Barker et al., 1980), it has been suggested that oncogene amplification 

occurs via random segregation at mitosis with subsequent cell selection favouring 

ecDNA-harbouring cells (Figure 1.5) (Lange et al., 2022).   

As well as their resident oncogenes, ecDNA also harbour regulatory elements 

(enhancers) required to drive oncogene expression (Morton et al., 2019; Helmsauer 

et al., 2020; Zhu et al., 2021). EcDNA-resident enhancers have been proposed to 

interact with oncogenes in cis (i.e. same ecDNA) and trans (structurally separate 

oncogene and ecDNA-resident enhancer) (Helmsauer et al., 2020; Zhu et al., 

2021).  EcDNA may harbour regulatory elements independent of their relevant 

oncogenes, which has been proposed to facilitate trans-activation between 

enhancers and other ecDNA-inhabiting oncogenes (Hung et al., 2022).   
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Figure 1.5 | EcDNA segregation as a source of copy number heterogeneity 

Schematic of chromosomal segregation (top) during cell division, where daughter cells contain the product of 

equally divided sister chromatids following DNA replication owing to microtubule attachment to centromeres. 

EcDNA (bottom) lack centromeres, so ecDNA are randomly distributed between daughter cells, leading to 

copy number heterogeneity.  Created in Biorender. 

1.2.2 EcDNA and cancer 

EcDNA are a frequent feature of many cancer types but are very rare in normal 

tissue (Benner, Wahl and Von Hoff, 1991; Turner et al., 2017; Kim et al., 

2020).  Although analysis of the Mitelman database initially suggested ecDNA 

were present in only 1.4% of cancers (Fan et al., 2011), an integrated study 

combining whole genome sequencing (WGS) and imaging across 17 cancer 

types using primarily cancer cell lines identified ecDNA in nearly half of cancers 

(Turner et al., 2017).  A subsequent WGS study from 3,212 patients with cancer 

and 1810 non-cancer samples showed 14.3% of tumour samples harboured 

ecDNA and in 25 of 29 cancer types (Kim et al., 2020). Linking clinical and WGS 

data has shown that ecDNA amplification is associated with worse 5-year survival 

outcomes, although interestingly ecDNA level was not associated with metastatic 

status or previous cancer treatment (either systemic or radiation) (Turner et al., 

2017; Kim et al., 2020).   
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EcDNA are particularly common in glioblastoma. The first karyotype analyses 

suggested 20-30% of glioblastoma harboured DMs (Bigner et al., 1988), increasing 

to 73.3% when considering only glioblastoma samples containing an oncogene 

amplification (Bigner et al., 1987).  Large-scale analysis of WGS data has shown 

that ~50-60% glioblastoma cells carry ecDNA, rising to 90% of patient-derived 

glioblastoma tumour models (Turner et al., 2017; Kim et al., 2020).  Not only are 

these preserved in neurosphere and xenograft models, but analysis of primary 

and recurrent glioblastoma cells also revealed high preservation of ecDNA 

(deCarvalho et al., 2018), likely due to the dynamic relationship between ecDNA 

and HSRs, in the face of treatment-based selection pressures (Nathanson et al., 

2014).  EcDNA are now considered the location of the key oncogene 

amplifications observed in glioblastoma (Vogt et al., 2004; Brennan et al., 2013).   

 

Figure 1.6 | EcDNA frequency across tumour types 

From (Turner et al., 2017) Figure 2D. Proportion of cell cultures harbouring ecDNA by tumour type.  PDX = 

Patient derived xenograft; MB = Medulloblastoma 

The connection between ecDNA-resident oncogenes and cancer treatment 

resistance built on the earliest cellular models of ecDNA in murine cancer cells 

(Alt et al., 1978; Kaufman, Brown and Schimke, 1979).  EcDNA behave dynamically in 

response to the selection pressure created by cancer treatment.  A range of 

cancer cell lines, including a glioblastoma cell line, harbouring MYC 

amplifications on DMs, were treated with hydroxyurea.  This resulted in a marked 

reduction in MYC copy number that was not observed in a cell line harbouring 

MYC on an HSR (Colo320HSR) (Von Hoff et al., 1992). The localisation of 

oncogenes on ecDNA have also been shown to play a role in RTK-targeted 

treatment resistance.  For example, GBM39 cells (a patient-derived EGFRvIII 
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expressing xenograft cell line) with high levels of EGFRvIII-containing ecDNA 

have increased RTK signalling and cell proliferation, increased metabolism, 

reduced apoptosis and enhanced cell death in the presence of the EGFR 

inhibitor, erlotinib (Nathanson et al., 2014).  Furthermore, cells that developed 

erlotinib resistance through chronic erlotinib exposure had a significant reduction 

in EGFRvIII ecDNA, an increase in MDM2 ecDNA and maintenance of EGFR 

HSRs.  EGFRvIII ecDNA were restored when erlotinib was removed (Nathanson et 

al., 2014).  As might be expected given early studies linking ecDNA and 

chromosomal integration in the form of HSRs, ecDNA-resident oncogenes have 

previously been shown to integrate with chromosomes in this manner (Storlazzi et 

al., 2010; L’Abbate et al., 2014).  The ability of single copy EGFRvIII-harbouring 

ecDNA to reintegrate with chromosomes to form multi-copy EGFRvIII-HSRs 

highlights this dynamic reintegration/release process as means of RTK treatment 

resistance (Turner et al., 2017).  A similar mechanism for DM to HSR reintegration 

has been proposed following dual Raf/MEK-inhibitor treatment in BRAF-mutant 

ecDNA-null melanoma cells, where BRAF amplification, primarily via ecDNA 

formation, developed following Raf/MEK-inhibitor treatment.  Interestingly, this 

study observed a preference from ecDNA to HSR conversion, initially via 

integration, during stable dual drug dosing but also showed that rare ecDNA 

could re-emerge from a predominantly HSR-BRAF population (Song et al., 2021). 

Overall, these studies reveal that ecDNA are the primary source of oncogene 

amplification and heterogeneity in cancer, they integrate/re-emerge dynamically 

in response to selection pressures, and they are directly linked to treatment 

resistance and poor prognosis.  Understanding the function and regulation of 

ecDNA is particularly important in glioblastoma as this might reveal new ways to 

target these tumours.   

1.2.3 Formation and structure of ecDNA 

A number of hypotheses for the formation of ecDNA have been proposed and the 

varied genomic composition of ecDNA has led to the proposal that multiple 

mechanisms may all contribute to ecDNA formation in different scenarios (T. 

Wang et al., 2021) (Figure 1.7).   
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Figure 1.7 | Models for ecDNA formation 

From (T. Wang et al., 2021), Figure 1.  Schematic of the four proposed models of ecDNA formation.  A) The 

Breakage-Fusion-Bridge (BFB) Cycle B) Translocation-(excision)-deletion-amplification C) Episome model 

D) Chromothripsis. 

1.2.3.1 Breakage-Fusion-Bridge (BFB) Cycle 

BFB as a mechanism of chromosomal instability was first described by Barbara 

McClintock for formation of ring chromosomes in maize (McClintock, 1938, 1941). 

BFB cycles have been shown to generate genetic heterogeneity in a range of 

solid tumours (Gisselsson et al., 2000). The cycle describes a single chromatid 

break repaired via breakpoint fusion to form a dicentric chromosome, which leads 

to an anaphase bridge, which in turn can re-enter the BFB cycle (McClintock, 1938, 

1941; Ly and Cleveland, 2017).  Dicentric chromosomes form as a result of 

telomere fusion or fusion of two chromosome fragments both harbouring a 

centromere, with the formation of a chromatin bridge during mitosis that remains 

intact potentially throughout cytokinesis and into early interphase (Garsed et al., 

2014; Ly and Cleveland, 2017).  It is proposed that following nuclear envelope 

rupture, bridge breakage occurs via three prime repair exonuclease 1 (TREX1) 

(Maciejowski et al., 2015).  The manner of breakage in the dicentric bridge remains 

debated, with the bridge, and therefore the BFB cycle as a whole, proposed as 
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the site where chromothripsis occurs (Ly and Cleveland, 2017; Guérin and 

Marcand, 2022).  

1.2.3.2 Translocation-(excision)-deletion-amplification  

In this model, exogenous stimuli result in chromosomal translocations. The 

deleted or amplified DNA segments excised at translocation breakpoints are the 

result of DNA damage repair and can lead to ecDNA formation (Röijer et al., 2002; 

Van Roy et al., 2006).  This offers a mechanism for complex translocations across 

different chromosomes to form on single ecDNA or HSR structures.   

1.2.3.3 Episome model 

The episome model suggests that ecDNA are formed during DNA synthesis as a 

result of DNA slippage and R-loop formation causing excised DNA segments, 

which then circularise, replicate and enlarge to form ecDNA (Carroll et al., 1988; 

Stark et al., 1989)  EcDNA in seven gliomas were shown to be formed from a 

single excision event, supporting a post-replication event in forming these initial 

amplicons (Vogt et al., 2004).  A study of 34 patients with haematological 

malignancies identified a defined, MYC-containing amplicon where the clustering 

of breakpoints appeared consistent with an excision/amplification episome model 

(Storlazzi et al., 2006). The chromosomal origin of EGFRvIII-harbouring ecDNA in 

the GBM39 cell line also points to the episome model, and, as might be expected 

given the mechanism, indicates these episomes are derived from a single 

parental allele (Hung et al., 2022).   The episome model may explain simple 

continuous fragments of amplified chromosomes, but is more challenging as a 

model for multi-fragment or other complex ecDNA structures.  

1.2.3.4 Chromothripsis 

The term ‘chromothripsis’ is derived from the Greek ‘chromos’ (chromosome) and 

‘thripsis’ (shattering) (Stephens et al., 2011). The chromothripsis model is based 

on the principle that the acquisition of multiple genomic arrangements occurs as 

a single catastrophic event rather than gradual stepwise accumulation of 

mutations.  Chromothripsis, manifesting as complex rearrangements in single 

chromosomes, occurs across many cancer types and can involve multiple 

chromosomes.  While initially described as occurring in 2-3% of cancer cells, a 

more recent analysis proposes a rate of 55% (Stephens et al., 2011; Cortés-
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Ciriano et al., 2020).  Rates vary by cancer type, with glioblastoma harbouring 

among the highest rates of chromothripsis of all cancers (Malhotra et al., 2013; 

Zack et al., 2013; Cortés-Ciriano et al., 2020).  The absence of an ever-

increasing number of breakpoints, the retention of heterozygosity and the 

clustering of breakpoints across a single chromosome all support the single 

catastrophic event hypothesis for genomic rearrangement acquisition (Stephens 

et al., 2011). More recently it has been proposed that further chromothriptic 

events can occur via micronuclei formation to drive evolution of ecDNA with ever-

increasing copies of ecDNA-resident oncogenes (C.-Z. Zhang et al., 2015; 

Shoshani et al., 2021).   

Two mechanisms for chromothripsis have been proposed: BFB chromosome 

fusion (see above) or micronuclei formation during cell division leading to 

premature chromosome condensation and shattering (Hatch et al., 2013; C.-Z. 

Zhang et al., 2015; Ly and Cleveland, 2017; Shoshani et al., 2021). Spectral 

karyotyping suggests that such rearrangements occur in a single parental copy of 

each chromosome pair (Stephens et al., 2011).   

Chromothripsis can drive tumorigenesis if chromosome shattering leads to 

formation of key oncogene(s) or loss/disruption of a TSG, or even generate 

oncogenic fusions (Stephens et al., 2011).  Fragment reassembly into 

extrachromosomal structures results in formation of oncogene-resident ecDNA, 

suggesting these cells survive such a catastrophic event owing to a selective 

advantage (Stephens et al., 2011; Rausch et al., 2012; Nones et al., 2014). It has 

been shown that chromothripsis and consequent oncogene-resident ecDNA 

formation represents the central source of seismic oncogene amplification in 

cancer (Rosswog et al., 2021; Shoshani et al., 2021).  

The available evidence suggests that the majority of ecDNA derive their origins 

from chromothripsis; however the structure of ecDNA indicate cases where other, 

or indeed multiple, models can explain their origin. What remains unclear is what 

initiates such events in the first place, particularly a cellular disaster as major as 

chromothripsis.  Given that glioblastoma has no clear environmental cause other 

than age-related risks (e.g. associations or risk factors) and the available 
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evidence places chromothripsis as the source of most ecDNA in glioblastoma, it 

will be important to elucidate the causes of chromothripsis.  

1.2.4 Cellular Models for studying ecDNA 

EcDNA dynamics are increasingly studied in established cell lines.  For example, 

the cell lines Colo320DM and Colo320HSR were originally derived from a patient 

with cancer of the sigmoid colon, and were among the first cells where oncogene 

amplification, c-MYC, was localised to DM or HSR sites, respectively (Quinn et al., 

1979; Alitalo et al., 1983).  The resident ecDNA have more recently been 

characterised as 4.328Mb in size carrying multiple copies of c-MYC (Hung et al., 

2021).  Histopathology described moderately undifferentiated adenocarcinoma, 

atypical pseudo-glands with an area of poorly differentiated carcinoid.  Hormone 

and polypeptide levels were atypical for colorectal cancer, with raised parathyroid 

hormone (PTH), adrenocorticotropic hormone (ACTH), serotonin, norepinephrine 

and epinephrine, and low alpha-fetoprotein (AFP) and carcinoembryonic antigen 

(CEA) – characteristics of a neuroendocrine carcinoma.  Growth of the cells 

differed significantly from other colorectal carcinoma cell lines, specifically 

regarding their shape, lack of CEA and rapid growth (Quinn et al., 1979).  Overall, 

these paired cell lines may be highly atypical.  Other examples of established cell 

lines with resident ecDNA that are widely studied include PC3 (prostate cancer – 

c-MYC ecDNA), SNU16 (gastric cancer – c-MYC and fibroblast growth factor 

receptor 2 (FGFR2) ecDNA) and TR14 (Neuroblastoma - c-MYC ecDNA) (Kaighn 

et al., 1979; Cowell and Rupniak, 1983; Park et al., 1990).   

Cell selection methodologies have been used to study the origins and evolution 

of ecDNA, building on strategies which were developed in the initial studies of 

ecDNA (Alt et al., 1978; Kaufman, Brown and Schimke, 1979).  Low-dose, 

continuous, MTX drives the formation of MTX-resistant, DHFR-harbouring ecDNA 

and HSRs in HeLa (cervical) and H29T (colorectal) cancer cell lines (Shoshani et 

al., 2021).  A similar strategy was deployed using a BRAF/MEK inhibitor 

combination resulting in BRAF-harbouring ecDNA in a previously ecDNA-null 

melanoma cell line (Song et al., 2021).  Many such studies include development 

and subsequent study of single cell clones, and are reliant on continuous drug 

exposure.  This may not be directly applicable to the heterogeneity observed in 
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glioblastoma, where ecDNA exist de novo rather than in response to drug-based 

selection.   

EcDNA were originally discovered in patient samples, and these likely represent 

the best cellular model for their study.  EcDNA are markedly less frequent in 

established cell lines in comparison with primary human tumours, with the former 

also harbouring a higher proportion of HSRs (Benner, Wahl and Von Hoff, 1991). 

This observation was corroborated more recently in a study that identified ecDNA 

in ~40% tumour cell lines and ~90% patient-derived brain tumour models (Turner 

et al., 2017).  Examples of patient-derived models include the GBM39 cell line, 

which is an ecEGFRvIII-expressing xenograft cell line comprising cells originally 

resected from a patient with primary glioblastoma which were transduced with 

lentiviral firefly luciferase prior to mouse injection (Sarkaria et al., 2006, 2007; 

Nathanson et al., 2014).  The HK359 glioblastoma cell line, which also harbour 

ecEGFRvIII, was derived directly into neurosphere culture from a heavily pre-

treated patient with recurrent glioblastoma (Laks et al., 2016).  Other examples of 

primary cells used in recent studies include primary neuroblastoma cells 

(Helmsauer et al., 2020; Hung et al., 2021; Lange et al., 2022; Stöber et al., 2023) and 

primary (and one matched recurrent) glioblastoma cell culture (deCarvalho et al., 

2018). Comparing the genomic profile from tumours, their derived cell cultures 

and subsequent xenografts indicates good molecular synergy between these 

entities (deCarvalho et al., 2018). Patient-derived glioblastoma cell cultures likely 

represent the best tool to study ecDNA dynamics in glioblastoma, and best 

recapitulate the complexities of glioblastoma and ecDNA biology.   

1.2.5 Tools for the study of ecDNA 

EcDNA can be directly visualised on metaphase spreads via 4′,6-diamidino-2-

phenylindole (DAPI) staining, and DNA fluorescence in situ hybridisation (FISH) 

allows visualisation of key genomic loci including oncogenes and regulatory 

elements (van der Hout et al., 1989; Shapiro et al., 1993).  These classic cytogenetic 

analysis tools remain the most robust way of characterising individual ecDNA 

within a cell, describing ecDNA/HSR dynamics and represent the only means of 

differentiating between ecDNA and HSRs.  However, they are low throughput and 

it can be difficult to generate metaphases in individual cell lines. For example, in 
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one study, metaphase spreads could only be obtained from 72/117 (61.5%) 

cancer cell lines (Turner et al., 2017).  Interpretation relies on high quality 

epifluorescence or confocal-based imaging, particularly when combined with 

quantitative analysis.   

DNA FISH relies on hybridisation onto fixed metaphase spreads or nuclei.  Live-

cell imaging strategies are in development, but single-copy locus detection is 

technically challenging.  The Casilio system uses dead-Cas9 and gRNAs 

targeting ecDNA breakpoints to enable binding of fluorescent reporter molecules 

(Yi et al., 2021; Clow et al., 2022).  Other systems, such as the ANCHOR system, 

whereby a ParB/green fluorescent protein (GFP) construct binds to a naturally 

occurring plant sequence and ‘cages’ further ParB/GFP fluorescent proteins, 

could be adapted for live cell imaging of ecDNA (Meschichi et al., 2021). Live-cell 

imaging tools require further validation to avoid fluorophore binding artefacts, as 

well as addressing uncertainties around binding affinity and effects on function.   

The need to reconstruct highly complex ecDNA structures using genomic data 

has led to the development of novel sequencing-based analysis 

tools.  AmpliconArchitect (AA) is a tool for ecDNA amplicon reconstruction with 

paired-end WGS data (Turner et al., 2017; Deshpande et al., 2019).  This has since 

been developed further to the AmpliconSuite analysis pipeline (Luebeck et al., 

2022), which incorporates AmpliconClassifer (for output classification) (Kim et al., 

2020) and CNVkit (for calling copy number variation (CNV) and alterations across 

the genome) (Talevich et al., 2016).  AA uses WGS data to link copy number 

variant (CNV) regions of increased copy number, and identify discordantly 

mapped regions which are then defined as linked segments. However, short read 

WGS data inherently may not be long enough to span these long repeats, which 

limits their ability to differentiate between multiple possible structures. This in turn 

can result in multiple possible candidate amplicons from which the user can then 

choose as their ‘amplicon of interest’ (Deshpande et al., 2019).  This caveat means 

that if AA ‘predicts’ a number of different possible amplicons, the user might 

select the amplicons of greatest interest, resulting in reporting bias. In addition, 

correlation of AA with DNA FISH of metaphase spreads suggested an 85% 

positive predictive value (PPV) of amplicons characterised as ‘circular’ by AA 
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corresponding to extrachromosomal FISH signal.  The sensitivity of AA to identify 

circular ecDNA was 83% (i.e. 83% of signals identified via DNA FISH as being 

extrachromosomal were also classified as ‘circular’ by AA).  EcDNA may be more 

accurately characterised by long-read sequencing and optical mapping (OM), 

recently integrated as a computational tool (AmpliconReconstructor) (Wu et al., 

2019; Luebeck et al., 2020; Hung et al., 2022). Future strategies may focus on 

single-cell or even single-read characterisation of ecDNA structures and 

breakpoints to truly capture the heterogeneity observed in recent studies of 

ecDNA (Hung et al., 2022; Stöber et al., 2023).  However, computational tools alone 

are insufficient to accurately capture all ecDNA features and must be 

complemented by other approaches. A recent study combining FISH and 

genomic data at single cell resolution in a glioblastoma cohort (Walentynowicz et 

al., 2023) offers some insight into the potential of spatial transcriptomics in 

exploring spatial, as well as temporal, ecDNA dynamics.  

1.3 Nuclear Organisation of ecDNA 

1.3.1 Chromosome regions and territories 

Nuclear organisation is not random. Eukaryotic chromosomes have been known 

to exist in chromosome territories for over 100 years (Rabl, 1885; Boveri, 1909; 

Cremer and Cremer, 2010; Dixon, Gorkin and Ren, 2016).  It has been shown that 

central parts of the nucleus are preferentially occupied by active chromosome 

regions (Croft et al., 1999; Boyle et al., 2001).  Other features, such as centromeric 

heterochromatin, also predict peripheral localisation (Carvalho et al., 

2001).  Indeed, chromosome 7 (chr7), the resident chromosome for the peri-

centromeric gene EGFR, is among the most peripherally located chromosomes 

(Boyle et al., 2001).  The organisation of the nucleus can be described via A and B 

compartments, with the inner A compartment ring hosting active chromatin and 

the most highly expressed genes (Lieberman-Aiden et al., 2009; Stevens et al., 

2017).   

Chromosome regions can be reorganised via loop extrusion.  This process is 

mediated by cohesin, a ring-shaped protein complex loaded onto chromatin 

through which chromatin is extruded, and CCCTC-Binding factor (CTCF), a 

boundary element that restricts further extrusion (Sanborn et al., 2015; Fudenberg et 
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al., 2016).  This leads to the formation of topologically associating domains 

(TADs), which represent genomic regions containing genes and cis-regulatory 

elements (CREs - e.g. promoter, enhancer(s)) contained within CTCF/cohesin 

boundaries (Dixon et al., 2012; Rao et al., 2014).  The manner by which different 

chromatin regions interact has been studied through the development of genome-

wide chromosome conformation capture (‘C’ e.g. Hi-C (Lieberman-Aiden et al., 

2009) or Micro-C (Hsieh et al., 2015) ) techniques (de Wit and de Laat, 2012; Dixon et 

al., 2012; Dixon, Gorkin and Ren, 2016)), which can be combined with high-

resolution imaging techniques such as DNA FISH to characterise TAD 

interactions and the regulatory environment of genes (e.g.(Williamson et al., 2019; 

Boyle et al., 2020)).  Chromosome territories and the 3D nuclear environment they 

inhabit play a central role in how genes are regulated.   

1.3.2 Enhancers and regulatory elements 

Gene expression is regulated by CREs, which comprise a proximal promoter 

element (<1kb from the transcription start site, TSS) and more distal regulatory 

elements (>1kb from the TSS) comprising enhancers and other elements such as 

insulators or silencers (Vernimmen and Bickmore, 2015).   

The initiation, elongation and termination of transcription requires the coordinated 

assembly and interaction of TFs, co-activators and key transcription 

proteins.  Sequence-specific TFs bind to enhancers and recruit co-activators, 

such as p300, to modify chromatin structure to increase the accessibility of 

chromatin, facilitating the further recruitment of co-activators to aid formation of 

the Preinitiation Complex (PIC) (Esnault et al., 2008; Soutourina et al., 2011; Ortega 

et al., 2018).  The PIC (which includes RNA polymerase II (RNA Pol II)) and the 

RNA Pol II-regulating protein Mediator form a ‘bridge’ linking the enhancer and 

promoter (Soutourina et al., 2011; Petrenko et al., 2016).  Once these initiation steps 

are complete, and the first few RNA nucleotides have been synthesised, RNA Pol 

II is released from the promoter via Mediator-regulated phosphorylation 

(Soutourina 2018; Kim et al. 1994).  RNA synthesis (elongation) proceeds until the 

transcript is complete, at which point RNA Pol II and the RNA transcript are 

released from the template (termination) (Kuehner, Pearson and Moore, 2011).   
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How enhancers activate gene expression in 3D space is an ongoing area of 

research.  Initial models of looping fail to explain directionality and specificity. 

Cohesin-mediated loop extrusion compacts TADs, bringing CREs close to their 

target genes, providing a plausible mechanism (Kane et al., 2022).  In addition, so-

called ‘super-enhancers’ (SEs), dense regions of enhancers characterised by 

high TF, co-activator and Mediator occupancy, have been shown to play a key 

role in stem cell and cancer gene expression (Lovén et al., 2013; Whyte et al., 

2013).  Overall, these studies highlight the dynamic role of the non-coding 

genome in bringing together distant genomic regulatory regions to control 

transcription expression.  

1.3.3 Transcriptional hubs 

The discovery of SEs led to the hypothesis that co-activators bind in high density 

at these CREs (Lovén et al., 2013).   A parallel hypothesis suggests that liquid-

liquid phase separation (LLPS) allows membrane-less sub-compartmentalisation 

of the nucleus in order for high concentrations of the transcriptional machinery to 

drive gene transcription (Rai et al., 2018; Strom and Brangwynne, 2019) . It was 

subsequently shown that many TFs, co-activators (e.g. Bromodomain-containing 

protein 4 (BRD4), Mediator) and RNA Pol II densely co-bind and form 

condensates or ‘hubs’ (Cho et al., 2018; Chong et al., 2018; Sabari et al., 

2018).  Subsequent studies suggest that LLPS may not be required to define 

these highly concentrated regulatory hubs (Mir et al., 2018, 2019; McSwiggen et al., 

2019).  Indeed, the necessity of such regulatory hubs in driving gene expression 

remains a topic for discussion.   

1.3.4 EcDNA nuclear localisation 

EcDNA are chromatinised regions of DNA that lack centromeres. This raises 

interesting questions about their nuclear location.  Early studies in Colo320DM 

cells reported that ecDNA were preferentially localised at the nuclear periphery, a 

region associated with heterochromatin and transcriptional 

repression.  Specifically, ecMYC was reported to be localised at the nuclear 

periphery during G1 and moved centrally during S phase, during which ecDNA 

could also be expelled via micronucleus formation (Itoh and Shimizu, 1998; Shimizu 

et al., 1998).  In contrast, a study of neuroblastoma cell lines with MYC ecDNA 
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observed even nuclear distribution (rather than a peripheral preference) in >85% 

of interphase nuclei, moving peripherally during the interphase to prophase 

transition point (Lundberg et al., 2008). In a pan-cancer study, ecDNA have been 

found to have regions of largely accessible chromatin (assayed by Assay for 

Transposase-Accessible Chromatin using sequencing (ATAC-seq)), indicative of 

nucleosome displacement by bound TFs, and to be decorated with histone 

modifications associated with active chromatin (Wu et al., 2019).  Widespread 

chromatin connectivity suggestive of an active transcriptional function of ecDNA 

was also observed via Hi-C and chromatin interaction analysis by paired-end tag 

sequencing (ChIA-PET) with RNA Pol II chromatin immunoprecipitation (ChIP) in 

ecDNA-harbouring glioblastoma patient-derived cell lines (Zhu et al., 2021).  These 

are features more associated with active, central nuclear regions.  These 

contradictory findings suggest that further study into ecDNA nuclear localisation 

and its relationship with gene regulation is warranted.   

1.3.5 Transcription in the context of ecDNA 

EcDNA harbour oncogenes and regulatory elements, mirroring the central 

components of a TAD, and indeed chromatin conformation analysis and CTCF 

and cohesin binding suggests that ecDNA chromatin is organised like a TAD (Wu 

et al., 2019). In glioblastoma, EGFR-ecDNA have been shown to be co-amplified 

with two functional enhancer elements, suggesting a novel regulatory 

environment on ecDNA that facilitates an SE environment (Figure 1.8) (Morton et 

al., 2019).  EcDNA have also been proposed to act as mobile enhancers for both 

chromosomal and extrachromosomal genes (Helmsauer et al., 2020; Zhu et al., 

2021). Small subclones of ecDNA may indeed exist that only harbour enhancers 

(or oncogenes), as a further source of dynamic enhancer interactions (Hung et al., 

2022).   
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Figure 1.8 | Enhancer rewiring on ecDNA 

Adapted from (Morton et al., 2019, Graphical Abstract) showing the regulatory environment on an 

unamplified locus (left), where loop extrusion within an insulated region (CTCF sites) enables enhancer-

promoter contact to drive oncogene expression. Enhancers outside the insulated region do not drive gene 

transcription. In ecDNA (right), it is proposed that novel enhancers are able to drive oncogene expression via 

a process of enhancer rewiring in spite of insulated regions. The further addition of active enhancers might 

occur via chromothripsis (Morton et al., 2019).   

Given the co-localisation of enhancers and driver oncogenes on ecDNA, it has 

been suggested that ecDNA cluster together in the nucleus, driving the 

recruitment of a high concentration of RNA Pol II in a condensate, thereby 

creating ecDNA-driven nuclear hubs (Hung et al., 2021; Yi et al., 2021; Zhu et al., 

2021).  A series of established tumour cell lines and patient neuroblastoma cells 

were evaluated using an autocorrelation approach of hybridisation signals on 

fixed cells labelled by DNA FISH (Figure 1.9).  This analysis suggested that 

ecDNA were more clustered than expected.  RNA/DNA FISH combined with an 

autocorrelation tool suggested that clustering was a greater predictor of 

transcription than copy number (Hung et al., 2021).  EcDNA clustering was further 

suggested from live-cell imaging in glioblastoma neurospheres (Figure 1.10A) (Yi 

et al., 2021). It was proposed that ecDNA colocalise with RNA Pol II (Figure 

1.10B), in addition to other markers of transcription (Cajal bodies and 

promyelocytic leukemia (PML) nuclear bodies).   
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Figure 1.9 | Clustering images from (Hung et al., 2021) 

Images from (Hung et al., 2021), Figure 1A, and are described as representative DNA FISH images of the 

indicated cell lines and their ecDNA-resident oncogenes (colour of visualised gene/chromosome as 

indicated).  Arrows = regions of clustering. Scale bar = 2µm.  
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Figure 1.10 | Clustering images from (Yi et al., 2021) 

Images from (Yi et al., 2021). A) Figure 3E. HF3016 neurosphere cells (primary glioblastoma). Live cell 

imaging using ecTag - sgRNAs targeting ecDNA breakpoint loci (ecEGFRx1, ecCCAT1, ecEGFR, and 

ecCCDC26), an intronic chr7 region (Chr7) and MUC4 as linear DNA amplicon controls.  SgRNAs were co-

transfected with other components of the Casilio system (Clover, dCas9) so sgRNA targets are visualised in 

green. Dashed circle = nucleolus. Arrows indicate ecDNA hub formation.   Captured time-lapse images 

where 00:00 = hour:minute.  B) Figure 4A. Representative images of RNA Pol II (RNAP2) 

immunofluorescence (red) on ecTag (green)-transfected cells, DNA = DAPI (blue). Scale bar = 10µm. 

Colocalisation of sgRNAs with RNAP2 by visual calling of partially or completely overlapping of fluorescence 

signals (arrows). 
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Further, it has been suggested that ecDNA-resident oncogene expression is 

amplified beyond that expected from copy number alone.  RNA-seq data 

comparing gene copy number between circular and non-circular amplifications 

from panels of cell lines showed significantly higher RNA copy number from 

circular amplicons (Wu et al., 2019; Kim et al., 2020). This was also shown by 

identifying ecDNA-resident single nucleotide polymorphisms (SNPs) (Wu et al., 

2019). These analyses confirm ecDNA-resident oncogenes result in massively 

amplified gene expression, but cannot determine whether this is copy number 

driven.  Copy number-normalised gene expression has been shown to be higher 

in ecDNA-resident genes, although only in 3/11 genes evaluated, of which only 

one was a key oncogene (CDK4) (Wu et al., 2019).  A recent study of 

neuroblastoma cell lines and primary cells showed a linear relationship between 

ecDNA copy number and gene expression, using single cell analysis to further 

suggest significant intra-tumoural heterogeneity in ecDNA transcription (Stöber et 

al., 2023). Taken together, authors of these studies concluded that ecDNA copy 

number has a significant role in driving the amplified gene expression from 

ecDNA-resident oncogenes.  It remains uncertain as to whether there are ecDNA 

specific mechanisms of gene expression that are not seen in normal 

chromosomal context that explains this increase, or whether it is solely due to 

copy number.  This question, alongside the potential physical clustering of 

ecDNA, is explored in this thesis. 

1.4 EcDNA and DNA repair pathways 

1.4.1 The DNA Damage Response (DDR) 

The ability to respond to DNA damage is essential for cell survival.  The DNA in 

every human cell will undergo potentially thousands of damaging events every 

day (Lindahl and Barnes, 2000; Jackson and Bartek, 2009).  This damage can be 

secondary to physiological processes such as DNA replication or epigenetic 

modification, inflammation giving rise to reactive oxygen species (ROS) or the 

impact of cellular reactions causing DNA adduct formation.  In addition, the 

human body deals with a range of environmental DNA-damaging agents, such as 

ultraviolet light, tobacco and aflatoxins (Jackson and Bartek, 2009; Ciccia and 

Elledge, 2010).  Exogenous DNA damage is now a major tool in treating disease, 

including glomerulonephritides (Ponticelli, Escoli and Moroni, 2018), psoriasis 





   

 

1-32   

The repair of single stranded (SSB) or double stranded (DSB) DNA breaks is 

intrinsically linked.  SSBs are the commonest lesions, can be initiated directly or 

indirectly via base excision repair (BER) and are most often caused by ROS 

(Bradley and Kohn, 1979; Caldecott, 2008).  Indirect BER leads to SSBs by the 

excision of oxidised bases, a process which can lead to DSBs (Cannan et al., 

2014).  Stalled replication forks, which can form as a result of SSBs, can also 

trigger DSBs (Saleh-Gohari et al., 2005).  Other causes of SSBs include abortive 

topoisomerase (TOP) I activity, a process whereby a DNA ‘nick’ is created to 

relax supercoiling during transcription and replication (Wang, 2002). Exogenous 

causes of SSBs include chemotherapy, such as TOP1 and TOP2 inhibitors which 

cause SSB and DSBs respectively, and ionising radiation (IR), which generates 

roughly ten times more SSBs than DSBs (Koster et al., 2007; Ma et al., 2012; Mehta 

and Haber, 2014).   

SSBs are bound by poly(ADP-ribose) polymerase 1 (PARP1) thereby initiating 

recruitment of end-processing repair proteins, although detection via PARP1 

recruitment is not required for all causes of SSBs, e.g. TOP1-induced (Durkacz et 

al., 1980; D’Amours et al., 1999; Caldecott, 2008).  Failure to repair SSBs most 

commonly results in collapsed DNA replication forks (and subsequent DSBs), 

stalled transcription and ultimately cell death (Kuzminov, 2001; Kathe, Shen and 

Wallace, 2004; Saleh-Gohari et al., 2005; Caldecott, 2008). 

DSBs are much less common than SSBs, but extremely toxic to cells.  In addition 

to SSBs as a source of DSBs, other endogenous causes include ROS, abortive 

TOP II activity and meiotic crossovers (Spell and Holm, 1994; Lam and Keeney, 

2014; Mehta and Haber, 2014).  DSBs can be repaired by two major repair 

pathways: homologous recombination (HR) or non-homologous end joining 

(NHEJ).  HR can faithfully repair the genome by using the homologous sister 

chromatid as a template and occurs during the late S to G2 phase of the cell 

cycle (Rothkamm et al., 2003; Moynahan and Jasin, 2010).  The DSB is detected and 

bound by the MRE11–RAD50–NBS1 (MRE) complex which recruits replication 

protein A (RPA) to generate single stranded (ss) DNA (Buis et al., 2008).  This 

allows RAD51 and key accessory factors (e.g. BRCA2) to bind and initiate strand 

synthesis, either via the synthesis-dependent strand annealing (SDSA) pathway, 
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or the canonical DSB repair (DSBR) pathway (Haaf et al., 1995; Sung and Klein, 

2006; Moynahan and Jasin, 2010).  In contrast, NHEJ occurs at all phases of the 

cell cycle (Rothkamm et al., 2003).  DSBs are detected and bound by the 

Ku80/Ku70 heterodimer, which in turn recruits a DNA Protein Kinase (DNA-PK) 

complex (Yaneva, Kowalewski and Lieber, 1997; Downs and Jackson, 2004).  This 

leads to the recruitment of DNA polymerases, and subsequent binding of X-Ray 

Repair Cross Complementing (XRCC) 4, XRCC4-like factor (XLF) and ligase IV 

leads to direct religation of the DSB ends (Ahnesorg, Smith and Jackson, 2006; 

Lieber, 2010b; Lord and Ashworth, 2012).  An alternative NHEJ (alt-NHEJ) pathway 

has been proposed (also known as microhomology-mediated end joining 

(MMEJ)), whereby PARP1 recognises DSBs and initiates a repair process that 

concludes by direct end ligation via DNA Ligase I or III (Lu et al., 2016; Yang et al., 

2018).  Alt-NHEJ is thought to have roles as a ‘backup’ pathway for NHEJ and 

HR, but other roles have been proposed such as in IR-induced DSB repair 

(Lieber, 2010a; Della-Maria et al., 2011; Dutta et al., 2017).  Owing to the lack of a 

repair template, NHEJ is a far more error prone pathway than HR and can lead to 

the introduction of mutational insertions or deletions.  

1.4.2 DNA Damage in Cancer 

Genomic instability is considered a key characteristic of cancer (Hanahan and 

Weinberg, 2011).  Induction of the DDR by oncogenes has been proposed as an 

early event in cancer initiation, whereby DSBs form and multiple checkpoint 

proteins, such as ATM, ATR and p53, fail to activate (Bartkova et al., 2006; 

Halazonetis, Gorgoulis and Bartek, 2008).  In most cancers, the specific DDR 

dysfunction is unknown (Lord and Ashworth, 2012), however, in some cancers 

there is a specific link between a particular DDR mechanism and a cancer 

phenotype.  Examples include Hereditary Non-Polyposis Colorectal Cancer 

(HNPCC), a form of familial colorectal cancer caused by loss-of function 

mutations in mismatch repair (MMR) genes, and breast, ovarian or pancreatic 

cancers caused by mutations in BRCA1, BRCA2 or other genes involved with HR 

repair (Lord and Ashworth, 2012).  These genetic aberrations are also seen in 

sporadic cancers e.g. microsatellite instability in colorectal cancer (Boland and 

Goel, 2010), and defects in HR in ovarian cancer (Cancer Genome Atlas Research 

Network, 2011).   
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Upregulation of the DDR has been shown in a number of CSC models (Eyler and 

Rich, 2008; Ogawa et al., 2013; Desai, Webb and Gerson, 2014).  The DDR has also 

been shown to be constitutively activated in glioblastoma, and has been 

attributed as a major cause of resistance to cancer treatment (Bartkova et al., 

2010).   In GSCs, the upregulated DDR leads to chemo-radioresistance and 

subsequent tumour recurrence (Bao et al., 2006; Chen et al., 2012).  It has been 

proposed that this is driven by replication stress, the process whereby replication 

forks stall and result in DSBs (Carruthers et al., 2018).  This suggests that further 

interrogation of the DDR is warranted, with a view to identifying potential 

therapeutic vulnerabilities.   

1.4.3 The role of PARP 

PARPs are a group of enzymes that catalyse the post-translational modification 

of proteins, of which PARP1 is the most extensively studied and most active 

(D’Amours et al., 1999).  The PARP1 gene comprises a double zinc-finger DNA 

binding domain, a central automodification domain and an nicotinamide-adenine-

dinucleotide (NAD+) binding catalytic domain (Kraus and Lis, 2003).  PARP1 

catalyses the addition of ADPribose (ADPr) from NAD+ (Nicotinamide + ADPr) to 

target proteins, thereby generating a branched polyADPribosylated protein in a 

process known as PARylation (Figure 1.11) (Hayashi et al., 1983; D’Amours et al., 

1999). These polymers are broken down by the enzyme polyADPr glycohydrolase 

(PARG), which hydrolyses the glycosidic bonds between ADPr polymers, and 

(ADPr)hydrolase 3 (ARH3), which cleaves the final serine-ADPr bond (Miwa et al., 

1974; D’Amours et al., 1999; Kim et al., 2004; Slade et al., 2011; Palazzo, Suskiewicz 

and Ahel, 2021; Schützenhofer, Rack and Ahel, 2021).  MonoADPr bonds can also be 

hydrolysed by PARG, in addition to other enzymes such as terminal ADP-ribose 

protein glycohydrolase (TARG1) or macrodomain hydrolases (MacroD1, 

MacroD2) which are responsible for removing acidic residues (glutamate and 

aspartamate) (Rack, Perina and Ahel, 2016; Munnur and Ahel, 2017).  
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Figure 1.11 | PARylation 

PARP catalyses the addition of an ADPr to a target protein, with further polymerisation leading to the 

generation of a poly-ADPr-protein. These polymers are broken down by PARG, which breaks down the 

glycosidic bonds between ADPr monomers. MonoADPr bonds are hydrolysed by PARG and the acidic 

residue-cleaving enzymes TARG1 and MacroD1 and D2. The final serine-ADPr bonds, which represent the 

initial PARylation event following DNA damage, are cleaved by ARH3 (not shown).  Created with Biorender, 

modified from Ahel lab.   

PARylation without DNA damage generally results in mono- or oligo-

ADPribosylation and has many important cellular functions (Ferro and 

Oppenheimer, 1978; Benjamin and Gill, 1980).  For example, PARylation of histones, 

primarily histone H1, leads to chromatin decondensation (Poirier et al., 

1982).   PARylation also regulates transcription by contributing to 

enhancer/promoter complex formation (D’Amours et al., 1999; Kraus and Lis, 2003; 

Kim et al., 2004) and appears to be required for altered physical enhancer-

promoter proximity (Benabdallah et al., 2019). PARylation also has a role in DNA 

replication (Bryant et al., 2009; Ray Chaudhuri et al., 2012), mitosis (Halappanavar and 

Shah, 2004) and apoptosis (Yu et al., 2002).  

In the case of DNA damage, the target protein for PARylation is PARP1 itself, 

with PARP1 recruited within seconds to SSBs (Benjamin and Gill, 1980; Ludwig et 
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al., 1988; Satoh and Lindahl, 1992).  Compared with basal scenarios, PARylation 

driven by DNA strand breaks results in much longer branched chains, with 500-

1000 times greater PARP activity (Simonin et al., 1993; D’Amours et al., 1999; 

Langelier et al., 2018).  Serine residues are the main target for ADPr (Ser-ADPr) 

following DNA damage (Palazzo et al., 2018). PARP is involved in the repair of 

primarily SSBs, but also some DSBs (see above), and is a key coordinator of the 

DDR (Ljungman and Lane, 2004).  PARP1 binds to DNA breaks via its DNA binding 

domain and is involved in both the assembly of DNA repair complexes and PAR 

binding domains in proteins (Ljungman and Lane, 2004).  PARP binding leads to 

the generation of a stalled replication fork (Bryant et al., 2009; Ying et al., 

2016).  The accessory protein, Histone PARylation Factor 1 (HPF1), is needed for 

PARP1 activation, and a combined HPF1/PARP complex represents an active 

DNA damage repair complex (Suskiewicz et al., 2020), enabling binding of key 

proteins such as XRCC1, DNA polymerase beta and Ligase III (Pandey and Black, 

2021).  Failure to repair the damage leads to DSB formation and ultimately cell 

death.   

1.4.4 The DDR and ecDNA 

DNA damage and repair are thought to be central to ecDNA formation (see 

Section 1.2.3), but also to ecDNA-directed drug resistance and are a driver of 

chromosomal/extra-chromosomal rearrangements.  EcDNA formation driven by 

MTX resistance is dependent on NHEJ, HR and PARP (Meng et al., 2015; Cai et 

al., 2019; Shoshani et al., 2021).  Fewer ecDNA and MTX-resistant colonies were 

formed in the evolution of MTX-resistant cells when NHEJ was inhibited by a 

DNA-PK inhibitor or the PARP inhibitor (PARPi) veliparib (Shoshani et al., 2021).   

EcDNA also evolve in the face of DNA strand breaks.  Epidermoid cells with 

ecDNA harbouring the drug resistance gene Multidrug Resistance 1 (MDR1) and 

Colo320 cells harbouring ecMYC were both shown to lose ecDNA copy number 

following IR, even at relatively low doses, with ecMDR1 relocated to micronuclei 

(Sanchez, Barrett and Schoenlein, 1998; Schoenlein et al., 2003). Increased 

chromosomal reintegration of MDR1 was not observed following IR (Schoenlein et 

al., 2003).  A more recent study in established cell lines harbouring ecDNA 

(Colo320) or driven to form ecDNA by MTX resistance showed, in contrast, that 
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both random DNA damage caused by IR or doxorubicin, and targeted nuclease-

induced DNA damage near the amplified ecDNA gene DHFR, drove ecDNA to 

form ectopic chromosome integrations. This was increased three-fold in the 

presence of veliparib, but not a DNA-PK inhibitor (Shoshani et al., 2021), 

suggesting PARylation is a key pathway in subsequent ecDNA rearrangements, 

although not for the maintenance of existing ecDNA. What is unclear is whether 

these studies are identifying new cell populations generated as a result of the 

DDR, or whether this represents cell selection.  No studies have explored the 

effect of ecDNA strand breaks in primary patient-derived cell cultures where 

ecDNA are already established.   

1.4.5 PARP inhibitors 

The potential of PARP as a therapeutic target, particularly to enhance the action 

of known DNA damaging agents, has long been identified (Satoh and Lindahl, 

1992) and PARPi have transformed the management of HR-deficient cancers, 

notably those harbouring BRCA mutations.   

Inhibition of PARP1 makes cells reliant on NHEJ to repair DNA breaks (Schultz et 

al., 2003), thus tumours deficient in HR proteins caused by BRCA1/2 mutations 

are particularly vulnerable to PARPi via synthetic lethality (Bryant et al., 2005; 

Farmer et al., 2005; Fong et al., 2009).  PARP inhibitors block PARylation and some 

covalently trap PARP on DNA at a SSB, preventing its dissociation from a 

replication fork (Farmer et al., 2005). The resulting DSB cannot be repaired by HR 

due to BRCA1/2 mutation, and the cell dies. In addition, the ‘trapping’ of PARP 

itself blocks its catalytic activity (Pommier, O’Connor and de Bono, 2016; Lord and 

Ashworth, 2017).  PARP inhibitors are considered trapping (in order of potency: 

talozaparib, niraparib, rucaparib, olaparib) or non-trapping (veliparib) (Lord and 

Ashworth, 2017).   

1.4.6 PARP inhibitors in glioblastoma 

All existing treatment options for glioblastoma induce DNA damage such as base 

methylation (TMZ), reactive oxygen species (TMZ and IR) and DNA strand 

breaks (IR) (Erasimus et al., 2016), with essentially all patients likely to receive IR 

as part of their treatment journey. While BRCA1/2 mutations are rare in 

glioblastoma (Cancer Genome Atlas Research Network, 2008), IR generates DNA 
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strand breaks (primarily SSBs), leading to the hypothesis that PARPi may 

potentiate IR via impaired DNA repair.   In vitro studies suggest that the 

radiosensitivity of glioma cell lines is increased with drug-induced PARP inhibition 

(Dungey, Löser and Chalmers, 2008).  Consequently, PARPi are being trialled in 

both recurrent and newly diagnosed glioblastoma in combination with IR.  For 

example, the PARADIGM-2 study is a phase 1 trial evaluating the PARPi olaparib 

in combination with IR +- TMZ in patients with newly diagnosed glioblastoma trial 

(Fulton et al., 2018).  The OPARATIC phase 1 study is assessing this in the 

recurrent glioblastoma setting, also using olaparib (Hanna et al., 2020).   

These studies suggest that, while glioblastoma stem cells have a highly activated 

DDR, the impact of this on ecDNA dynamics remains unclear.  Uncertainties 

remain concerning the response of ecDNA in glioblastoma stem cells to DSBs 

and impaired PARylation.  Further study exploring the impact of the DDR on 

ecDNA dynamics is therefore highly warranted, both to elucidate the mechanism 

of existing therapeutic strategies, and to potentially identify novel tools to target 

ecDNA.   

1.5 Aims of PhD Thesis 

The overarching aim of my PhD was to characterise ecDNA in patient-derived 

glioblastoma stem cells with a particular focus on their transcriptional regulation 

and dynamic response to DNA damage. I addressed two main hypotheses.  First, 

I hypothesised that the 3D organisation between individual ecDNA and between 

ecDNA and transcriptional hubs plays a central role in ecDNA transcriptional 

regulation.  Second, I hypothesised that ecDNA characteristics evolve in 

response to DNA damage caused by DNA strand breaks, and that the 

mechanism of DNA damage and the relationship with PARylation both impact the 

evolution of ecDNA in glioblastoma cells. 

I had three primary aims: 

1. To determine the quality, quantity and stability of ecDNA in patient-

derived glioblastoma stem cell lines for their use as an experimental 

model. 
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2. To characterise the spatial organisation and transcriptional regulation of 

ecDNA in glioblastoma stem cells to determine if clustering of ecDNA 

underpins their activity. 

3. To determine the effect of DNA damage and PARylation on ecDNA 

dynamics in glioblastoma stem cells in search for targetable vulnerabilities. 

To achieve Aims 1 and 2 I used super-resolution imaging and devised 

quantitative image analysis tools in combination with classic cytogenetic methods 

such as FISH and a range of bioinformatics analysis strategies.  For Aim 3, I 

used both clinical and molecular biology strategies to evaluate the effect of 

different DNA damage modalities on ecDNA dynamics.   
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Colo320DM cells were kindly provided by Professor Paul Mischel (Stanford 

University, California, USA).   

2.1.2 Cell culture conditions 

Cells from the GCGR were cultured in pre-warmed serum-free basal Dulbecco’s 

Modified Eagle’s Medium/Nutrient Mixture F-12 Ham (DMEM/F12) media (Sigma) 

supplemented with N2 and B27 (Life Technologies), 2 μg/mL Laminin-1  

(Cultrex),1% (v/v) Penicillin-Streptomycin (Pen-Strep) (Gibco) and 10 ng/mL 

growth factors EGF and FGF-2 (Peprotech) (Pollard et al., 2009), hereafter referred 

to as Complete Media (CM). In addition, E20, E25 and E26 cells were cultured on 

plates pre-laminated (Laminin-1 10 μg/mL in phosphate buffered saline (PBS)) for 

at least 1 hour (h) at 37oC.  Where cells from any cell line were grown on glass 

coverslips or slides, the same prelamination protocol was used.   

Cells were maintained as an adherent monolayer at 37 oC with 5% CO2 with CM 

changed at least weekly. For passaging, cells were split with Accutase solution 

(Sigma) approximately weekly, or whenever 70-90% confluence was observed; 

cell growth rates varied by cell line, so passaging frequency varied between ~7-

10 days.  CM was removed, and cells were incubated in 1ml (T25 flask) or 2ml 

(T75 flask) Accutase until cells dissociated.  Cells were lifted into a 50ml falcon 

with Wash Media (WM) (DMEM/F12 supplemented with 1% (v/v) Pen Strep and 

Bovine Serum Albumin (BSA)) and centrifuged at 300g for 4 minutes (mins) in a 

bench-top centrifuge.  WM was aspirated and cells were resuspended in CM and 

replated at between 1:3 and 1:5 dilutions (end volume of CM - T25 - 8ml, T75 - 

16ml).   

For long-term storage, approximately 0.5-1 x 106 cells were pelleted as described 

above and resuspended in 1ml of freezing media (10% dimethyl sulfoxide 

(DMSO), 90% WM), transferred to -80oC in a polystyrene box and then to liquid 

nitrogen storage.  To resuspend cells from frozen, cells were transferred to dry 

ice and swiftly thawed in a 37oC water bath.  Cells were immediately 

resuspended in pre-warmed WM and centrifuged as above.  Cells were 

resuspended in 3ml CM and plated in a 6-well plate, with CM replaced the 

following day.   
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Colo320DM cells were cultured in DMEM (Thermo Fisher Scientific) 

supplemented with 10% foetal calf serum (FCS).  For passaging, adherent cells 

were first washed in PBS prior to dissociation with 0.25% (v/v) Trypsin-EDTA 

solution (Gibco), using the same volumes outlined above.  This was then 

neutralised with the FCS-containing growth media prior to centrifugation and 

resuspension of cells as previously described.   

Where required, cells were counted manually with a haemocytometer counting 

chamber (Marienfeld Neubauer-improved #0640030).   

2.1.3 Preparation of cells for experimental work 

Cells were grown on Poly-Prep (poly-L-lysine) coated glass slides (Sigma, 

P0425) in a four-well dish or on 22x22mm glass cover slips in a six-well plate and 

pre-laminated as described above.  Cells were washed with PBS, fixed for 10 

minutes in 4% paraformaldehyde (pFA) and permeabilised for 15 mins in 0.5% 

Triton X-100 (Merck) in 1x PBS (4ml per slide).  Slides were washed three times 

with PBS between each step and incubated overnight (o/n) at 4°C in PBS prior to 

ensure the pFA was completely removed.  Slides for DNA FISH could be dried 

and stored at -80°C prior to use.  

2.2 Immunofluorescence (IF) 

IF was performed in a humidified chamber, where, in all cases, 50-100ul of 

blocking buffer+-antibody was applied to a cover slip which was laid onto the cell-

covered slide.  Where IF was performed on cells plated on a coverslip, 50ul of 

blocking buffer +- antibody was applied directly to parafilm sealing film (Parafilm, 

HS234526B) and the cover slip laid cell-side down onto the parafilm.  Slides and 

coverslips were washed 3x after primary and secondary antibody steps by being 

completely submerged in PBS in a Coplin jar.   

Slides or cover slips were blocked in blocking buffer A (1% BSA and 0.1%Triton 

X-100 in 1x PBS) for 30 min at 37°C before incubation o/n at 4°C with the primary 

antibody diluted in blocking buffer A (Rpb1 NTD (D8L4Y), Cell Signalling 

Technology, 1 in 1000; mCherry (Rabbit), abcam, 1 in 500; mCherry (Rat), 1 in 

500; phospho-Histone H2A.X (Ser139), Sigma-Aldrich, 1 in 2000; PolyADP-

ribose, Sigma-Aldrich, 1 in 250). The following day, slides were washed 3x in 
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PBS before incubation for 1 h at 37°C with an appropriate corresponding 

secondary antibody (1 in 1000 AlexaFluor). After further PBS washes and DAPI 

staining (50ng/ml for 3 mins), slides were mounted with Vectashield anti-fade 

mounting medium (Vector laboratories).  

The only exception to this protocol was IF for phospho-Histone H3 (pH3) and 

Ki67 which was performed in the Pollard lab, and imaged using the Nikon Eclipse 

Ti inverted microscope (CRM Imaging facility, UoE). The protocol was as follows: 

For pH3: 50,000 NSCs per well were plated in a pre-laminated 48 well plate (3 

wells per condition) suspended in a total of 450μl CM per well and were left to 

adhere o/n. The following concentrations of each drug were then added in a 

volume of 150μl to each well, to make a total final volume per well of 600ul: 

colcemid 0.1, 0.05, 0.0125, 0.01μg/ml; paclitaxel: 100, 50, 10, 5nm; nocodazole: 

0.5, 0.25, 0.1, 0.05μg/ml.  The volume of colcemid was normalised with PBS, and 

for paclitaxel and nocodazole, with DMSO, so the volumes of PBS and DMSO 

respectively were the same across all drug concentrations.  The duration of drug 

exposure in order of the concentrations shown for all three drugs was: 30 mins, 1 

h, 6 h, 6 h.  Cells were then washed with PBS, fixed in 4% pFA for 10 mins, 

incubated in blocking buffer B (10% goat serum (Sigma), 0.3% Triton X-100 in 1x 

PBS) for 20 mins and then incubated o/n at 4°C in fluorophore-tagged primary 

antibody (pH3 (ser28) eFluor 660, eBioscience, 1 in 50) diluted in blocking 

buffer.  After three thorough washes in PBS, cells were incubated in DAPI 

(50ng/ml for 3 mins), and washed and retained in PBS.   

For Ki67: 3000 cells of each cell pool (E37 EGFR High, Low and Null) were 

plated in a pre-laminated 8-well chamber slide (Ibidi, 80826) up to a CM volume 

of 300μl and left to adhere o/n. The following day the CM was removed and was 

replaced with fresh CM (as a control) or 5% FCS in CM where no EGF or FGF 

had been added up to a total volume of 400μl.  Cell were grown in their 

respective media for 7 days, washed twice with PBS, fixed for 10 mins in 4% pFA 

and washed again thoroughly in PBS.  After a 20 min incubation in 200μl of 

blocking buffer B, cells were incubated o/n at 4°C in 200μl Ki67 (Thermo Fisher) 

primary antibody diluted in blocking buffer B.  After three PBS washes, cells were 



   

 

2-44   

intubated in anti-rabbit secondary antibody (1:1000) for 1 h at 4°C. Cells were 

washed and incubated in DAPI as above, then washed and retained in PBS.   

2.3 Metaphase spreads  

Cell lines were optimised to generate metaphase spreads. Cells were grown until 

near-confluence in a T75 flask and incubated for 30 mins with colcemid (Thermo 

Fisher) added directly to the media to 0.1ug/ml.  Media and cells dissociated with 

Accutase were centrifuged as above, washed in PBS (cell pellet gently 

resuspended in 10ml PBS in a 14ml Falcon tube and centrifuged as above) and 

resuspended in 10ml 0.56% KCl added drop-wise while gently vortexing.  Cells 

were incubated for 10 mins in a 37°C water bath, centrifuged (300 g, 5 mins) and 

the pellet resuspended in 10ml methanol:acetic acid (Me:Ac – dilution ratio 3:1) 

into a 14ml Falcon tube drop-wise while gently vortexing.  Cells in Me:Ac were 

either allowed to stand at room temperature for an hour, or stored at -20°C before 

proceeding.  Following two further Me:Ac washes, cells were dropped onto slides.  

Cells in Me:Ac could be stored long term at -20°C suspended in 10ml Me:Ac.  To 

resuspend a stored sample, cells were centrifuged at 300 g for 5 mins, the stored 

Me:Ac poured off and the cell pellet resuspended in fresh Me:Ac. 

To generate a metaphase spread, cells were resuspended in a small amount of 

fresh Me:Ac until the suspension appeared slightly milky. Using a thin-tipped 

plastic dropping pipette, a small amount of the cell suspension was aspirated and 

a single drop expressed from ~30cm onto a glass slide, and spread by rotating 

and blowing on the slide.  Once completely dry, slides were stained with 50ng/ml 

DAPI diluted in PBS for 3 mins, and mounted in Vectashield mounting medium.  

This was effective in generating metaphase spreads in E37 cells.  All other 

GCGR cell lines generated few spreads, and those present were bunched, short 

and not adequate for analysis despite optimising the duration and concentration 

of colcemid (Table 2.2).    
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generated a good number of metaphase spreads featuring chromosomes of 

appropriate length (summarised in Table 2.3).  

 

Figure 2.1 | Induction of mitotic arrest with alternative agents 

A) NS9 cells treated with colcemid, nocodazole or paclitaxel, doses/durations shown, 3 fields of view 

(technical replicates), nuclei positive for pH3 as % of all nuclei (DAPI) per field of view, mean +- standard 

deviation (SD) of 3 technical replicates. B) Representative image of NS9 cells treated with nocodazole 

0.05µg/ml over 6 hours, IF for PH3 (Green), nuclei (DAPI – blue).  Scale bar = 100µm. C) Growth curves for 

E25 and E26 nuclei incubated with nocodazole and paclitaxel (concentration/duration shown), mean +- SD 

of 3 technical replicates. CTL/0µM = DMSO.   
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Figure 2.2 | Metaphase spreads with nocodazole and paclitaxel  

Representative metaphase spreads, DNA = DAPI (greyscale). Scale bar = 10µm.  1µM nocodazole 

overnight, 100nm paclitaxel overnight.  

2.3.1.2 Hypotonic solution 

Incubation in a hypotonic solution results in cell lysis, with 0.56% KCl the most 

widely used solution.  This resulted in metaphase spreads where the 

chromosomes were clumped together rather than being identifiable as separate 

structures, so I trialled sodium citrate dihydrate 0.9% (NaCit) as an alternative 

hypotonic solution, both alone and in combination with 0.56% KCl (MacLeod, 

Kaufmann and Drexler, 2011).  The surface area of the metaphase spreads was 

measured by an imaging analysis script written in ImageJ to establish which 

hypotonic solution generated well separated chromosomes suitable for 

karyotyping (See 2.10.1 – Metaphase spread area analysis), as shown for E37 

EGFR CTL/Low/KO cells (Figure 2.3).  For E28 cells, I found a 50:50 mix of 

NaCit 0.9%:KCl 0.56% gave the best spreads (Figure 2.4).   

Humidity is another factor which may affect the ‘spread’ of metaphase spreads, in 

addition to duration of hypotonic solution incubation (MacLeod, Kaufmann and 

Drexler, 2011).  Humidity can be increased by drying slides in a metal tray floated 
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in a 50°C water bath.  Cells in Me:Ac fixative were dropped in different humidity 

conditions, measuring the area of the resulting spreads by the same ImageJ 

Macro script as above.  Slides dried in humid conditions resulted in a larger 

spread area, allowing for easier analysis of metaphase spreads (Figure 2.5).  The 

optimised mitotic arrest agent and hypotonic solution for each cell line where 

metaphase spreads are presented in this thesis are shown in Table 2.3. 

 
Figure 2.3 | Metaphase spread – optimisation of hypotonic solution. 

E37 EGFR CTL/Low/KO cell lines (see Chapter 5) incubated in 0.56% (KCl), 0.9% NaCit or combinations 

thereof in the ratios shown.  Representative metaphase spreads shown, DNA = DAPI (greyscale), scale bar 

= 10µm.  Graph plotting area of individual metaphase spreads per condition, calculated by ImageJ macro.   
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Figure 2.4 | E28 metaphase spread – optimisation of hypotonic solution 

Pac = paclitaxel 10nm 6hr; Noco = nocodazole 0.1µg/ml 4hr.  KCl = Potassium chloride 0.56%; NaCit = 

Sodium Citrate 0.9%. DNA = DAPI (greyscale). Scale bar = 10µm.   

 

 

Figure 2.5 | Effect of humidity on metaphase spread area 

Conditions as indicated, representative images shown. DNA = DAPI (greyscale). Scale bar = 10µm.  Cells – 

E37 EGFR Low (See Chapter 5). Graph shows area of metaphase spread, with each dot representing one 

metaphase spread.   

  





   

 

  2-51 

11.5% glacial acetic acid prepared in dH2O) was added and mixed gently but 

thoroughly by vortexing to ensure flocculation could be observed. After incubating 

on ice for 5 mins, samples were centrifuged (16,000 x g, 5 mins, 4°C) and the 

supernatant transferred to a fresh 1.5ml Eppendorf tube.  DNA was purified by 

phenol:chloroform extraction, 500μL phenol:chloroform were added, mixed by 

inversion and centrifuged (16,000 g, 4 mins, 4°C). The top layer was transferred 

to a fresh tube and this process was repeated with chloroform. DNA was 

precipitated from the aqueous phase with 500μl isopropanol. After >1 h at -20°C 

DNA was precipitated by centrifugation (16,000 g, 15 mins, 4°C). The pellet was 

washed in 70% EtOH and dried before resuspension in 25μl Tris/EDTA pH 8.0 

(TE) supplemented with 2µl 20mg/ml RNase A (Invitrogen). This was incubated 

for 5 mins at 37°C before long term storage at -20°C.  Fosmid DNA was 

quantified with the Qubit dsDNA broad range assay (Thermo Fisher) using the 

Qubit 4 fluorometer.   

Fosmids used in this thesis are listed in Appendix 8.1. All fosmids were validated 

to ensure they bound specifically and sensitively to the intended locus prior to 

use. Validation was either by performing DNA FISH on an existing Me:ac 

preparation of Neo3 cells, a human parental lymphoblastoid cell line with a 

normal karyotype, or by performing FISH on NS9 cells with a previously validated 

fosmid binding to the same chromosome.   

2.4.1.2 Nick Translation 

Fosmid DNAs (6μl - (0.5 – 1 μg)) were directly labelled by nick translation to 

incorporate a fluorescent dUTP (2.5μl) (Green496-dUTP, ENZO life sciences; 

ChromaTide AlexaFluor 594-5-dUTP, Thermo Fisher Scientific) by incubation 

with 2.5μl each of unlabelled 0.5mM dATP, dCTP and dGTP, 1ul ice cold DNase 

I (Roche; 1:5 dilution in ice cold water), 2 μL nick translation salts (0.5 M Tris pH 

7.5, 0.1 M MgSO4, 1 mM dithiothreitol (DTT) and 0.5 mg/ml BSA) and 1μl DNA 

polymerase I (Invitrogen) for 90 min at 16°C. The reaction was quenched with 3μl 

0.5M EDTA and 2μl 20% SDS, TE buffer added to a total volume of 90μl and the 

reaction mix purified using a Quick Spin Sephadex G50 column (Roche). Once 

labelled, fosmid probes were stored at -20°C.  



   

 

2-52   

2.4.1.3 Probe Hybridisation 

Cells on slides or cover-slips for 3D FISH were prepared by briefly rinsing them in 

2x Trisodium citrate and sodium chloride (SSC).  Cells on slides for 2D FISH 

(metaphase spreads dropped in Me:Ac fixative) were additionally dehydrated for 

1 h at 70°C if they had been dropped the same day.   

Slides were incubated for 1 h in 2xSSC with 100 μg/ml RNaseA (Invitrogen) at 

37°C in Coplin jars, then dehydrated in 70%, 90% and 100% EtOH for 2 minutes 

each.  After air drying, slides were incubated for 5 minutes at 70°C and immersed 

in a denaturing solution (2xSSC/70% formamide, pH 7.5) heated to 70°C (Me:ac-

fixed cells) or 80°C (pFA-fixed cells) for 1-2 mins for 2D DNA FISH, depending on 

the timeframe since the cells were dropped, and 40 mins for 3D DNA FISH. 

Slides were immediately immersed in ice-cold 70% ethanol, followed by 90% and 

100% EtOH at r.t., for 2 mins each before air drying.  

The only deviation from this protocol was for slides where RNA FISH had 

previously been performed on a slide.  Here, slides were transferred directly from 

PBS into a denaturing solution at 80°C for 15-30 mins without the preceding 

2xSSC or EtOH washes.  Following denaturing, slides were immediately washed 

in 2xSSC and minimally dried.   

FISH probes were prepared by combining approximately 80-100ng of each 

directly labelled fosmid probe (per slide), 6 μg Human Cot-1 DNA (per probe; 

Invitrogen), 5 μg sonicated salmon sperm (per slide; Invitrogen) plus two volumes 

of 100% ethanol. The probe mix was pelleted and dried.  The pellet was 

suspended in hybridisation mix (50% deionised formamide (DF), 2× SSC, 10% 

dextran sulphate (Sigma), 1% Tween 20 in ddH2O) by vortexing and briefly 

centrifuging, and then incubated for 1 h at r.t. in the dark.  Alternatively, in order 

to perform chromosome territory analysis (Chapter 4), FISH probes were instead 

suspended in 10μl of Chromosome 7 paint (XCP 7 Orange, Metasystems) and 

incubated in the same way. Probes were then denatured for 5 mins at >70°C and 

annealed at 37°C for 15 min. Probes were then hybridised to the denatured slides 

under a sealed coverslip o/n at 37°C.   
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The following day, slides were washed four times for 3 mins each in 2xSSC 

(45°C) then 4x 3 mins in 0.1% SSC (60°C), then immersed in 4xSSC/0.1% 

Tween 20 with 50ng/ml DAPI for 3 mins. Slides were mounted with 25-50μl of 

Vectashield onto an appropriately sized coverslip and sealed with clear nail 

varnish.  

Where noted, an additional Centromere 7 (CEN7 - CHR07-Dig Control) FISH 

probe (Pisces Scientific) was prepared by combining 2μl CEN7 probe with 8μl of 

CEN7 hybridisation mix.  This was denatured for 5 min at 80°C and snap frozen 

on crushed ice. This CEN7 hybridisation mix was combined with the relevant 

DNA FISH probe/hybridisation mix which was prepared as above except in a 

slightly greater volume (20μl).  This was applied directly to denatured slides and 

hybridised overnight as above. Following washing (see above), slides were 

incubated at 37°C in a humidified chamber with 50μl blocking buffer (4x SSC/5% 

Marvel) for 5 mins.  This was followed by a 1 h incubation with 50μl anti-

digoxigenin antibody (Roche; 1 in 10) and a 1 h incubation with 50μl anti-sheep 

Alexa Fluor 647 secondary antibody (Thermo Fisher Scientific; 1 in 10) in the 

same conditions with 4xSSC/0.1% Tween 20 washes (3 x 2 mins) in between. 

After the final wash, slides were stained with DAPI and mounted with Vectashield 

as above. 

2.4.2 RNA FISH 

Custom RNA FISH probes labelled with Quasar® 570 targeting the first intron 

(pool of 48 22-mer probes) of EGFR were designed and ordered via the Stellaris 

probe designer (Appendix 0; Biosearch Technologies, Inc., Petaluma, CA) 

(https://www.biosearchtech.com/support/tools/design-software/stellaris-probe-

designer, version 4.2). Slide preparation was as described above, with RNAse-

free PBS used for the o/n wash, with all PBS and ddH2O treated with DEPC and 

autoclaved.  Solutions were pipetted with filter pipette tips and all surfaces and 

equipment were treated with RNaseZAP (Invitrogen AM9780).   

Slides were immersed in RNA FISH wash buffer (2xSSC, 10% DF in ddH2O) for 

2-5 min.  The RNA FISH probe was diluted to 125nM and 1μl added to 100μl 

RNA FISH hybridisation mix (10% DF in Stellaris® RNA FISH Hybridization 

Buffer).  Once mixed by pipetting, 25μl of the probe/hybridisation mix was applied 
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to a coverslip and incubated on the slide for 4-16 h at 37°C. Thereafter, slides 

were washed at 37°C for 30 min in RNA FISH wash buffer, followed by 30 min 

with DAPI (5ng/ml) in RNA FISH wash buffer. Slides were washed with PBS for 

2-5 mins before mounting with Vectashield.  

For combined RNA:DNA FISH, RNA FISH was performed as described.  Once 

imaging had been completed, coverslips were removed using acetone and the 

slides washed in PBS.  A modified version of DNA FISH was then performed, as 

outlined above.   

2.4.3 Immuno-FISH 

For immuno-FISH (DNA), IF was performed as outlined above.  Following the 

final washes after secondary antibody incubation, slides were incubated with 4% 

pFA for 30 mins at r.t. to fix the signal. Following thorough PBS washes (three 

times), the DNA FISH protocol was then followed as above. 

For immuno-FISH (RNA), the antibodies were added at the same concentration 

as described above directly to the hybridisation mix (primary antibody) and 

2xSSC/10% DF washes (secondary antibody), without further deviation from the 

RNA-FISH protocol outlined.  

2.5 Flow Cytometry and fluorescence-activated cell 
sorting (FACS) 

2.5.1 Flow Cytometry 

Cells were grown and treated as required then prepared for flow cytometry by 

adding WM (which does not contain EGF) for 30 mins.  Cells were dissociated as 

described above, and the pellet resuspended in wash solution (WS) (0.1% 

BSA/PBS).  Cells were counted and 50,000 cells added to a 1.5ml 

Eppendorf.  These were centrifuged (2300 g for 4 mins) and resuspended in 

200μl WS.  This was supplemented with 100ng/ml EGF-647 (Thermo Fisher 

Scientific - reconstituted in WS), with an equivalent volume/number of cells 

incubated in WS as a negative control. After incubation for 25 mins at 37°C, cells 

were washed 3x in WS, centrifuging (600 g for 1 min) and discarding the WS 

each time, before resuspending in 400μl WS.  Samples were analysed on the BD 
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FACSAria III FUSION or Fortessa (CRM Flow Facility, UoE), or the BD 

LSRFortessa X-20 (IGC Flow Facility, UoE).   

2.5.2 Fluorescence-activated cell sorting (FACS) 

The protocol was overall the same as outlined under flow cytometry.  Where a 

cell population was intended for sorting, more cells were prepared and incubated 

in EGF-647, with the volume of WS and concentration of EGF-647 increased 

proportionally.  Cells were sorted on the BD FACSAria III FUSION by EGF-647 

fluorescence signal, with gating defined according to the relevant positive and 

negative controls.  A sort check was performed to verify these were true 

populations prior to expanding cells in pre-warmed CM on pre-laminated 48-well 

plates.   

For the data presented in Chapter 4, sorted cells were immediately expanded 

onto pre-laminated 22x22mm coverslips containing pre-warmed CM. Fifteen days 

after the cells were sorted, the coverslips were fixed, permeabilised and DNA 

FISH performed.  

For data presented in Chapter 5, cells sorted by FACS were reanalysed by flow 

cytometry to confirm the EGFR-status once cells of all sorted populations were 

near confluence.  This varied between 13 days (and 13 days following EGFR Low 

repeat FACS) (E37– replicate 1), 31 days (and 10 days following EGFR Null 

repeat FACS) (E37– replicate 2), and 74 days (E26).   

For both flow cytometry and FACS, and across both facilities, BD FACSDiva 

Software (BD Biosciences) was used for flow cytometer and application set up, 

and data acquisition. Where further analysis was performed, this was performed 

with FCS Express software (v7, https://denovosoftware.com/). For flow cytometry 

analysis following IR +- olaparib, the mean EGF-647 signal of the experimental 

(EGF-647+) samples was normalised to their corresponding negative (EGF-647-) 

control samples.   
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2.6 DNA Damage  

2.6.1 Ionising Radiation (IR) 

2.6.1.1 Adapted Colony Survival Assay 

An adapted colony survival assay was performed to validate the selected dose of 

IR, and to confirm that the glioblastoma cells selected were radiosensitive. Cells 

were plated in pre-laminated 6-well plates with two technical samples for each 

cell density (2,000, 4,000, 8,000 and 16,000 cells per well) and by limited serial 

dilution for consistent cell density. The following day, plates were irradiated with 

or without 4Gy using the Faxitron X-Ray machine, a clinically relevant dose used 

in previously published in vitro studies of IR in glioblastoma (Ahmed et al., 2015; 

Carruthers et al., 2018).  Cells were then cultured, changing media carefully after 5 

days, until the untreated cells became confluent or day 12 was reached, 

whichever occurred first.  Plates were washed with PBS and incubated at r.t. in 

methylene blue for 45 mins, washed 3x with PBS and dried at r.t. Once dry, 

plates were imaged using an Epson Scanner in 24 bit colour, 2400dpi 

resolution.  Analysis was performed with Ilastik (v1.3.3) with settings dependent 

on the cell line to automate counting of stained cells in each pair of technical 

replicates. 

Other cell viability assays were considered, such as fluorescent cell viability 

assays (e.g. RealTime-Glo MT Cell Viability Assay) or fluorescence assays that 

measure other markers of cell survival such as ATP (e.g. CellTiter-Glo 

Luminescent Cell Viability Assay) or protease activity (e.g. CellTiter-Fluor Cell 

Viability Assay).  I chose methylene blue as this assay was previously optimised 

by others using the radiation facility, and this overall methodology is the most 

widely used assay in order to assess cell viability following IR (e.g. Ahmed et al., 

2015; Carruthers et al., 2018 where crystal violet was used as an alternative dye). 

2.6.1.2 IR and analysis of ecDNA 

E26 and E28 cells were plated and grown until near confluence on 150mm tissue 

culture plates.  These plates were used because culture flasks were not 

compatible with the Faxitron X-ray machine.  Cells were treated with or without 

4Gy IR.  They were then treated with their optimised mitotic arrest agent for 

metaphase spreads (Table 2.3) so that cell dissociation would be performed 24h 
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after IR. Cells were then processed as per metaphase spread and DNA FISH 

protocols.  Metaphase spreads and nuclei were imaged as single slices using the 

Zeiss AxioImager 2.  Nuclear signal intensity was analysed using an ImageJ 

macro (see  Signal Intensity Analysis: 2.10.3.2)).   

2.6.2  Treatment of cells with olaparib 

Cells were plated at a density of 400,000 cells per Poly-Prep slide in a four-well 

dish and left to settle overnight in 4ml CM.  The following day, the media was 

changed for 4ml CM containing 1µM olaparib (Selleck Chemicals) or the same 

volume of DMSO as a control.  After 1 hour incubation, cells were either left 

untreated, or treated with 1 in 5000 hydrogen peroxide (H2O2) 30% (w/w) solution 

(Merck) for 10 minutes.  Cells were then washed in PBS, and fixed, 

permeabilised and stained by IF.   

To assess the effect of olaparib treatment over 24h and 2 weeks, E26 cells were 

plated in CM on Poly-Prep slides (2 slides at 400,000 cells/slide for 24h 

treatment, 2 slides at 100,000 cells/slide for 2 week treatment).  Once settled, the 

media was changed for 4ml CM containing 1µM olaparib or the same volume of 

DMSO as a control.  For the 2 week treatment, media was replaced with fresh 

olaparib/DMSO every 4 days to ensure continued inhibition of PARP (Prasad et 

al., 2017; Cahuzac et al., 2022). Cells were then washed, fixed, permeabilised and 

analysed by DNA FISH.   

2.6.3 Combined IR and olaparib 

Cells were plated in 10cm plates (1x106 cells) or pre-laminated cover slips in a 6-

well plate (1x105 cells) in CM.  Once cells had settled, the media was replaced 

with 1µM olaparib or the same volume of DMSO as a control. Plates were then 

immediately treated with or without 2Gy of IR.  Both steps were repeated each 

day for 4 days (See Figure 5.6).  The experiment was concluded on the fifth day 

by flow cytometry and DNA FISH.   

IR doses of 4Gy (single fraction) and 8Gy (2Gy per fraction across 4 fractions) 

were used in experiments as described above.  These doses are within the range 

of many previously published studies of IR in glioblastoma cells (i.e. single 

fractions of 1-5Gy at 1Gy increments (Ahmed et al., 2015; Carruthers et al., 2018) 



   

 

2-58   

and so can both be considered clinically relevant. The higher single dose was 

chosen to ensure radiosensitivity at a relatively high dose, whilst remaining within 

previously published ranges. When combining IR and olaparib, a longer and 

more aggressive treatment approach was selected to ensure an effect would be 

observed, as I was concerned that any treatment effect observed with a single 

4Gy fraction at a short time point might be too subtle.  As such, a higher overall 

dose with a corresponding lower dose per fraction was selected to achieve a 

balance between sufficient IR exposure and limited acute cell death.   

2.7 CRISPR/Cas9 genome editing 

2.7.1 Assembly of the Cas9/crRNA complex 

CRISPR-Cas9 crRNA (crRNA, 100 pmoles, Integrated DNA Technologies (IDT), 

USA) and universal tracrRNA (100 pmoles, IDT, USA) were combined in a 0.2ml 

PCR tube and assembled to a cr:tracrRNA complex by annealing at the following 

settings on a PCR block: 95°C for 5 min, step down cooling from 95°C to 85 °C at 

0.5°C/sec,  step down cooling from 85°C to 20°C at 0.1°C /sec, store at 4°C.  A 

tracrRNA-only PCR tube was prepared and processed in the same way as a 

negative control.  Recombinant Cas9 protein (10μg, purified in house - see 

(Dewari et al., 2018)) was thawed on ice and added to the cr:trRNA complex and 

corresponding negative control, thereby forming the ribonucleoprotein (RNP) 

complex, by incubating at r.t. for 10 mins. The cr:tracrRNA/RNP complex was 

stored on ice until ready for electroporation.  

For EGFR CRISPR/Cas9 knock-out: Two Alt-R crRNA were designed to target 

the 3’ and 5’ ends of EGFR.  For POLR2G mCherry knock-in: A single Alt-R 

crRNA was used targeting the 3’ end of POLR2G (Appendix 8.2).   

2.7.2 Cell nucleofection 

 A 6-well plate was prepared by prelamination and adding 2ml prewarmed CM to 

each well.  Cells were dissociated and prepared as above and 2-3x105 cells were 

aliquoted into a 1.5ml Eppendorf.  Cells were centrifuged, all CM removed by 

pipetting and cells resuspended in 20μl of Lonza SG cell line buffer (Lonza). This 

cell suspension was immediately mixed by pipetting with the pre-prepared 

cr:tracrRNA/RNP complex, transferred to a microcuvette and electroporated into 
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cells using the 4D Amaxa X Unit (programme DN-100).  Pre-warmed media 

(100μl) was added immediately to the microcuvette chamber after nucleofection 

to aid cell recovery, before pipetting the cell suspension directly into the 

previously prepared 6-well plate.  Media was changed for fresh CM the following 

day.  Cells were allowed to recover until at least near-confluence on a 6-well-

plate, before analysis by flow cytometry +- FACS as outlined above.   

Where FACS was performed after nucleofection, this occurred 9-11 days later to 

allow cells to recover.   

2.7.1 mCherry_PolR2G knock in cell line 

Generation of this E28 cell line was performed by Dr Pooran Singh Dewari who 

designed the crRNA (Appendix 8.2) and donor DNA (Appendix 8.3) using the 

TAG-IN tool incorporating the fluorescent reporter gene sequence for mCherry to 

create a donor double-stranded DNA (dsDNA - Twist Bioscience) (Dewari et al., 

2018).  CrRNA, tracrRNA and Cas9 protein were assembled to form the 

cr:tracrRNA/RNP complex as outlined above.  Donor dsDNA (300ng) was 

prepared in 30% DMSO, denatured by incubating at 95 °C for 5 min, and 

immediately placed on ice to stop the reaction.  Nucleofection was performed as 

described above, mixing the donor dsDNA with the RNP complex prior to mixing 

with the cells, using the same 4D Amaxa X Unit (programme DN-100). Cells were 

grown by serial expansion over two weeks.  Knock-in efficiency was assessed by 

flow cytometry for mCherry, with tracrRNA:Cas9 only cells as a negative 

control.  5-7x 105 cells were suspended in 0.2% BSA/PBS and analysed on BD 

LSRFortessa Cell Analyzer, followed by FACS into a pure mCherry-knock-in 

population.   

I performed validation of this cell line by IF, the methods for which are outlined in 

Methods: Immunofluorescence Section 2.2. 

2.8 Western Blotting 

Cells were dissociated with Accutase and centrifuged into a cell pellet as 

described above.  Pellets were resuspended in RIPA buffer (50 mM Tris-HCl pH 

8.0, 150 mM NaCl, 1% NP-40, 0.5% deoxicholate, 0.1% SDS) and protease 

inhibitors (Complete, Roche) on ice and protein lysate extracted following 
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centrifugation (16,000 x g, 10 mins, 4°C).  Protein quantification was performed 

(Pierce BCA Protein Kit) to allow concentration standardisation, and samples 

were prepared with 4X lithium dodecyl sulfate (LDS) Sample Buffer (Thermo 

Fisher Scientific) and 20mM DTT (Thermo Fisher Scientific) prior to being boiled 

at 95°C for 2 mins. Samples were run on a 4-12% Bis-Tris Gel (prepared by Dr 

Carla Blin, Pollard lab) in MES buffer (Thermo Fisher Scientific) with BioRad 

Precision Plus Protein Dual Colour standards (5μl).  The gel was transferred via 

electroblotting to a methanol-activated Immobilon-P PVDF membrane (Millipore) 

in transfer buffer (Tris/Glycine, BioRad) with 20% methanol.  Having verified 

successful transfer with ponceau stain, membranes were blocked for 30 mins in 

Tris-buffered saline (TBS) with 0.1% Tween 20 detergent (TBST) with 5% milk 

prior to incubation overnight in primary antibody diluted in TBS-5% milk at 4°C 

(EGFR (D38B1), #4267, Cell Signalling, 1 in 1000; c-Myc (9E10): sc-40, Santa 

Cruz Biotechnology, 1 in 500; GAPDH, Invitrogen, 1 in 10,000).  The following 

day, membranes were washed 3x for 5 mins each in TBST prior to incubation in 

the appropriate secondary antibody diluted in TBS-5% milk at r.t. for 1 h (Goat 

anti-rabbit Blue 700, BioRad, 1 in 10,000; Goat anti-mouse Blue 520, BioRad, 1 

in 10,000).  After 3 further washes in TBST, membranes were imaged using the 

Bio-Rad ChemiDoc Imager.  A complete list of antibodies used is provided in 

Appendix 8.5.   

2.9 Imaging 

2.9.1 Cell growth assay 

Growth curves and confluence analysis were performed using the Incucyte Live 

Cell Imaging System (Essen Bioscience).  Cells were plated in triplicate wells in a 

12-well plate at a density of 1-5x104 cells per well and left to adhere o/n. Where 

indicated, cell media was replaced with CM (+EGF/FGF), CM without EGF/FGF, 

CM without EGF/FGF supplemented with bone morphogenetic protein (BMP, 

20ng/ml) or CM without EGF/FGF supplemented with 5% FCS.  Wells were 

imaged hourly until confluence was reached or the experiment was complete.  

See section 2.3.1.1 of the Methods where the Incucyte was used during 

optimisation of metaphase spreads.   
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2.9.2 Fluorescence Microscopy 

Slides were imaged on epifluorescence microscopes (Zeiss AxioImager 2 and 

Zeiss AxioImager.A1) and the SoRa spinning disk confocal microscope (Nikon 

CSU-W1 SoRa) (IGC Advanced Imaging Facility, UoE). The only exception were 

images (Chapter 3.1 and 3.2 and associated Methods Section 2.3) taken with the 

Nikon Eclipse Ti inverted microscope (CRM Imaging Facility, UoE).   

For 3D image analysis in Chapters 4 and 5, images were taken with the SoRa 

microscope and a 3μm section across each nucleus was imaged in 0.1 μm z 

steps. Images were denoised and deconvolved using NIS deconvolution software 

(blind preset or Lucy-Richardson, 10 iterations) (Nikon). 3D images are shown in 

the figures as maximum intensity projections (MIP) prepared using ImageJ.  

2.10 Image analysis 

2.10.1 Metaphase spread area 

This was devised to optimise the area of metaphase spreads by altering the 

hypotonic solution and humidity (See Section 2.3.1 – Optimisation of metaphase 

spreads).  An imaging macro was written in ImageJ which uses the DAPI channel 

to mask and calculate the area of each metaphase spread. 

2.10.2 Automated ecDNA counting in metaphase spreads 

I used the E37 cell line to perform this analysis as this was the first cell line where 

the metaphase spread protocol was fully optimised and I was able to generate 

sufficient metaphase spreads across three passages (P6, P17, P26).  A sample 

size of 50 metaphases per passage number was selected based on conventions 

from other studies (Turner et al., 2017).  E37 metaphase spreads stained with 

DAPI were imaged at a magnification of 1000x using the DAPI channel, Z stack 

(0.2µm step size, 17 steps over a range of 3µm) with a single metaphase spread 

per field of view, with the Nikon Eclipse Ti inverted microscope.  An analysis 

pipeline was devised (Figure 2.6).  Deconvolution was performed using Huygens 

(SVI) Professional with the following settings – Classic Maximum Likelihood 

Estimate (CMLE) algorithm; point spread function (PSF): auto; signal-to-noise 

ratio (SNR): 1 in 3; imaging parameters (i.e. excitation wavelength, depth of 

acquisition as per imaging).   
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To ensure the macro was accurate, a sample of 6 metaphases per slide were 

counted both manually and using the macro (Figure 2.7). This suggested that the 

macro was consistent with manual ecDNA copy number counting.   

 

 

 

 

 

 

 

 

 

 

 

Figure 2.6 | Workflow of ecDNA count automation 

 

Figure 2.7 | Manual vs macro count of ecDNA.   

Statistical test - Wilcoxon matched pairs signed rank test, p = not significant between manual vs macro 

ecDNA counts.   
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2.10.3  Signal Intensity Analysis 

2.10.3.1 Intensity Analysis 

Single slice images were taken with a 10x lens using the Nikon Eclipse Ti 

inverted microscope, with three fields of view taken per condition per cell 

line.  Scripts were written and performed in ImageJ.  The DAPI signal was used 

to segment and count the number of individual nuclei.  The same was then 

performed for the other relevant channel(s), providing a ratio of number of 

positive nuclei in a given channel to all DAPI-stained nuclei in the field of view.   

2.10.3.2 Nuclear Territory analysis 

At least 50 nuclei were imaged per cell line as single-slice images with a 20x lens 

using the Zeiss AxioImager 2. Nuclear territory analysis scripts were adapted 

from those previously published and were performed in ImageJ (Croft et al., 1999; 

Boyle et al., 2001).  The script first segments individual nuclei and defines the 

nuclear area as that occupied by the DAPI signal.  This nuclear area was then 

segmented into a user-defined number of equally sized concentric shells from the 

centre to the periphery of each nucleus.  In the case of the nuclear territory 

analysis performed here, 5 concentric shells were used.  The signal intensity 

(DAPI, FISH probe or chromosome paint) was calculated for each shell.  The 

FISH probe or chromosome paint signal was normalised to the DAPI signal in 

each shell.    

This was adapted to performed signal intensity analysis of DNA FISH foci 

following IR (Section 2.6.1.2) by only segmenting the nucleus into one shell.  The 

signal intensity of the FISH signal was normalised to the DAPI signal and size for 

each individual nucleus.   

2.10.4 EcDNA and large RNA Pol II foci 

For 3D analysis of nuclei, images were deconvolved as previously described, and 

all analysis performed on 3D images using Imaris (Oxford Instruments, 

v9.7).  The Spots function in Imaris was used to define foci (RNA FISH, DNA 

FISH, large RNA Pol II foci), converting a 3D input image into a 3D image of 

Spots. Using representative deconvolved image(s) as the input tool, the user 

defines the characteristics of the focus of interest, including the imaging channel 

and the size (XY diameter) by measuring across a single plane across 
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representative foci. The PSF is derived from the diameter to allow for 3D 

analysis.  Imaris then identifies all foci fulfilling these definitions in the image and 

plots them as spots.  These settings can be run as a batch to define spots across 

a set of images. The user can adjust the thresholds for individual images to 

control for varying signal intensity between nuclei, which is a feature of DNA 

FISH.  An example is shown in Figure 2.8.

 

Figure 2.8 | Definition of foci using Imaris 

A) DNA immunoFISH of an E26 nucleus: IF for Rpb1 protein (green) and EGFR DNA FISH (red). Scale bar 

= 5 μm, MIP. B) The same nucleus with foci shown as spots defined using Imaris Spots function. Large Rpb1 

Spots >500nm diameter (green), EGFR DNA FISH Spots = 300nm diameter (red). Edge of nuclear surface = 

white. Scale bar = 2 μm. 

 

For DNA foci (Chapter 4), the diameter of foci in cell lines E25, E26 and E28 

were measured at 300nm, and were also reanalysed with a diameter of 150nm to 

ensure small foci were not being missed.  For E20 and all RNA FISH foci, the 

diameter was measured at 200nm.  Large RNA Pol II foci (RPB1 and POLR2G) 

were defined as spots of >500nm diameter (Cho et al., 2018; Sabari et al., 2018). All 

E26, E28 and NSC foci were defined as being 200nm in diameter in the analysis 

presented in Chapter 5.   

The Spots function was used to count and measure distances between foci.  The 

Spots function also provides the x,y,z coordinates for each Spot which are 

necessary for 3D Cluster analysis.   
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2.10.5 Ripley’s K Cluster Analysis 

The design and code for Ripley’s K analysis was conducted in collaboration with 

Dr Sjoerd Beentjes, from the Department of Mathematics at the University of 

Edinburgh.  

The method for 3D cluster analysis by Ripley’s K function is described in Chapter 

4 (Section 4.3.2). The script was written in Python (v3.9), using an existing 

Python Package for Ripley’s K calculation (ripleyk 0.0.3).  Additional notes on the 

mathematical basis of Ripley’s K function are outlined here.   

  
Ripley’s K function compares the number of points at a distance smaller than a 

given radius r, relative to the average number of points in the volume. This 

average is the density lambda, in this case the number of foci, n, divided by the 

volume. In the above equation, II is the indicator function which equals one if the 

distance between points i and j is no larger than r, and zero otherwise. A high 

value of Ripley’s K function represents clustering at the given radius r, whereas a 

low value represents dispersion. Consequently, a high Ripley’s K function at a 

given radius is indicative of clustering at this radius. By comparing the observed 

value of Ripley’s K function at a given radius with that computed on the same 

number of foci and with the same volume but drawn from a uniform null 

distribution, the presence of significant clustering in the given cluster at the given 

radius can be detected. (Purshouse et al., 2022b, paragraph 2, Methods ‘Image 

analysis of ecDNA and large PolII foci’) 

2.10.6 Combined RNA:DNA FISH 

For combined RNA:DNA FISH, RNA FISH was performed as described 

and nuclei imaged with the SoRa microscope and the x,y,z coordinates for each 

nucleus recorded using NIS.  DNA FISH was then performed as described 

above.  The stored x,y,z coordinates were then used to relocate and reimage 

each nucleus. The nuclei were variable in their morphology, and so it was 

possible to be confident that the same nucleus was being imaged between RNA 
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and DNA FISH.  Nuclei were excluded where this was not the case, or in the 

case where a nucleus could not be relocated, both of which were rare. Spot 

counting was performed separately for RNA and DNA FISH foci, with cross 

correlation only performed with NSC cells to confirm that RNA loci corresponded 

with genomic loci visualised by DNA FISH.   

As the CEN7 probe targets repetitive alpha-satellite regions, occasionally it was 

difficult to clearly identify, and therefore count, the number of CEN7 foci due to 

the signal being dispersed.  Where this occurred, these nuclei were excluded 

from analysis.   

A complete list of reagents and solutions used is provided in Appendix 8.6.   

2.11 RNA and WGS sequencing sample preparation, 
analysis and processing  

2.11.1 Sample preparation 

2.11.1.1 GCGR RNA-seq and WGS 

Cell lines from the GCGR were prepared and sent for RNA-seq and WGS by the 

GCGR, and the raw data made available to me for analysis.   

RNA was extracted from cells using the QIAGEN RNeasy kit, and prepared with 

KAPA mRNA Hyper prep kit with KAPA SeqCap Adapters.  RIN values were 

determined by processing RNA samples with Bioanalyser RNA 6000 nano chips, 

and, following quantification with Qubit RNA Broad Range (BR) Assay, 200ng of 

RNA was used per sample.  Fragmentation was performed at 94°C for 6 mins 

with a library amplification of 12 cycles.  Each library was quantified with the 

Qubit dsDNA High Sensitivity (HS) assay, and the average fragment size 

calculated with Bioanalyser DNA 1000 or DNA HS.  The molarity of each library 

was calculated and normalised to approximately 10nM.  Library pools were 

generated, containing 24 libraries per pool, and quantified/fragment sizes 

calculated as above.  Sequencing was performed on the Illumina HiSeq 2500 by 

UCL Genomics, with “Dilute and Denature Libraries for cBot Clustering” 

performed as per the manufacturer’s instructions. A standard normalisation 

method was used. Each 24-library pool was run on two lanes of a HiSeq High 

Output flow cell. 
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WGS of blood and tumour samples was performed by Beijing Genomics (BGI) 

Tech Solutions with PE100 sequencing and normal library construction.  At least 

180Gb of paired-end data was generated per sample.  For E26 and E28 analysis 

in Chapter 4, sequences from repeat samples were merged as follows: E26 

tumour (11 samples), E28 tumour (18 samples), E26 blood (14 samples), E28 

blood (10 samples).  

2.11.1.2 WGS of CRISPR-Cas9 samples 

Shallow WGS of all cell lines generated in Chapter 5 was performed by the 

Tumour Genome Analysis Core (TGAC), Cancer Center Amsterdam (CCA), 

Amsterdam UMC with kind assistance from Prof Bauke Ylstra.  Samples were 

prepared for WGS using the QIAGEN DNEasy kit (Qiagen, 69504) and quantified 

using the Qubit dsDNA High Sensitivity (HS) assay. 250ng of DNA from each cell 

line was diluted in 35µl of elution buffer (10 mM Tris-HCl, pH 8.5). The library 

construction protocol included Roche KAPA Hyper Plus library prep with Roche 

dual adaptors.  Sequencing was performed on the NovaSeq S4 300, with at least 

50Gb and 167M reads per samples.  Copy number profiles were prepared by the 

TGAC and transferred, along with raw data (paired-end WGS fastq files).   

2.11.1.3 Other sequencing data 

Data (WGS, RNA-seq, AmpliconArchitect) for the cell line GBM39 (Chapter 4) 

was available via publication and the NCBI Sequence Read Archive (BioProject: 

PRJNA506071) (Wu et al., 2019). 

2.11.2 Sequence alignment and visualisation 

WGS and RNA-seq sequences were aligned to human genome assembly 38 

(hg38) with STAR 2.7.1a with the following settings ‘--outFilterMultimapNmax 

1’.  The additional settings ‘--alignMatesGapMax 2000 --alignIntronMax 1 --

alignEndsType EndToEnd’ were used for WGS data (Dobin et al., 2013). Picard 

(Broad Institute) was used to remove duplicate reads.  Aligned sequences were 

converted to bigWig format with deepTools bamCoverage and ’--

normalizeUsingRPKM’ within the settings (Ramírez et al., 2016).  BigWig files were 

visualised within the UCSC genome browser (Kent et al., 2002).  
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For data presented in Chapter 4 (E26, E28), raw WGS sequencing files were 

merged using the ‘cat’ command prior to processing and analysis.   

For GBM39 WGS and RNA-seq data (Chapter 4), files were downloaded from the 

NCBI BioProject using the NCBI SRA Toolkit v2.10.8 and sequence alignment 

performed as outlined above.  AA data for GBM39 (Wu et al., 2019) was aligned to 

hg19, so this was converted to hg38 using UCSC LiftOver (Lift Genome 

Annotations (ucsc.edu)).   

2.11.3 AmpliconArchitect (AA) 

AA (Deshpande et al., 2019) was used to predict ecDNA regions (and any 

breakpoint coordinates), classify amplicons and, where required, classify exons 

as being primarily on ecDNA or only on chromosomal DNA.  This was conducted 

via the AmpliconSuite pipeline, which also required AmpliconClassifier (Kim et al., 

2020; Luebeck et al., 2022), CNVkit (Talevich et al., 2016), BWA MEM (Li and Durbin, 

2009), samtools (Li et al., 2009) and additional python packages (pandas, Bio, 

reportlab, pomegranate, DNAcopy [via R]).  The input to this pipeline was paired-

end WGS fastq files.   

Note that the AA coordinates in Chapter 4 were generated by Alhafidz Hamdan 

(CRM) on merged WGS data (E26 tumour (11 samples), E28 tumour (18 

samples)) aligned using BWA (Li and Durbin, 2009) prior to analysis via AA and 

AmpliconClassifier (Deshpande et al., 2019; Kim et al., 2020). I performed all other 

AA analysis performed in this thesis, including all AA analysis in chapters 3 and 

5, where all predicted amplicons are shown unless stated otherwise.   

In Chapter 5, CNV regions as called by AA/CNVkit were plotted using scripts 

written in Python (v3.9), with copy number per CNV region visualised using 

seaborn (Waskom, 2021), and copy number of amplicon regions visualised in 

Graphpad Prism v9.0. 

2.11.4 EcDNA EGFR RNA-seq/DNA transcription analysis 

The coordinates for EGFR (isoform:EGFR-201) exons were extracted from 

Ensembl (Ensembl Transcript ID: ENST00000275493.7).  The coordinates of E26 

ecDNA amplicon break points were obtained via AA. Read counts of WGS and 

RNA in EGFR exons, or read counts of WGS in AA-defined blocks, were 
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performed using HOMER2 (Heinz et al., 2010) makeTagDirectory and annotation 

of this Directory was performed with AnnotatePeaks.pl (settings ‘-len 0 -size 

given’).   

For WGS read counts defined by AA blocks, WGS read counts were normalised 

by AA block size.  For comparison with RNA-seq EGFR exon read counts, the 

RNA-seq read count for each EGFR exon was also normalised for exon 

size.  This exon-size normalised RNA-seq read count was then normalised to the 

AA-block-size normalised WGS read count.   

Direct comparison of EGFR exon read counts negated the need to normalise for 

exon or AA-block size.  The RNA-seq read count was normalised to the WGS 

read count for each exon and plotted according to whether the exon was 

chromosomal (exons 2-7) or predominantly extrachromosomal (exons 1, 8-28).   

Analysis of both size-normalised and direct RNA-seq counts per copy number 

was performed using scripts written in Python (v3.9). Statistical testing was 

performed in Graphpad Prism v9.0.  

2.11.5 SNP analysis 

SNP calling and associated analysis was performed by Dr Elias Friman (MRC 

HGU) using strelka v2.9.10 (Kim et al., 2018).  The 

configureStrelkaGermlineWorkflow.py command was separately used on all 

samples for both E26 and E28 cell lines (merged WGS blood, merged WGS 

tumour, and RNA-seq tumour). The bcftools (Danecek et al., 2021) package was 

used to extract SNPs.  SNPs were selected if they had an allele frequency 

between 40-60%, indicating that they were derived from a single parental 

homolog. Exon-overlapping SNPs were identified and the ratio of allele 

frequencies between the RNA-seq and WGS tumour samples determined (for 

SNPs with at least 20 RNA-seq reads). The ratio of RNA-seq to WGS reads for 

each SNP was calculated to give a ratio of allele frequencies for each SNP.    

Analysis was performed using scripts written in Python (v3.9), with SNP allele 

frequency visualised using seaborn (Waskom, 2021), and the ratio of allele 

frequencies visualised in Graphpad Prism v9.0. 
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2.12 Statistical Analysis 

Unless otherwise stated, statistical analysis was performed with Graphpad Prism 

v9.0 and the specific statistical tests used are described in the relevant sections 

of the thesis.  For figures, p-value significance is denoted as follows: * < 0.05, ** 

< 0.01, *** < 0.001, **** < 0.0001.  To avoid significant results due to multiple 

hypothesis testing, Bonferroni correction was performed where appropriate and 

the corrected p values used.  

A list of all software and bioinformatics programmes used is provided in Appendix 

8.7.   
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Chapter 3 Characterising ecDNA in glioblastoma 

stem cell lines 

3.1 Introduction 

Glioblastoma is a cancer characterised by highly heterogeneous stem cell-like 

cells which can host a range of dominant oncogene amplifications.  Glioblastoma 

harbours transcriptionally-distinct subtypes, defined not only by their dominant 

oncogenes but also by developmental cell state, immune profile and injury 

response (Verhaak et al., 2010; L.-B. Wang et al., 2021; Richards et al., 2021).  EGFR 

(chr7), the most commonly altered oncogene, is altered or amplified in around 

two-thirds of glioblastoma, with other commonly amplified genes including those 

derived from chr4 (PDGFRA), chr7 (MET, CDK6) and chr12 (CDK4, MDM2) 

(Snuderl et al., 2011; Szerlip et al., 2012; Brennan et al., 2013; Kim et al., 2020).  A 

major mechanism for this oncogene amplification is ecDNA (Brennan et al., 2013). 

EcDNA are particularly common in glioblastoma, and are able to contribute to 

glioblastoma heterogeneity via their highly variable and dynamic copy number 

(Nathanson et al., 2014; Turner et al., 2017).  The frequency of ecDNA in 

glioblastoma is also reflective of the high frequency of chromothripsis, a major 

initiating event in ecDNA formation, in glioblastoma cells (Malhotra et al., 2013; 

Zack et al., 2013; Cortés-Ciriano et al., 2020).  EcDNA have been observed to be 

most frequent in patient-derived cells in comparison with established cell lines, 

and therefore patient-derived cells likely represent the most biologically relevant 

model for the study of ecDNA (Benner, Wahl and Von Hoff, 1991; Turner et al., 

2017).  Patient-derived glioblastoma xenograft (GBM39) and recurrent, pre-

treated glioblastoma (HK359) cell lines both harbour ecEGFRvIII and have been 

used to study ecDNA dynamics in vitro (Nathanson et al., 2014; Turner et al., 2017; 

Hung et al., 2021).  Further, primary glioblastoma cells have been shown to retain 

their molecular profile when taken into cell culture (deCarvalho et al., 

2018).  Patient glioblastoma stem cells are therefore most likely to recapitulate 

glioblastoma pathobiology and genetic heterogeneity (Pollard et al., 2009).   

The GCGR comprises a library of glioblastoma and NSC lines that have been 

characterised by copy number profile, indicating that these cells harbour a range 
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of key oncogene amplifications previously described in the glioblastoma genomic 

landscape ((Verhaak et al., 2010; Brennan et al., 2013), See Introduction, Figure 

1.1). Given that amplified oncogenes in glioblastoma are routinely found on 

ecDNA, this suggests that cells within this collection will harbour oncogene-

resident ecDNA.   

This chapter describes the characterisation of ecDNA in five glioblastoma stem 

cell lines using both imaging and sequencing analysis tools.  I use metaphase 

spread analysis to describe fundamental characteristics of ecDNA copy number. I 

then use DNA FISH, WGS and AA analysis to describe the oncogene and ecDNA 

landscape of the five glioblastoma cell lines which will form the central tools for 

onward study.  

3.2 EcDNA copy number variation in glioblastoma cells 

First, I generated metaphase spreads to characterise ecDNA copy number 

variation in glioblastoma cells. These proved very challenging to generate in 

many of the selected cell lines as optimised protocols were needed for each 

independent line due to their distinct cell biological features – see Methods 

Section 2.3.1 for further details. 

E37 cells generated sufficiently good metaphase spreads for analysis, with 

clearly defined chromosome morphology.  EcDNA could be visualised around 

chromosomes as distinct small DAPI-stained spots (Figure 3.1A).  EcDNA copy 

numbers per metaphase spreads showed a wide variation and non-Gaussian 

distribution of ecDNA copy number, as would be expected (Figure 3.1B).  

It has previously been reported in a study of GBM39 cells that ecDNA copy 

number decreases with increasing cell passage, possibly through chromosomal 

integration (Turner et al., 2017).  I therefore aimed to characterise ecDNA copy 

number across increasing passages (P6, P17, P26) of E37 cells as I wanted 

subsequent experiments to be at a passage number where ecDNA copy number 

is maintained.   

I developed an ecDNA-counting macro (see Methods 2.10.2) to enable counting 

of ecDNA across >50 metaphase spreads per passage number.  This 
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demonstrated two key features of ecDNA.  First, the distribution of ecDNA copy 

number is highly variable and non-Gaussian between metaphase spreads across 

all passages.  Second, ecDNA number decreases with increasing passage 

number, although further experiments are needed to determine whether this 

represents chromosomal integration (Figure 3.2).   

Next, I characterised ecDNA-resident oncogenes.  A subset of glioblastoma stem 

cell lines were selected for further study based on previously generated CNV 

data which predicted particular genomic amplifications of interest (Figure 1.4).   

 

Figure 3.1 | E37 metaphase spreads and ecDNA copy number 

A) Representative image of E37 metaphase spread with red arrows indicating ecDNA. Colcemid 0.1ug/ml for 

30 mins. DNA = DAPI (greyscale). Scale bar = 10 μm. B) Violin plot of number of ecDNA per metaphase 

spread in E37 cells, median and quartiles shown. Number of metaphase spreads = 53. Biological replicates 

= 1.   
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Figure 3.2 | Dynamics of ecDNA copy number changes with passage. 

Violin plot of number of ecDNA per metaphase spread, showing median and quartiles over increasing 

passage (P) number (left panel).  Median number of ecDNA per metaphase spread: P6 = 16, P17 = 14, P26 

= 3.  Statistical test – Kruskall-Wallis, p<0.0001.  Number of metaphases counted – P6 = 61, P17 = 59, P26 

= 55. Shown with representative images of metaphase spreads with the projection (left) and output (right) of 

imaged metaphase spreads by the ecDNA counting macro.  Scale bar = 10 μm.  Biological replicates = 1.   
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3.3 Primary glioblastoma cell lines harbouring EGFR 
ecDNA 

CNV profiles suggested two primary glioblastoma cell lines harbour EGFR 

ecDNA: E26 and E28.  Bulk WGS data, available for these cell lines, were 

analysed using AA, which predicted the presence of a single circular EGFR-

containing amplicon in each cell line. In E26, ecDNA are 1,558,246bp (~1.5Mb) in 

size (Figure 3.3A) and in E28, 846,968bp (~850kb) (Figure 3.3B).  E26 harbours 

an EGFR exon 2-7 deletion indicative of EGFRvIII and both amplicons harbour 

other genes from adjoining regions of chromosome 7 in addition to the oncogene 

EGFR.  E28 also appears to have a subpopulation harbouring a deletion in 

EGFR exons 7–14, as indicated by a trough in the WGS plot (Figure 3.3C – see 

arrow).  Similar to EGFRvIII, this would be expected to lead to shortening of the 

extracellular ligand-binding domain of EGFR, with possible activation of 

constitutive EGFR signalling.   

EcDNA in these cell lines were further characterised by DNA FISH on metaphase 

spreads. This verified the presence of EGFR on ecDNA in E26 (Figure 3.4A) and 

E28 (Figure 3.4B) cells.  In addition, E26 harboured EGFR HSRs on 

approximately 10% of metaphase spreads (Figure 3.4A), suggesting that AA 

analysis is unable to differentiate between ecDNA and chromosomal (HSR) 

amplicons.  E26 had a higher number of EGFR foci per metaphase spread than 

E28, and the distribution of ecDNA copy number was again widely distributed and 

positively skewed (Figure 3.4C).  Given that EGFR is located on chromosome 7 – 

which is frequently amplified in glioblastoma – we characterised this using a 

chromosome 7 paint. E26 had 3-6 copies, and E28 frequently 3 copies, of 

chromosome 7 per metaphase spread (Figure 3.4D).   
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Figure 3.3 | AA and WGS analysis of E26 and E28 cell lines 

A) AA predicted amplicon for E26, showing breakpoint edges and strands of the edge (arcs).  EGFR gene is 

highlighted.  B) As for A) but for E28.  C) UCSC Genome Browser showing WGS and AA regions for E26 

and E28. White arrow indicates region of exon 7-14 deletion in a proportion of E28 cells. 
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Figure 3.4 | EGFR DNA FISH of E26 and E28 metaphase spreads 

A) Representative DNA FISH of metaphase spread, E26 cells showing EGFR (green) on ecDNA, and on an 

HSR (white arrow). DNA = DAPI (greyscale, then blue). Scale bar = 10 μm. B) As for A) but for E28. C) Violin 

plot, number of EGFR DNA FISH signals per metaphase spread (median and quartiles shown). ** p=0.008 

(Mann-Whitney test). D) Representative DNA FISH images of metaphase spreads for NSC, E26, and E28 

cells showing signals for chromosome 7 (red) and EGFR (green). DNA = DAPI (blue). Scale bar = 10 μm. 

Adapted from Purshouse et al., 2022b.  Biological replicates = 1.   

  



   

 

3-78   

3.4 Primary glioblastoma cells harbouring CDK4 and 
PDGFRA ecDNA 

3.4.1 Analysis of E25 cells 

Analysis of bulk WGS data for E25 with AA predicted a single ecDNA amplicon, 

although further analysis of the amplicon plot suggests that multiple different 

amplicons exist within this ecDNA region, which are not all interconnected.  One 

distinct region (547,394bp (~500kb)) is comprised of six fragments from 

chromosome 4, including the PDGFRA oncogene. Another region (2,388,924bp 

(~2.4Mb)) is comprised of 10 fragments from chromosome 12, including the 

CDK4 and MDM2 oncogenes; however, closer evaluation of the segment arcs 

and copy number profiles suggests the majority of CDK4 and MDM2 oncogenes 

are located on separate ecDNA (Figure 3.5A).   

Visualising the WGS copy number profiles against their predicted AA regions 

highlights the highly complex nature of ecDNA (Figure 3.5B).  This suggests 

ecDNA contain fragments from multiple chromosomal regions rather than a single 

continuous fragment, supporting the chromothripsis hypothesis of ecDNA 

formation. 

DNA FISH for CDK4 and PDGFRA confirmed their localisation on separate 

ecDNA (Figure 3.6A), with ecDNA copy number widely distributed and more 

CDK4 than PDGFRA foci (Figure 3.6B). It proved challenging to identify a DNA 

FISH probe targeting MDM2 that could give a clean hybridisation signal.  As the 

aim was to identify a cell line with ecDNA on separate populations in order to 

study ecDNA clustering, I did not pursue characterisation of MDM2 ecDNA by 

DNA FISH as this was not essential for my hypothesis (Chapter 4). 
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Figure 3.5 | AA and WGS analysis of E25 cell line 

A) AA predicted amplicon for E25, showing breakpoint edges and strands of the edge (arcs).  PDGFRA, 

CDK4 and MDM2 genes are highlighted.  B) UCSC Genome Browser showing WGS and AA regions for 

E25.   
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Figure 3.6 | DNA FISH of E25 metaphase spreads 

A) Representative DNA FISH of metaphase spread, E25 cells showing CDK4 (greyscale, then green), and 

PDGFRA (greyscale, then red), on separate ecDNA. DNA = DAPI (greyscale, then blue). Scale bar = 5 μm. 

B) Violin plot, number of EGFR DNA FISH signals per nucleus (median and quartiles shown). Adapted from 

Purshouse et al., 2022b.  Biological replicates = 1.   
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3.4.2 Analysis of E20 cells 

I also explored an independent GSC line harbouring two separate oncogene-

ecDNA populations to provide a second tool for visualising ecDNA colocalisation 

in nuclei.  E20 is another cell line where CNV data suggested the presence of 

CDK4 and PDGFRA oncogene amplifications.  AA predicted two amplicons. The 

first (3,025,039bp (~3Mb)), derived from chromosome 4, harboured the PDGFRA 

oncogene, and this is called as a linear amplicon. The second is a more complex 

circular amplicon (1,269,074bp (~1.3Mb)) containing 7 chromosome 12 

fragments, which includes CDK4.  There are unclassified amplifications on 

chromosome 7 which may be involved with this second amplicon (Figure 3.7A).  

WGS profiles plotted alongside the predicted AA regions once again highlighted 

the complexity of chromosomal amplifications contained within each ecDNA 

(Figure 3.7B).   

DNA FISH of E20 metaphase spreads using CDK4 and PDGFRA probes 

confirmed that when two ecDNA populations were present, most ecDNA were 

located on separate ecDNA (Figure 3.8A).  However, interestingly ~10% (4/38) 

metaphase spreads harboured colocalised CDK4 and PDGFRA signals, 

suggesting these are located on the same structure (Figure 3.8B, insets a and b).  

This was unexpected, given that colocalisation was not predicted by bulk WGS 

and AA analysis, suggesting the presence of a subclone that could not be 

identified via these computational methods.   
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Figure 3.7 | AA and WGS analysis of E20 cell line 

A) AA predicted amplicon for E20, showing breakpoint edges and strands of the edge (arcs).  CDK4 (top) 

and PDGFRA (bottom) genes are highlighted.  B) UCSC Genome Browser showing WGS and AA regions for 

E20.  Note the peaked regions shown in E20 (chr4) and E20 (chr12) where there are no matched AA region 

are centromeric areas.   
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Figure 3.8 | DNA FISH of E20 metaphase spreads 

A) Metaphase spread representative of most cells (34/38) with PDGFRA (red) and CDK4 (green) clearly on 

separate ecDNA. DNA = DAPI (blue) B) Metaphase spread showing an example of colocalised PDGFRA 

and CDK4 signals found in 4/38 metaphase spreads. Scale bar = 10 μm. Insets a) and b) are shown zoomed 

in (scale bar = 1 μm). Biological replicates = 1.   
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3.5 Recurrent glioblastoma cell line harbouring EGFR 
and MYC ecDNA 

E37 is derived from a patient with recurrent glioblastoma and CNV predicts MYC 

and EGFR amplifications.  AA analysis of bulk WGS from E37 DNA suggest two 

major amplicons.  A 1,827,057bp (~1.8kb) circular amplicon derived from 

chromosome 8 harbours the MYC oncogene along with PVT1.  A second 

amplicon (742,504bp (~750kb)) is a chr7/chr8 hybrid, which includes EGFR 

(Figure 3.9A).  AA calls both of these amplicons as circular ecDNA.  Note that the 

two chr8 regions are ~25Mb apart (Figure 3.9B).   

DNA FISH on metaphase spreads confirm that MYC is located on ecDNA.  In 

contrast, EGFR appears to be solely chromosomal, with an amplification in 

keeping with an HSR (Figure 3.10).   
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Figure 3.9 | AA and WGS analysis of E37 cell line 

A) AA predicted amplicon for E37, showing breakpoint edges and strands of the edge (arcs).  MYC and 

EGFR genes are highlighted.  B) UCSC Genome Browser showing WGS and AA regions for E37.   
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Figure 3.10 | DNA FISH of E37 metaphase spreads 

A) Metaphase spread showing MYC (red) on ecDNA, and EGFR (green) on chromosomes, notably as an 

HSR amplification. DNA = DAPI (greyscale, then blue). Scale bar = 10 μm. Biological replicates = 1.   
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3.6 Discussion 

EcDNA are a common feature of cancer, with significant variation in cell-to-cell 

ecDNA copy number (Turner et al., 2017).  Given that ecDNA harbour oncogenes 

and regulatory elements such as enhancers, this results in significant intra-

tumoural copy number heterogeneity (Turner et al., 2017; Kim et al., 2020), which in 

turn evolves over the course of tumour evolution (Lange et al., 2022).  I observed a 

similar variation in the distribution of ecDNA copy number in the glioblastoma cell 

lines evaluated here, both within, and between, cell lines.  EcDNA lack 

centromeres and therefore during cell division their segregation to daughter cells 

is random. The heterogeneity this facilitates renders ecDNA-harbouring cells 

highly adaptable to selection pressures (e.g. chemotherapy) (Lundberg et al., 2008; 

Lange et al., 2022).   I showed that ecDNA copy number decreases with increasing 

passage number.  This is perhaps an unexpected result given ecDNA are 

proposed to confer a survival advantage.  This could be explained by ecDNA 

integration, which has been previously proposed in the GBM39 cell line where a 

loss of ecDNA across passage number was also observed (Turner et al., 2017), or 

may be an artefact of 2D culture in the absence of selection pressures such as 

chemotherapy or metabolic environment (Lundberg et al., 2008; Lange et al., 2022).  

Although the methods utilised here cannot confirm this and were only performed 

in a single cell line, this does highlight the dynamic nature of ecDNA copy 

number.  

Glioblastoma most commonly features oncogene amplifications including EGFR, 

CDK4 and PDGFRA (Brennan et al., 2013).  Here, CNV data was available for 

primary and recurrent glioblastoma cell lines, allowing selection of cell lines with 

these key oncogene amplifications.  WGS and DNA FISH analysis confirmed that 

all key oncogenes analysed here were located on ecDNA, with the exception of 

EGFR in E37 which was located on an HSR.  This is in agreement with previous 

ecDNA-oncogene analysis, where all oncogene amplifications were shown to 

exist on ecDNA and/or HSRs (Turner et al., 2017).  Although tumour tissue 

samples for these cell lines were not available, previous studies comparing the 

genomic profile of tissue samples and subsequently derived cell cultures 

observed gross similarities between the two, suggesting these cell cultures are 

likely to reflect the originating tissue (deCarvalho et al., 2018). In addition, WGS 
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and AA of these cell lines demonstrates the multi-fragmented nature of some 

ecDNA, with ecDNA in some cell lines (E20, E25) comprising multiple fragments 

of the same, or different, chromosomes.  This might be expected in the context of 

the chromothripsis hypothesis of ecDNA formation, which suggests that a 

chromosome shattering event is at the origins of ecDNA formation (Rosswog et al., 

2021; Shoshani et al., 2021).  In contrast, other cell lines harboured ecDNA that 

were simpler in structure, such as the E28 amplicon, which may be more 

indicative of the episome model (Vogt et al., 2004; Storlazzi et al., 2006; Hung et al., 

2022).  These data suggest that more than one mechanism may be involved in 

ecDNA formation.  

These results demonstrate some of the limitations of both bulk WGS and AA as 

analysis tools of ecDNA.  Bulk WGS represents all the DNA in a given sample, 

and individual reads from short-read sequencing are 50-300bp in length, which 

naturally do not span the entire length of an ecDNA molecule. Consequently, it is 

difficult to be confident in reconstructing ecDNA structure with bulk WGS and AA 

alone, and these tools are unlikely to capture the full range of ecDNA present in a 

given cell population.  As an example of this, in the E20 cell line, WGS/AA 

analysis predicted that CDK4 and PDGFRA were present on different 

amplicons.  However, direct visualisation of these oncogenes by DNA FISH on 

metaphase spreads confirmed that they were colocalised in only a small 

proportion of cells.  This likely represents a subclone too rare to be identified by 

bulk WGS.  Indeed, the gastric cancer cell line SNU16, which harbours FGFR2 

and MYC oncogenes on ecDNA, was analysed via a novel ecDNA isolation and 

analysis methodology, CRISPR-CATCH, which identified many subspecies of 

ecDNA (Hung et al., 2022).  This included MYC and FGFR2 ecDNA hybrids 

validated by DNA FISH, where ~4% of MYC and chromosome 10 (region 

overlapping with FGFR2) DNA FISH probes signals colocalised.  Long read 

sequencing is also a powerful tool to increase read lengths to many kilobases, 

which will also enable individual ecDNA to be more accurately defined (Y. Wang et 

al., 2021).   

In addition, AA is unable to differentiate between ecDNA and HSRs, as 

demonstrated here for both the E26 and E37 cell lines, which both harbour EGFR 
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HSRs (~10% in E26, 100% in E37).  The creators of AA acknowledge that 

tandem duplicated reads, as can exist on an HSR, will be identified as circular 

(Deshpande et al., 2019).  In addition, circularity and linearity can be called 

incorrectly, such as in E20 cells where the PDGFRA amplicon was called as 

linear. DNA FISH of metaphase spreads here confirms that the linear prediction 

does not represent an HSR, and previous multimodality studies (electron 

microscopy and OM) have indicated that ecDNA are circular rather than linear 

structures evading nucleases (Wu et al., 2019).  AA has previously been shown to 

have a sensitivity of 83% and a PPV of 85% of defining circular amplicons by 

WGS (Kim et al., 2020).  As such, direct visualisation by DNA FISH remains the 

‘gold standard’ modality for verifying whether a multicopy amplification identified 

via WGS and AA is either an ecDNA or a chromosomal amplification 

(HSR).  Characterisation by DNA FISH is limited by the fact that only tens of 

metaphase spreads can feasibly be visualised, and probes are user-

defined.  Characterisation requires advanced fluorescence microscopy with high 

optical resolution and high-quality samples, and quantifying features such as 

ecDNA copy number, while indicative, are not accurate.  There are some slight 

variations in DNA FISH signal intensity (e.g. Figure 3.10), which are expected 

due to differences in how a FISH probe accesses the nucleus and differences 

between cell lines. In addition, the definition of an HSR varies widely, with some 

appearing as large doublet foci on chromosomes (e.g. HeLa cells with drug-

induced methotrexate DHFR HSR (Shoshani et al., 2021)) and others forming an 

entire chromosome arm (e.g. neuroblastoma cell lines harbouring a MYCN HSR 

(Storlazzi et al., 2010).  Further tools are needed to differentiate ecDNA from 

HSRs, particularly as they represent dynamic entities, responding to selection 

pressures and DNA damage (Coquelle et al., 2002; Nathanson et al., 2014; Shoshani 

et al., 2021).   Until such tools exist, the data presented here highlight the 

importance of direct visualisation of genomic loci by DNA FISH of metaphase 

spreads to accurately characterise ecDNA and HSRs in combination with 

sequencing tools.   

In summary, my data indicate that glioblastoma stem cells from the GCGR 

harbour ecDNA and represent an appropriate model in which to study ecDNA 

dynamics. By characterising the ecDNA and HSRs present on primary and 



   

 

3-90   

recurrent glioblastoma cell lines, I have confirmed that driver oncogene 

amplifications previously reported in glioblastoma are found on these structures.  
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Chapter 4 Spatial organisation and gene 

regulation of ecDNA in primary 

glioblastoma stem cells 

4.1 Introduction 

EcDNA express their resident genes in a highly organised nucleus.  EcDNA are 

proposed to be highly transcriptionally active, by virtue of their large regions of 

accessible chromatin, they harbour both oncogenes and their cognate 

enhancers, and can themselves appear to act as mobile enhancers (Morton et al., 

2019; Wu et al., 2019; Zhu et al., 2021).  Enhancers with densely bound transcription 

factors have been shown to recruit high concentrations of the transcriptional 

machinery, such as Mediator and RNA Pol II, with the central theory that gene 

control and these dense transcriptional hubs are intrinsically linked (Cho et al., 

2018; Chong et al., 2018; Sabari et al., 2018).  

Bringing together these concepts of ecDNA oncogenes, enhancers and 

transcriptional hubs has led to the proposal that ecDNA might cluster.  In doing 

so, ecDNA-oncogene transcription might be amplified beyond that expected by 

copy number alone (Wu et al., 2019; Kim et al., 2020).  These have led to the 

suggested role of ecDNA ‘hubs’, featuring clustering of ecDNA, recruitment of 

RNA Pol II and enhanced transcriptional output (Hung et al., 2021; Yi et al., 2021; 

Zhu et al., 2021).  

In Chapter 3, I characterised two glioblastoma cell lines (E26 and E28) 

harbouring EGFR ecDNA, and two (E25 and E20) harbouring CDK4 and 

PDGFRA ecDNA.  In this Chapter, I use these primary glioblastoma cell lines to 

characterise the spatial organisation and transcriptional regulation of ecDNA.  

I used epifluorescence 2D imaging to characterise the overall nuclear 

organisation of ecDNA.  I then used 3D super-resolution imaging and quantitative 

image analysis to quantify the spatial relationship between individual ecDNA, and 

between ecDNA and large RNA Pol II hubs.  I characterised the relationship 

between ecDNA copy number and gene expression in cell lines harbouring 

EGFR ecDNA.  Finally, I used a combination of super-resolution imaging and 
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sequencing analysis to quantify the transcriptional efficiency (i.e., transcripts per 

copy number) of genes transcribed from ecDNA.     

Note figures in this section are adapted from (Purshouse et al., 2022b) and the 

corresponding pre-print (Purshouse et al., 2022a) where stated.  The publication 

can be found in Appendix 8.8. 

4.2 EcDNA are widely distributed throughout the 
nucleus 

First, I analysed the overall nuclear localisation of ecDNA using the two cell lines 

with EGFR-harbouring ecDNA (ecEGFR) - E26 and E28, and compared this with 

the genetically normal and euploid NSC line NS9. Chr7 territory was used as a 

control for chromosomal EGFR, given both the peripheral localisation of chr7 and 

increased chr7 copy number in E28 and particularly E26 cells.  EGFR DNA FISH 

signal was compared with chr7 territory as probed using chr7 paint.  2D nuclei 

were analysed by signal intensity analysis for five equally sized bins eroded from 

the centre to the periphery of each nucleus (see Methods, Nuclear Territory 

Analysis) (Figure 4.1A).  Chr7 and EGFR DNA FISH signal were more 

peripherally localised in nuclei in all three cell types (Figure 4.1B and C).  Once 

chr7 signal, and therefore chromosomal EGFR, was accounted for, EGFR DNA 

FISH signal was still highest in the periphery in NSC nuclei (p<0.0001).  In E28 

nuclei, this radial organisation was still significant but less marked (p=0.012).  In 

E26 nuclei, which harbour a higher number of ecDNA than E28, this peripheral 

localisation was lost (p=0.0598) (Figure 4.1D). These data suggest that EGFR 

loci on ecDNA are liberated from the constraints of chr7 localisation and can 

access more central regions of the nucleus.   
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Figure 4.1 | Nuclear Territory Analysis 

A) Representative DNA FISH images of 2D nuclei for neural stem cell (NSC) (n=66 nuclei), E26 (n=59), and 

E28 (n=64) cells.  Signals for chr7 (red), EGFR (green), DNA [DAPI] (blue). Erosion territories are shown.  

Scale bar = 10 μm. B) Chr7 signal intensity normalised to DAPI across five bins of equal area from the 

periphery (1) to the centre (5) of each nucleus.  Median and quartiles shown. **** p<0.0001, * p<0.05. 

Kruskall-Wallis test. C) As for B) but for EGFR signal intensity. D) As for B) but for EGFR FISH signal 

intensity normalized to that for chr7 (EGFR:Chr7 Mean Intensity). Adapted from (Purshouse et al., 2022b). 

Biological replicates = 1.    
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4.3 EcDNA do not closely cluster 

4.3.1 EcDNA-ecDNA distances are not in keeping with close 
clustering 

Previous work reported potential clustering of ecDNA in cancer nuclei via 2D 

analysis of fixed cells (Hung et al., 2021).  I performed DNA FISH in cells 

harbouring EGFR ecDNA and took images in 3D (across 3μm of each nucleus, 

100nm increments in z) using a Nikon SoRa microscope. The SoRA is a super-

resolution spinning disc confocal microscope with an optic resolution of 

approximately 120nm in x,y, rendering it an ideal tool for capturing and analysing 

loci in close proximity.  Subjectively, I observed a different, un-clustered pattern 

to that observed in published images (Figure 4.2A – see images from previous 

publications in the Introduction - Figure 1.9 and Figure 1.10).   

Next, I used image analysis software (Imaris) to define EGFR foci as spots (see 

Methods 2.10.4).  I used the spot-to-spot feature to record the shortest distance 

from each spot to each other spot in each nucleus.   

Based on extensive studies of transcriptional co-localisation between genomic 

loci, I defined as 200nm or less, the spatial distance that might be compatible 

with a transcriptional hub or condensate, and therefore clustering (Williamson et 

al., 2016, 2019; Hansen, Maeshima and Hendzel, 2021).  Historically, this definition 

for genomic colocalisation was based on the optical resolution for conventional 

wide-field microscopy being ~200nm.  The resolution of the SoRa super-

resolution microscope used in our study is approximately 120nm.  This definition 

is also in keeping with distances described in studies of super-enhancer proximity 

to BRD4/Med1 ‘condensates’ (Sabari et al., 2018).   

Cumulative frequency distribution of these distances showed that distances were 

routinely >200nm (dotted line) (Figure 4.2B).  This remained true when only 

nuclei with >10 EGFR foci (to ensure a reasonable number of ecDNA) were 

included (Figure 4.2C).   

The mean shortest interprobe distances between spots were well above >200nm 

(dotted line), with no significant difference between E26 and E28 nuclei despite 

the higher number of ecDNA in E26 cells (Figure 4.2D).  When only comparing 
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nuclei with >10 EGFR foci, a difference in keeping with this higher frequency 

could be observed, but the mean distances themselves remained >500nm in all 

cases (Figure 4.2E).  The single shortest interprobe distance in each nucleus was 

also routinely >200nm (overall shortest distance 0.24μm, E26; 0.25μm, E28) 

(Figure 4.2F and G).  Taken together, these distances are not consistent with the 

hypothesis that ecDNA cluster in hubs.   
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Figure 4.2 | Distances between EGFR foci in nuclei with ecEGFR 

A) Representative images of DNA FISH for EGFR (red) in the nuclei of E26 (top) and E28 (bottom) cells, 

scale bar = 1 μm, MIP image. B) Cumulative frequency distribution of shortest EGFR-EGFR distances 

between all foci in each nucleus across all E26 and E28 nuclei. Dotted line = 200nm. C) As for B) but only 

including nuclei with >10 EGFR foci.  D) Violin plots showing the distribution of mean shortest interprobe 

distance between EGFR foci per nucleus in E26 and E28 cell lines. Dotted line denotes y=200 nm. Number 

of nuclei (n): E26 (n) = 37, E28 (n) = 36. (C) As for (B) but only showing nuclei with >10 EGFR foci. E26 (n) = 

18, E28 (n) = 9. (D) As for (B) but for shortest single distance between two EGFR foci in any nucleus. (E) As 

for (D) but only showing nuclei with >10 EGFR foci. Statistical significance examined by Mann-Whitney test. 

ns = not significant, * p<0.05, ** p<0.01. Adapted from (Purshouse et al., 2022b). Biological replicates = 1.   
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4.3.2 Ripley’s K Function 

Previous studies have utilised an autocorrelation approach that compares against 

the estimated probability of detecting another pixel (ecDNA) (Hung et al., 2021) or 

subjective calling of colocalisation (Yi et al., 2021).  Neither strategy facilitates 3D 

analysis, controls for nuclear size or ecDNA copy number, or assessment of 

clearly defined distances inkeeping with transcriptional colocalisation (<200nm).  

Ripley’s K Function is an analytical approach that can quantify distances between 

ecDNA FISH hybridisation signals and to assess these distances against those 

expected from a random distribution.  However, ecDNA copy number are highly 

variable between nuclei.  In a nucleus with many ecDNA, these ecDNA will 

invariably be closer together than in a nucleus with few ecDNA. The same is true 

for small vs large nuclei.  Existing analyses do not account for this random 

chance of colocalisation due to these factors.  I aimed to devise an analysis tool 

to analyse 3D images of ecDNA-containing nuclei that would account for the 

varying number of ecDNA and nuclear size, in order to determine whether there 

is non-random distribution of ecDNA in glioblastoma stem cells at transcriptional 

distances.   

4.3.2.1 Outline of Ripley’s K Function 

The design and code for Ripley’s K analysis was conducted in collaboration with 

Dr Sjoerd Beentjes, from the Department of Mathematics at the University of 

Edinburgh, using an existing Python Package for Ripley’s K calculation (ripleyk 

0.0.3). See Methods for further details.  

Ripley’s K utilises a user-defined scale to describe a point pattern around 

increasing radii (Figure 4.3). The rationale for this method was that DNA foci 

were clearly resolved, each ecDNA only harboured a single oncogene targeted 

by DNA FISH hybridisation and the analysis could be performed in 3D. This 

allows for each nucleus to act as its own control in terms of number of foci and 

size.   

Ripley’s K plots two point patterns.  The expected point pattern is a null 

distribution generated using the given number of foci in a given nucleus using 

their x, y, and z coordinates to define the size of the nucleus.  The null distribution 
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is generated by multiple simulations in order to have statistical confidence in the 

significance boundaries this defines and represents uniform distribution of spots 

with no clustering. This is then compared with the observed distribution of the 

x,y,z coordinates of the given nucleus.  This allows a comparison, at each user-

defined radius, of significant clustering (Figure 4.3).   

 

Figure 4.3 | Ripley’s K Function 

Graphical representation of nuclei showing clustered (top) and random (bottom) distribution of ecDNA, with 

overlay of increasing radii (r) to indicate Ripley’s K.  The graph shows how this is plotted per nucleus, with 

the expected values +- confidence interval shown to represent the null distribution i.e. random distribution.  

Observed values within this null distribution would be considered randomly distributed. The lines indicate 

observed values as they would plot if foci were clustered (burgundy) and dispersed (blue). Adapted from 

(Purshouse et al., 2022a) 

4.3.2.2 Defining the Function 

Ripley’s K is a function of the following:  

- df – dataframe of x,y,z coordinates of spots in a nucleus 

- radii – list of radii 

- n_data  - number of draws from the null, i.e. the significance cut-off 

- bounding_radius – the estimated radius of the sphere bounding the 

sample 

- boundary – boundary correction, either ‘True’ or ‘False’ 

- normalise – normalisation, either ‘True’ or ‘False’ 
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The x,y and z coordinates were defined using the Imaris software ‘spots’ function, 

with a single csv file containing the x,y and z coordinates for an individual 

nucleus.  Within the function, these coordinates define the volume parameters as 

well as the number of foci within the volume, and this is used to derive the 

expected values of Ripley’s K that define the null distribution.  Based on 

optimisation data, nuclei were only analysed if they harboured >20 foci, to ensure 

most foci were ecDNA, ensure sufficient granularity and to avoid false negative 

results if foci were too sparse.  The diameter of spots was defined by measuring 

representative foci in Imaris (see Methods 2.10.4).   

We selected a range of radii that were appropriate for transcriptional regulation 

and were feasibly detectable with the optic resolution of the SoRa microscope 

(0.1-1µm in 0.1µm increments).   

The significance cut-off (n_data) represents how the p-value is defined for each 

observed value vs the expected value.  We used the Neyman-Pearson lemma to 

establish the p-value. The null distribution is a list of expected Ripley’s K values 

at each radius in the list of radii.  Having tested a sample of 1,000 and 50,000 

expected values, we found generating 10,000 Ripley’s K values provided 

sufficient accuracy for the null distribution.  If all expected values at each radius 

are ranked in size order, the 250th (2.5%) value at either end of the null 

distribution represents the significance cut-off of p = 0.05, which we chose for this 

analysis.  On occasion, observed and expected Ripley’s K function at p=0.05 

were the same because multiple expected Ripley’s K values at a given radius 

were the same. To generate a p-value in this scenario, a randomised binomial 

test was integrated into the function – a mathematical coin toss to establish if 

p<0.05 for the observed value.  This was weighted as the ratio of the number of 

values p<0.05 and the total number of equal values.  Using this approach tells us 

whether the value is significant or not, but not the exact p-value. Here there are 3 

options – optimistic (i.e. the lowest p-value in the rank of expected Ripley’s K 

values), conservative (the highest) or the mean.  We elected to use the most 

optimistic, i.e. lowest, p-value which would favour identification of a significant 

result. Whilst this represented a bias in favour of clustering, this would minimise 

the risk of a false negative result overall.   
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A bounding radius of 5µm was used for all calculations, having tested extremes 

of bounding radius of 1µm and 20µm and found a negligible effect on results. 

This was important given the nuclei themselves vary in size. Using a 

standardised bounding radius allowed batch analysis of nuclei. Boundary 

correction and normalisation were both set to ‘False’.   

4.3.2.3 Defining the output 

We defined the output of the function for each nucleus for each radius in the list 

of radii in the input: 

- Minimum, median and maximum Ripley’s K values of the null distribution 

- The significance cut-off for Ripley’s K to be clustered at that radius, as 

calculated from the null distribution 

- The observed Ripley’s K value 

- The p-value at that radius between observed and expected distribution 

A Benjamini-Hochberg procedure was performed when combining the p-values 

from multiple nuclei at each given radius, to control for the false discovery rate 

(FDR = 0.05).   

A summary of function components and how they were defined in the function 

and output are listed in Table 4.1.  Further detail on the mathematical 

methodology is outlined in the Methods (Ripley’s K Cluster Analysis, Section 

2.10.5).   

Ripley’s K function therefore enables us to use 3D imaging data of ecDNA 

visualised by DNA FISH and quantify whether they are clustered at 

transcriptionally relevant distances by allowing each individual nucleus to act as 

its own ecDNA copy number control.   
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Component Rationale Defined in function 

Range of radii Interested in short distances 

where biological interactions 

may occur 

Range 0.1-1µm in 0.1µm 

increments.   

10 radii 

Definition of 

spots 

Need to have observed 

spots, and these will form 

the basis of the expected 

random range 

X,Y,Z coordinates from Spots 

defined in Imaris, >20 

spots/nucleus included. 

Diameter in Imaris = 300nm 

Bounding 

radius 

Radius from the volume in 

which all spots reside. 

Challenges = spots 

contained in a range of 

nuclear volume and shape 

5µm 

Based on trials of calculating per 

nucleus, or very high/low 

(20/1um) 

Number of 

simulations 

Need enough to have 

statistical confidence in 

significance, but balance 

with computational load 

10k (having tested a sample 

with 1k and 50k simulations) 

Defining the 

volume of the 

space and 

boundary 

correction 

Null distributions for the 

simulations  

Boundary correction 

accounts for edge effect 

 

X,Y,Z coordinates from a 

nucleus.  

Caveat – potential for 

underestimating size of the 

space and thus simulation too – 

will affect bigger radii more 

Normalisation Assumes the volume as a 

whole is spherical 

Set normalisation to False 

Significant 

clustering 

How to define differences in 

the K functions at different 

nuclei 

Neyman-Pearson lemma 

(p=0.05 cut-off with ‘optimistic’ 

p-value), Benjamini-Hochberg 

false detection rate (FDR) = 

0.05.  

 

 

Table 4.1 | Ripley’s K function definitions 
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4.3.3 Ripley’s K in cells with single-ecDNA populations do not 
show close clustering 

This 3D point-pattern analysis was applied to EGFR DNA FISH images from E26 

and E28 nuclei to determine the extent of clustering.  Examples of E26 and E28 

nuclei and their corresponding Ripley’s K function are shown in Figure 4.4A and 

B.   

The Ripley’s K analysis from several nuclei were combined.  In E26, a proportion 

of nuclei had significant non-random distribution of foci at >400nm, but not at 

smaller distances.  In E28, significant non-random distribution of foci was only 

seen in a proportion of nuclei at >700nm (Figure 4.4C). 

To ensure that no small FISH foci were omitted, the analysis was repeated, 

reducing the spot size diameter in Imaris from 300nm to 150nm.  Although this 

shifted the trend to the left, there was no significant clustering at <300nm (Figure 

4.4D).   
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Figure 4.4 | Ripley’s K analysis of E26 and E28 cell lines 

A) Representative images of EGFR DNA FISH (red) in nuclei (blue=DNA) of E26 and E28 cells. Scale bar = 

5 μm, MIP Z-projection. B) Ripley’s K function for the nuclei in A) showing observed K function (red), 

max/min/median (black) of null distribution with p=0.05 significance cut-off (empty black circle). C) Ripley’s K 

function for EGFR DNA FISH signals showing number of E26 (n=12) and E28 (n=8) nuclei with significant 

(black) and non-significant (grey) clustering at each given radius. D) As C) but with spot diameter of 150nm.  

Adapted from (Purshouse et al., 2022b). Biological replicates = 1.    
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4.4 EcDNA do not cluster closely in a two-ecDNA 
population cell line 

4.4.1 EcDNA-ecDNA distances are not in keeping with 
coordinated close clustering in a two-ecDNA cell line 

It is possible that foci hybridised by the same fluorophore are too tightly clustered 

to be resolved by FISH.  To address this, I repeated the analysis with the E25 cell 

line, which harbours two oncogenes (CDK4 and PDGFRA) on separate ecDNA 

populations, where the DNA FISH probes for each are directly labelled with 

different fluorophores.  Again, subjectively there was no obvious clustering of foci 

in these nuclei (Figure 4.5A).  

As previously, the shortest distance between each CDK4-CDK4, PDGFRA-

PDGFRA, and CDK4-PDGFRA locus across all nuclei were measured and 

plotted by cumulative frequency.  This revealed the frequency of distances 

<200nm was low (Figure 4.5B). Indeed, no CDK4-CDK4 or PDGFRA-PDGFRA 

foci were <200nm apart, and <1% of CDK4-PDGFRA distances were <200nm 

(4/1011 (0.39%) CDK4 foci, 4/518 (0.77%) PDGFRA foci). The mean shortest 

interprobe distance per nucleus was regularly >1μm (Figure 4.5C) across all 

combinations.  The single shortest interprobe distances were shorter for CDK4-

CDK4 and CDK-PDGFRA foci than for PDGFRA-PDGFRA foci, noting that there 

are more CDK4 than PDGFRA foci across nuclei, but there was no significant 

difference when comparing the shortest distance between CDK4-CDK4 to CDK4-

PDGFRA foci (Figure 4.5D).  Taken together these data suggest that these two 

ecDNA populations do not appear to be routinely clustered at close distances.    
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Figure 4.5 | Distances between CDK4 and PDGFRA ecDNA in E25 nuclei 

A) Representative image of DNA FISH for CDK4 (green) and PDGFRA (red) in an E25 nucleus (blue=DNA 

(DAPI)), Scale bar = 1 μm, MIP. B) Cumulative frequency distribution of shortest interprobe distances 

between all foci of each type as shown in each nucleus across all E25 nuclei (n=26). C) Violin plots showing 

distribution of mean shortest distance between CDK4 and PDGFRA foci per E25 nucleus. (D) As for (C) but 

for the shortest single interprobe distance measured in any nucleus. Dotted line denotes y=200 nm. 

Statistical significance examined by Mann-Whitney test (hooked line, ns = not significant) and Kruskall-Wallis 

(straight line, *** p<0.001).  Adapted from (Purshouse et al., 2022b). Biological replicates = 1.   



   

 

4-106   

4.4.2 Ripley’s K analysis in dual-ecDNA population do not show 
close clustering 

Ripley’s K was then used to examine the 3D distribution of CDK4 and PDGFRA 

ecDNA.  Example of an E25 nucleus with the Ripley’s K function for CDK4, 

PDGFRA and CDK4/PDGFRA hybridisation signals combined are shown in 

Figure 4.6A and B.   

When combining nuclei together, CDK4 ecDNA had significant non-random 

distribution in many nuclei at >400nm, and PDGFRA ecDNA also had some 

significant non-random distribution of foci at >400nm.  When CDK4 and PDGFRA 

foci were combined, no significant non-random distribution was observed at 

<300nm.  With increasing radial distance >300nm, the majority of nuclei had 

significant non-random distribution of foci (Figure 4.6C).  Again, no significant 

clustering could be identified at <300nm when this analysis was repeated with a 

spot size of 150nm to avoid omission of small FISH foci (Figure 4.6D).  
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Figure 4.6 | Ripley’s K analysis of E25 cell line 

A) Representative image of DNA FISH shown of E25 nucleus (Blue=DNA (DAPI)), hybridized with probes 

for CDK4 (green) and PDGFRA (red). Scale bar = 5 μm, MIP. B) Ripley’s K function for the nucleus in A) 

showing observed K function (red), max/min/median (black) of null distribution with p=0.05 significance cut-

off shown (empty black circle) for CDK4, PDGFRA, and CDK4 and PDGFRA spots combined. C) Ripley’s K 

function for E25 nuclei showing number of nuclei with significant and non-significant clustering at each radius 

for CDK4 (n=13 nuclei), PDGFRA (n=9 nuclei), and CDK4 and PDGFRA foci combined (n=9 nuclei). D) As 

C) but with spot diameter at 150nm.  Adapted from (Purshouse et al., 2022b). Biological replicates = 1.   
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4.4.3 Clustering in dual-ecDNA cell line with some hybrid ecDNA 
did not show close clustering 

I sought to confirm this finding in an independent cell line.  The E20 cell line also 

harbours two oncogenes on separate ecDNA, and in addition, approximately 10% 

of ecDNA harboured CDK4-PDGFRA hybrid ecDNA (Chapter 3 – Section 3.4.2) 

as visualised by colocalised hybridisation signals on metaphase spreads.  

Therefore, this represented a positive control for Ripley’s K, because we would 

expect a similar proportion of colocalised CDK4-PDGFRA signals in our 3D 

analysis.  A greater number of nuclei were therefore imaged, and only imaged if 

they harboured >20 foci of each oncogene.   

The relative frequency of interprobe distances of <200nm was, again, low in E20 

nuclei (Figure 4.7A).  Ripley’s K analysis of CDK4-PDGFRA foci showed 22/24 

did not have significant non-random distribution of foci at <300nm (Figure 4.7B 

and C).  However 2/24 (8.3%) did have clustering at <200nm (Figure 4.7B and 

D), a similar proportion to hybridised CDK4-PDGFRA ecDNA observed in 

metaphase spreads.  This suggests these two nuclei represent cells where CDK4 

and PDGFRA are on the same ecDNA.  Doublets of CDK4 foci could be identified 

by Ripley’s K and verified by imaging in 4/24 (16.7%) nuclei (Figure 4.7B and E). 
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Figure 4.7 | Ripley’s K analysis of E20 cell line 

A) Cumulative frequency distribution of shortest interprobe distances between all foci (as shown) in each 

nucleus across all E20 nuclei (n=24).B) Ripley’s K function for E20 nuclei showing number of nuclei with 

significant and non-significant clustering at each radius for CDK4, PDGFRA, and CDK4 and PDGFRA foci 

combined (n = 24 nuclei). C) Representative image of DNA FISH of E20 interphase nuclei (Blue=DNA 

(DAPI)), hybridized with probes for CDK4 (green) and PDGFRA (red). Scale bar = 5 μm, MIP. D) As for C) 

but for a nucleus where the close association of CDK4 and PDGFA signal suggests ecDNA hybrids 

harbouring both oncogenes. Scale bar = 1μm in inset. E) As for C) but inset showing CDK4 doublets in an 

E20 nucleus. Adapted from (Purshouse et al., 2022b). Biological replicates = 1.   
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4.4.4 EcDNA distribution in Colo320DM cells 

Given the discrepant conclusions from my analysis of glioblastoma patient 

derived cells compared with other reports, I next analysed the colorectal cell line 

Colo320DM. This has been extensively studied to establish ecDNA dynamics, 

including as an exemplar of ecDNA clustering by DNA FISH of the ecDNA-

resident oncogene, MYC (Hung et al., 2021).  I first sought to characterise 

Colo320DM ecDNA and establish whether I could use my Ripley’s K analysis tool 

to quantify clustering of MYC ecDNA in this cell line. 

DAPI staining and DNA FISH for MYC on metaphase spreads confirmed that 

Colo320DM harbours large numbers of ecDNA which are very large in size 

(approximately 1-2µm) and often appear as doublets (Figure 4.8A).  In addition, 

where doublets can be visualised in isolation, each part of the doublet appears to 

harbour 3 copies of MYC (inset Figure 4.8A).  3D DNA FISH signal for MYC in 

Colo320DM nuclei have a swarm-like pattern in focussed regions of the nucleus 

(Figure 4.8B). 

Considering the large size of the ecDNA (4.3Mb) in this cell line, and, more 

importantly, the fact that the ecDNA harbour multiple copies of MYC, it may be 

difficult to characterise clustering in Colo320DM cells using MYC as the 

visualisation tool.  MYC foci may, by definition, appear clustered owing to their 

multi-copy presence on the same ecDNA molecule and this is a major caveat of 

previous studies using this cell line.  This may also represent a limitation of using 

Ripley’s K as a tool to assess clustering in cell lines with large ecDNA, and 

indeed a small pilot analysis (data not shown) suggested that the colocalization of 

MYC could not be confidently quantified using this tool, likely due to the large size 

of Colo320DM ecDNA.   
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Figure 4.8 | Colo320DM metaphase spreads and nuclei 

A) Representative DNA FISH of Colo320DM metaphase spread probing for MYC (red), DNA (greyscale, blue 

in merged image – DAPI (blue)). Inset highlighting doublet ecDNA with 3 MYC foci on each half of doublet. 

Scale bar = 5µm (inset – 1µm), single slice. B) Two representative Colo320DM nuclei probing for MYC 

(greyscale, red in merged image), DNA (DAPI (blue)).  Scale bar = 5µm, MIP.  Biological replicates = 1.   
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4.5 Transcribing ecDNA do not cluster closely 

It is possible that only actively transcribing ecDNA are clustered.  As such I 

probed for nascent EGFR RNA in E26 cells, using RNA FISH probes targeting 

the large first intron of EGFR.  The E26 cell line was selected for analysis 

because there are more ecDNA in this cell line than in E28 cells so there would 

be an adequate number of cells with >20 foci/nucleus. An example of EGFR RNA 

FISH signal in a nucleus with its corresponding Ripley’s K function is shown in 

Figure 4.9A.  

Similar to the DNA-FISH results, there was only significant non-random 

distribution of nascent RNA FISH spots at >400nm (Figure 4.9B).  This suggests 

actively transcribing EGFR loci do not cluster in the nucleus.   

 

Figure 4.9 | Ripley's K of Nascent RNA FISH in E26 nuclei 

A) Representative image of nascent EGFR RNA FISH (red) in E26 cell nucleus (Blue=DNA (DAPI)). Scale 

bar = 5 μm, MIP. Associated Ripley’s K function for this nucleus showing observed K function (red), 

max/min/median (black) of null distribution with p=0.05 significance cut-off shown (empty black circle). B) 

Ripley’s K function for E26 nuclei (n=11), EGFR nascent RNA FISH showing number of nuclei with 

significant and non-significant clustering at each given radius. Adapted from (Purshouse et al., 2022b). 

Biological replicates = 1.   
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4.6 Transcriptional hubs and transcription efficiency in 
glioblastoma and NSCs 

The above results suggested ecDNA do not cluster with each other at short 

distances. Significant non-random distribution at higher radii do indicate a 

regional, rather than close, colocalisation, consistent with the results of nuclear 

erosion analysis (Section 4.2).  As such, ecDNA may not cluster closely with 

other ecDNA, but rather colocalise with transcriptional hubs harbouring high 

concentrations of the transcriptional machinery.  

4.6.1 Transcriptional hubs are sparse in glioblastoma stem cells 

I chose to visualise the protein RPB1 (encoded by POLR2A) N-terminal domain 

(NTD) because RPB1 is the largest subunit of RNA Pol II and this antibody 

proved the most robust at identifying the large Pol II hubs previously reported by 

immunofluorescence (IF). Brd4 is also considered a key component of large 

transcriptional hubs.  To confirm the RPB1-NTD antibody was an appropriate 

label of transcriptional hubs, IF for RPB1 and Brd4 was performed and 

colocalisation assessed via cross-section intensity plot analysis in ImageJ.  

Colocalisation of RPB1 and Brd4 large transcriptional hubs was seen in all NSC 

cells, and was also seen in E26 and E28 nuclei, although the Brd4 signal was 

weaker (Figure 4.10). These data also indicate, as shown in previous studies 

(Cho et al., 2018; Sabari et al., 2018), that transcriptional hubs are >500nm in 

diameter.  This definition was therefore used for the analysis of subsequent 

experiments. 

I noted that in NS9 (NSC) cells, transcriptional hubs were sparse (across 48 

nuclei – mean number of hubs = 0.83, SD 1.098).  I performed two biological 

replicates to count the number of transcriptional hubs in E26 and E28 

glioblastoma cells (Figure 4.11A and B).  They were also infrequent, suggesting 

transcriptional hubs may be less frequent in these cells than previously reported 

in other cell types, such as embryonic stem cells.   
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Figure 4.10 | Co-immunofluorescence for RPB1 (NTD) and Brd4 

Example nuclei of NS9 (NSC), E26 and E28 cells. IF for Rpb1(NTD) protein (red), Brd4 protein (green), DNA 

(blue – DAPI). Scale bars – whole nucleus = 10µm, insets = 1µm. Cross-section of transcriptional hub shown 

in pink, with intensity plots for each signal. Analysis performed via ImageJ.  Secondary antibody only 

performed for NS9. Biological replicates = 1.   
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Figure 4.11 | Transcriptional hubs in glioblastoma stem cells 

A) Representative images of IF for RPB1 transcriptional hubs (arrows) in E26 and E28 nuclei (RPB1 – white 

on left, green on right; DNA – blue (DAPI). Scale bar – 5um. B) Number of RPB1 hubs (mean +-SD) 

detected per nucleus in E26 and E28 cell lines. Two biological replicates. Unpaired t-test **** p <0.0001. 

Adapted from (Purshouse et al., 2022b) and associated pre-print, (Purshouse et al., 2022a) 

4.6.2 Transcriptional hubs do not closely cluster with ecDNA by 
DNA immunoFISH 

Next, I combined immunoFISH for Pol II (IF) and EGFR (DNA FISH) and 

performed 3D image analysis using the Spot function in Imaris to quantify the 

spatial relationship between large Pol II hubs (>500nm) and EGFR in NSC cells 

compared with E26 and E28 cells which harbour EGFR ecDNA (Figure 4.12A).   

There was no correlation between the number of EGFR foci and the number of 

RNA Pol II hubs (Figure 4.12B).  The mean shortest distance between large Pol II 

hubs and EGFR was routinely >1μm in all three cell lines, regardless of the 

presence of ecDNA (Figure 4.12C).  The single shortest distance between a large 

Pol II hub and an EGFR locus was also regularly >1μm, with no measurements of 

<200nm (Figure 4.12D).   
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Figure 4.12 | DNA ImmunoFISH for EGFR and large Pol II hubs 

A) Representative images of DNA immunoFISH in NSC, E26 and E28 cells: Immunofluorescence for RPB1 

protein (green) and EGFR DNA FISH (red). DNA (blue – DAPI). Scale bar = 5 μm, MIP. (B) Spearman’s 

correlation between number of EGFR foci and number of RPB1 foci, p = 0.13, E26 and E28 cell line data 

combined. (C) Violin plot of distribution of mean shortest interprobe distance per nucleus between EGFR foci 

and Pol II foci in NSC (n=7), E26 (n=8) and E28 (n=7) cell lines. (D) As for (C) but for shortest single 

distance in each nucleus. Median and quartiles plotted. Dotted line denotes y=200nm.  Statistical 

significance examined by Kruskall-Wallis test.  Adapted from (Purshouse et al., 2022b). Biological replicates 

= 1.   
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4.7 Transcriptional hubs do not closely cluster with 
ecDNA by RNA immunoFISH 

To ascertain whether large Pol II hubs colocalise with only actively transcribed 

ecDNA, the analysis was repeated by performing immunoFISH but for nascent 

EGFR transcripts (Figure 4.13A).  Again, large Pol II hubs were sparse and 

nascent EGFR transcripts were not close enough to these hubs to suggest 

colocalisation, examined either by mean shortest EGFR-Pol II hub distance per 

nucleus or the single shortest EGFR-Pol II hub distance per nucleus (Figure 

4.13B and C).   

 
Figure 4.13 | RNA ImmunoFISH for EGFR and large Pol II hubs 

A) Representative images of nascent RNA immunoFISH in E26 and E28 nuclei for EGFR (red) and Pol II 

(RPB1 – green). DNA (blue – DAPI). MIP, scale bar = 5 μm. B) Mean shortest distance between EGFR RNA 

and Pol II foci. (C) As for (B) but for single shortest distance per nucleus. Median and quartiles plotted. 

Dotted line denotes y = 200 nm. Statistical significance examined by Mann-Whitney test. Adapted from 

(Purshouse et al., 2022b). Biological replicates = 1.   
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4.7.1 Transcriptional hubs in an E28 Pol2RG-mCherry knock in 
cell line mirror these findings 

Finally, I considered whether this could be an antibody effect by seeking an 

alternative means of visualising large RNA Pol II hubs. Previous work in the 

Pollard lab by Dr Pooran Dewari generated an E28 cell line where mCherry is 

fused by CRISPR-Cas9 knock-in to the key RNA Pol II subunit POLR2G at the 

stop codon, to create a C-terminal fusion product.  These cells had been FACS-

sorted by mCherry signal. 

IF for mCherry confirmed the expression of RPB1-mCherry in the majority of 

these cells (Figure 4.14A).  I validated the fusion of mCherry to RNA Pol II by co-

IF for mCherry and RPB1, including visualisation of large mCherry/RNA Pol II 

hubs (Figure 4.14B).   

I repeated DNA ImmunoFISH in the E28-mCherry-PolR2G cell line, probing for 

mCherry (IF) and EGFR (DNA FISH) (Figure 4.15A), and performed 3D spatial 

analysis as described for ecDNA-RNA Pol II foci.  EGFR-mCherry foci distances 

observed were comparable to those observed by immunoFISH for EGFR-RPB1 

(Figure 4.15B and C).   

Together, these data suggest ecDNA do not colocalise with large RNA Pol II 

hubs to form ecDNA/RNA Pol II hubs.   



   

 

  4-119 

 

Figure 4.14 | Validation of E28-mCherry-PolR2G cell line 

A) E28-mCherry-PolR2G nuclei stained by IF for mCherry (red), DNA (blue – DAPI). Scale bar – 100µm. 

Widefield microscopy. B) E28-mCherry-PolR2G nuclei stained by IF for RPB1 (Red) and mCherry (green), 

DNA (blue – DAPI).  Arrows denote large Pol II hubs.  Scale bar – 5µm.  Biological replicates = 1.   
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Figure 4.15 | DNA ImmunoFISH for EGFR and large Pol II hubs in E28-
mCherry-PolR2G nuclei 

A) Representative DNA immunoFISH in the E28 mCherry-POL2RG cell line: Immunofluorescence for 

mCherry (red) and EGFR (Green) DNA FISH. Scale bar = 5 μm. (B) Mean shortest distance per nucleus 

between EGFR foci and Pol II foci (visualised here by mCherry IF). Dotted line denotes y=200 nm. C) As for 

(B) but for shortest single distance in each nucleus. n=14 nuclei. Adapted from (Purshouse et al., 2022b). 

Biological replicates = 1.   

4.8 Transcriptional efficiency in NSC, E26, E28 cells 

4.8.1 Glioblastoma cells with ecEGFR have higher EGFR 
expression 

It is expected that cells with more EGFR ecDNA would express higher levels of 

EGFR.  To test this hypothesis, I used EGFR RNA FISH to quantify nascent 
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EGFR transcripts and compare these trends with the EGFR DNA copy number 

observed in ecEGFR-harbouring cell lines (Chapter 3 Section 3.3).  As expected, 

E26 cells had the highest number of EGFR foci per nucleus, followed by E28.  

This mirrored the distribution of ecDNA copy number identified by DNA FISH in 

these cell lines (Chapter 3 Section 3.3).   

Next, I evaluated EGFR protein expression by flow cytometry, using EGF 

conjugated to a fluorescent ligand (EGF-647). This enables monitoring of 

receptor levels on the cell surface. The median EGF-647 signal in live cells was 

as follows: NSC = 172.2; E28 = 985.64; E26 = 7191.81 (Figure 4.17).  When live 

cells were gated by EGF-647 into negative (from EGF-647 negative signal), 

normal (from NSC signal) and elevated (from >NSC EGF-647 signal) gates, E26 

harbours most cells in the elevated gate, followed by E28, with no NSCs in this 

gate (Figure 4.17B and C).  Overall, this correlates with RNA and DNA FISH 

EGFR copy number data in these cell lines.   

As a final validation that EGFR expression and ecDNA copy number are directly 

related, I sorted E28 and E26 cells by FACS into EGF-647 high and low fractions, 

aiming for EGF-647 High to represent the highest third and EGF-647 Low the 

lowest third of EGF-647 signal for each cell line and replated these fractions into 

separate cultures for expansion.  A quality control sort confirmed the purity of 

these High and Low sorted populations (Figure 4.18A). 15 days after sorting, 

cells were fixed and hybridised with EGFR DNA FISH probes.  This confirmed 

that the EGFR-High populations harboured more EGFR FISH foci than the 

EGFR-Low populations (Figure 4.18B and C), and confirming this is a useful 

method to separate cells with distinct ecDNA levels. Taken together, these data 

show, as expected, ecEGFR are associated with increased expression of EGFR. 
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Figure 4.16 | Nascent RNA FISH in NSC, E26 and E28 nuclei 

A) Number of EGFR RNA foci per cell line, at least 25 nuclei of each cell line imaged. Statistical significance 

examined by Mann-Whitney test. B) Representative images of nascent EGFR RNA FISH (shown in 

greyscale) in NSC, E26 and E28 cell lines. Scale bar = 5 μm, MIP. Adapted from (Purshouse et al., 2022b). 

Biological replicates = 1.   

 

Figure 4.17 | Flow cytometry with EGF-647 in NSC, E26 and E28 cells 

A) Histogram showing EGF-647 fluorescent signal (x-axis) in NSC, E28 and E26 cells from live cells, 

normalised to peak count (y axis). B) Flow cytometry with EGF-647; gated for negative, normal (NSC), and 

elevated (GSC) EGF-647 signal. C) Data in B) shown as bar chart, distribution of negative, normal and 

elevated EGF-647 signal gates across the three cell lines as a percentage of all live cells.  Data shows one 

of two biological replicates.  Adapted from (Purshouse et al., 2022b). 
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Figure 4.18 | EGF-647 FACS and DNA FISH on EGF-647 High and Low cells 

A) E26 and E28 cells sorted by FACS into EGF-647 high and low populations (with % total live cell 

population in each sorting gate shown). Below – sort check of indicated gates for E26 and E28 confirming 

EGF-647 High and Low populations (arrows) and percentage of live cells. B) Representative EGFR DNA 

FISH images of E26 and E28 EGFR high and low cells. Scale bar = 5 μm, MIP, shown in greyscale. C) 

Number of EGFR DNA FISH per nucleus in E26 and E28 EGFR high and low cells. Statistical significance 

examined by Mann-Whitney. Adapted from (Purshouse et al., 2022b). Biological replicates = 1.   
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4.8.2 Copy-number normalised RNA foci number is the same 
between ec- and chromosomal EGFR 

Next, I sought to characterise the relationship between ecDNA copy number and 

corresponding gene expression.  Based on existing literature, I hypothesised that 

ecDNA gene expression would be higher than that expected by a simple linear 

relationship with gene copy number – indicative of an enhanced transcriptional 

mechanism.  To test this, I performed sequential EGFR RNA and DNA FISH, co-

hybridising for chr7 (centromeric region – CEN7) (Figure 4.19A) (n=3 biological 

replicates).  EGFR RNA:DNA FISH ratio was highest in the E26 cell line, with 

E28 higher than NSCs but this was not significant (Figure 4.19B).  This suggests 

differences in transcriptional efficiency between the two tumour lines.  

As a first step to characterise possible differences between chromosomal and 

ecDNA EGFR transcription, I used a coarse method to categorise nuclei as 

harbouring mostly chromosomal EGFR (<10 EGFR DNA foci) compared with 

mostly ecEGFR (>10 EGFR DNA foci).  There was no difference in the RNA:DNA 

FISH ratio between most chromosomal and mostly ecDNA EGFR nuclei using 

these categories (Figure 4.19C).  I repeated this using <6/>6 EGFR DNA foci as 

the cut-off in E28 cells, owing to the smaller chr7 copy number in this cell line, 

and observed the same result (Figure 4.19D).  This suggests that expression of 

ecEGFR is similar to that of chromosomal EGFR.    

To characterise this further, I plotted the number of EGFR RNA foci against the 

number of EGFR DNA foci.  The correlation between RNA and DNA FISH foci 

copy numbers demonstrated a linear relationship between EGFR copy number 

and gene expression in both cell lines (Figure 4.20A). To control more accurately 

for chr7 copy number, I probed for chr7 by DNA FISH (centromere 7 (CEN7) foci 

- Figure 4.19A) alongside EGFR RNA and DNA FISH.  For each nucleus I 

calculated the RNA:DNA ratio as the number of RNA foci divided by the number 

of DNA foci. I plotted this against the proportion of ecDNA in the corresponding 

nucleus (EcDNA proportion = (number of EGFR DNA foci – number of CEN7 

foci)/number of EGFR DNA foci).  There was no correlation between the 

RNA:DNA ratio and the proportion of ecDNA in each nucleus (n=3 biological 

replicates) (Figure 4.20B).   
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These data suggest that the relationship between ecDNA copy number and gene 

expression is linear, with no increased transcriptional efficiency of genes present 

on ecDNA as compared with their chromosomal counterparts.   

 

Figure 4.19 | Transcriptional efficiency visualised by RNA:DNA FISH  

A) Representative images of nascent EGFR RNA, EGFR DNA, and centromere 7 (CEN7) DNA FISH in 

NSC, E26 and E28 cell lines. Scale bar = 5 µm, MIP. B) Ratio of RNA:DNA foci per nucleus in NSC, E26 and 

E28 cell lines. Flat line – one-way ANOVA, hooked lines – unpaired t-test. Mean and standard error of the 

mean (SEM) plotted, with 3 biological replicates for NSC (total n=67), E26 (98) and E28 (95) nuclei. C) Violin 

plot of ratio of RNA:DNA foci per nucleus, nuclei categorised to primarily chromosomal EGFR (<10 EGFR 

DNA foci) and primarily ecDNA EGFR (>10 EGFR DNA foci). D) As for C) but using <6/>6 cut-offs for the 

E28 cell line. Adapted from (Purshouse et al., 2022b) and associated pre-print, (Purshouse et al., 2022a) 
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Figure 4.20 | Correlations between RNA and DNA FISH foci  

A) Representative Spearman r correlation (ρ) and p-values between number of RNA foci (x axis) and 

number of DNA foci (y axis) in E26 and E28 cells.  B) Representative Spearman r correlation (ρ) and p-

values shown for E26 and E28 cells between RNA:DNA FISH and proportion of ecDNA. Three biological 

replicates performed, data from replicate 1 shown here. Adapted from (Purshouse et al., 2022b) and 

associated pre-print, (Purshouse et al., 2022a) 

4.8.3 RNAseq/WGS analysis confirms no difference in EGFR 
transcription between ec- and chromosomal EGFR 

Given the divergence of my findings from previously published data, I sought to 

evaluate this via an independent method.  Bulk RNAseq (tumour) and WGS 

(tumour and blood) data were available for the cell lines studied in this thesis, 

including E26.  As described in Chapter 3 Section 3.3, the ecDNA in E26 cells 

harbour EGFRvIII, which has an exon 2-7 deletion (Figure 4.21A). This can be 

utilised to compare the transcriptional efficiency of EGFR on ecDNA vs 

chromosomes, because the RNA transcripts from exons 2-7 can only be derived 

from chromosomal EGFR.  By contrast, transcripts from EGFR exons 1, 8-28 are 

predominantly transcribed by extrachromosomal EGFR due to the copy number 

amplification generated by ecDNA.  AA allows WGS regions to be defined by 

copy number variant (CNV) regions, including the region of exon 2-7.  Further 

detail on AA methods can be found in Section 2.11.3.   
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I calculated the RNA count for each EGFR exon and normalised by exon size. 

These were in turn normalised by WGS counts normalised for each region size 

as defined by AA. These copy number and exon-size normalised RNA seq 

counts were compared between exons 2-7 (chromosomal exons) and exons 1,8-

28 (predominantly ecDNA exons).  They were not significantly different (Figure 

4.21B). 

I repeated this analysis using published RNAseq, WGS and AA data for another 

glioblastoma cell line - GBM39 - harbouring an EGFR exon 2-7 deletion (Figure 

4.21A) (Wu et al., 2019). Normalised RNA counts were not significantly higher in 

ecDNA exons and were slightly lower compared to chromosomal exons (Figure 

4.21C).   

A simpler way of performing this analysis is to normalise the RNA read counts 

and DNA read counts in each EGFR exon, which automatically accounts for exon 

and AA region size for RNAseq counts and WGS read counts respectively. 

Normalised RNAseq counts in predominantly ecDNA exons were not significantly 

different from chromosomal exons in E26 (Figure 4.22A) and GBM39 cell lines 

(Figure 4.22B).   

To confirm these new data were comparable, I performed correlation analysis on 

the normalised RNA counts for the two different strategies (AA regions - 

 Figure 4.21B and C vs direct exon comparison - Figure 4.22A and B).  This 

showed a positive correlation between normalised RNA counts in ecDNA or 

chromosomal exons calculated using the AA method and the direct exon 

comparison method (Figure 4.22C-F).  

Together, these data show that the transcriptional efficiency of ecEGFR is not 

significantly different to that of the corresponding chromosomal EGFR oncogene.   
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Figure 4.21 | Normalised RNA counts in EGFR exons (chromosomal vs 
predominantly ecDNA) via exons and AA regions 

A) UCSC Genome browser tracks showing RNA-Seq, WGS and AA tracks for E26 and GBM39 cell lines, 

with region of AA-predicted exon 2-7 deletion highlighted in red. EGFR (GENCODE) exons shown. Note to 

aid visualisation of all exons, RNAseq counts in some ecDNA regions exceed that of the scale. B) Exon-size 

normalised RNA-seq counts normalised to WGS counts in AA regions (WGS counts per region, normalised 

by region size). EcDNA = exons 1, 2-28; chrom = exons 2-7. Statistical significance examined by Mann-

Whitney test. Adapted from (Purshouse et al., 2022b) and associated pre-print, (Purshouse et al., 2022a) 
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Figure 4.22 | Normalised RNA counts by direct exon RNA/WGS count 

A) EGFR RNA-seq counts in E26 exons normalised by WGS read counts.  Statistical significance examined 

by Mann-Whitney test. (B) As for (A) but for GBM39. C) Pearson correlation of normalised RNA counts in 

E26 cell line calculated using exon size-normalised RNAseq counts and WGS read counts normalised by AA 

region (AA – y axis) versus direct exon normalisation (exons – x axis).  Shown for predominantly ecDNA 

exons (1, 8-28) D) as for C) but for chromosomal (chrom) exons (2-7).  E) As for C) but for GBM39 cell line. 

F) As for D) but for GBM39 cell line. Adapted from (Purshouse et al., 2022b) 
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4.8.4 SNP analysis confirms comparable ec- and chromosomal 
transcription  

A further approach is to calculate the allele frequency of polymorphic sites in the 

amplified sequence.  Genomic events that give rise to ecDNA have been shown 

to occur in only a single parental copy of the chromosome, with the subsequent 

conclusion that ecDNA is derived from one parental homolog (Stephens et al., 

2011; Hung et al., 2022).  Therefore, analysis of polymorphic sites in the amplified 

sequence can capitalise on this without relying on mutations in EGFR, as was 

required in the EGFRvIII-based analysis.  This is informative as co-amplified 

genes may not be under the same positive selection pressures as oncogenes, 

which drive cancer growth and progression via a range of up- and downstream 

pathways and therefore accumulate at higher rates than non-driver passenger 

mutations.  We can perform this analysis in both ecEGFR cell lines (E26 and 

E28) as EGFR variant status is irrelevant and patient control (blood) WGS data is 

available.  

This SNP analysis was performed by Dr Elias Friman, a Postdoctoral Fellow in 

the Bickmore lab.  

Germline variants were called in patient control (blood) WGS samples in the 

amplicon region at 40-60% allele frequencies.  As expected with the amplicon 

region being derived from one parental homolog, the amplicon frequencies of 

these SNPs were predominantly >80% in the corresponding glioblastoma WGS 

samples (Figure 4.23A).  Exon-overlapping SNPs in the amplified region were 

used to calculate allele frequencies in WGS and RNAseq samples. In E26, EGFR 

and LANCL2 were the only sufficiently expressed genes containing SNPs.  In 

E28, there were polymorphisms in VSTMA, EGFR and LANCL2.  The WGS allele 

frequencies for all these overlapping polymorphisms were >88%, again indicating 

that SNPs located on ecDNA originate from a single allele of the endogenous 

locus.   

The RNAseq to WGS ratio was calculated for each SNP.  An RNAseq:WGS 

allele frequency ratio >1 would indicate enhanced amplicon transcription. The 

ratio was approximately 1 for all SNPs, with the highest being 1.05 (SNP in 

VSTMA, E28 cells) and the lowest being 0.78 (SNP in LANCL2, E28 cells) 
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(Figure 4.23B). The latter is likely due to only a portion of the LANCL2 gene being 

present on the amplicon, resulting in a truncated transcript.  

Overall, both WGS and imaging analysis indicate that genes present on ecDNA 

are transcribed at a similar efficiency to those on chromosomes.  Amplified gene 

expression is driven primarily by copy number amplification rather than 

augmented transcriptional mechanisms. 

 

Figure 4.23 | SNP allele frequencies in E26 and E28 amplicons 

A) SNP allele frequencies in E26 and E28 cell lines plotted in control (blood - blue) and glioblastoma 

(orange) WGS. Dotted lines = start/end of EGFR gene. B) RNA-seq/WGS allele frequency ratio for SNPs 

overlapping with expressed exons in the amplicon. Lines denote median values, dotted line denotes allele 

frequency of 1. Adapted from (Purshouse et al., 2022b). Analysis by Dr Elias Friman. 

4.9 Similar enhancer/promoter proximity between 
ecDNA and chromosomal loci 

Previous studies propose that ecDNA are associated with highly accessible 

chromatin (Wu et al., 2019) yet I have shown that the transcriptional efficiency of 

their resident genes is comparable with their chromosomal counterparts.  EcDNA 
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from the E26 and E28 cell lines appear to carry the cognate enhancers for EGFR 

(Figure 4.24).  To determine whether enhancer-promoter proximity might be 

different on the small circular ecDNA molecules compared to the endogenous 

chromosomal locus, I sought to quantify the spatial relationship between EGFR 

enhancers and promoters on ecDNA.   

I defined the genomic regions to which DNA FISH probes would hybridise.  I used 

Genecards to identify EGFR promoter regions, and data from Morton et al., 2019 

to plot two functional EGFR super-enhancer regions reported in glioblastoma.  

The two super-enhancer regions are 128kb and 84kb from the EGFR promoter.  

Fosmids were selected that cover these regions (enhancer – M9; promoter – 

M3), with a 103,691bp gap (~100kb) separating the two (Figure 4.24).   

DNA FISH on E26 metaphase spreads confirmed these enhancer 

(green)/promoter (red) regions were localised to ecDNA.  Red and green foci 

colocalised, suggestive of ecDNA harbouring both the enhancer and promoter 

region. However, there were also foci that appeared clearly separate, and overall 

there were more promoter (red) foci than enhancer (green) foci (Figure 4.25A).  It 

is notable that the WGS profile is suggestive of a further amplification over the 

ecDNA region to which this promoter FISH probe hybridises (Figure 4.24), which, 

taken together with the metaphase spread data, implies a subpopulation of 

ecDNA harbouring only the promoter segment. 

I repeated this in E28 cells, where the WGS profile across the amplified region is 

more uniform (Figure 4.24). While a mixture of colocalised and separate foci were 

visible, the ratio of enhancer:promoter foci appeared more equal, suggesting this 

may be a better model for ecDNA enhancer:promoter distance calculation (Figure 

4.25B). 

3D DNA FISH was then performed on nuclei from E28 and NSC cells.  In addition 

to the enhancer and promoter probes, a probe for centromere 7 (CEN7) was also 

used to allow identification of E28 nuclei without ecDNA - i.e. all EGFR signals 

are associated with chromosome 7 (Figure 4.26A).  After spot calling (Imaris), the 

shortest distance from each enhancer (green) foci to a promoter (red) locus was 

calculated in Imaris (Figure 4.26B).  When all distances from E28 and NSC cells 
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were compared, there was no significant difference between the shortest 

enhancer/promoter distances (Median distance in µm – E28 = 0.37; NSC = 0.35) 

(Figure 4.26C). 

To ensure this wasn’t skewed by ecDNA where the enhancer and promoter were 

not on the same ecDNA (and therefore further apart), this analysis was repeated 

including only E28 distances that were shorter than the longest distance 

observed in the NSC nuclei.  There remained no significant difference in the 

enhancer/promoter distances (Median distance in µm – E28 = 0.36; NSC = 0.35) 

(Figure 4.26D).   

As a further control, a proportion of E28 nuclei (9/32) appeared to have no 

ecDNA, so all enhancer/promoter foci could be attributed to the chromosomal 

locus. The shortest enhancer/promoter distances in E28 cells with only 

chromosomal EGFR were compared to those harbouring ecEGFR (Median 

distance in µm – E28 ecDNA = 0.38; E28 chrom only = 0.30) (Figure 4.26E and 

F).  An additional analysis included only ecDNA-containing E28 

enhancer/promoter distances that were shorter than the longest distance 

observed in the chromosome-only EGFR E28 nuclei (Median distance in µm – 

E28 ecDNA = 0.33; E28 chrom only = 0.30) (Figure 4.26G).  In both cases, there 

was no significant difference in enhancer/promoter distances, although shorter 

distances (<100nm) were observed in E28 nuclei harbouring ecDNA.  

These data suggest that previously proposed EGFR super-enhancer and 

promoter regions share a similar spatial organisation whether they are on ecDNA 

or chromosomes.  Even if these super-enhancer and promoter regions are not 

ubiquitous to these cell lines, this still suggests that chromatin organisation 

overall is similar between ecDNA and chromosomes.   

Altogether, the data in this chapter suggests that the spatial organisation and 

transcriptional regulation of ecDNA is similar to that of chromosomes in 

glioblastoma stem cells. 
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Figure 4.24 | Enhancer/promoter regions and corresponding DNA FISH 
probes 

UCSC Genome Browser tracks showing E26 and E28 WGS, Genecards enhancer/promoter regions 

(Genecard_enh_prom), EGFR super-enhancers described by Morton et al., 2019 (Morton_enhancers), 

Enhancer DNA FISH probe (Fosmid M9 - Green) and Promoter DNA FISH probe (Fosmid M3 - Red).  Inset 

shows region magnified.  Snapgene visualisation to indicate Fosmid overlap between enhancer and 

promoter regions.  The fosmids are ~100kb apart. 
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Figure 4.25 | E26 and E28 metaphase spreads with DNA FISH for enhancer 
and promoter regions 

A) Representative metaphase spread of E26 cell line following hybridisation by DNA FISH for promoter (red) 

and enhancer (green) regions.  DNA – blue (DAPI). Inset indicating multiple promoter foci relative to 

enhancer foci.  B) As for A) but for E28 cell line, inset a) showing ecDNA with promoter/enhancer signals, 

inset b) as for a) but for chr7.  Scale bars = 5µm (insets = 1µm).  Biological replicates = 1.   
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Figure 4.26 | Enhancer/promoter distances in E28 interphase nuclei 

A) Representative images of DNA FISH of NSC and E28 nuclei (no ecDNA vs with ecDNA), Enhancer (enh - 

green), Promoter (prom - red), Chr7 (CEN7 – cyan), DNA = blue (DAPI). Scale bar = 5µm, MIP. B) 

Cumulative frequency distribution of shortest enh-prom distances across all E28 and NSC nuclei. Dotted line 

= 200nm. C) Shortest distance from each enh to prom locus in E28 (n=32) and NSC (n=29) nuclei. D) As for 

C) but for distances shorter than the longest NSC interprobe distance. E) As for B) but for E28 nuclei 

harbouring ecDNA (n=23) or no ecDNA (chrom only; n=9).  F) As for C) but for E28 nuclei with ecDNA or 

chrom only. G) As for F) but for distances shorter than the longest interprobe distance in E28 cells without 

ecDNA. Violin plots show median and interquartile range. Statistical significance tested by Mann-Whitney 

test. Biological replicates = 1.   
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4.10  Discussion 

EcDNA represent a key mechanism of oncogene amplification, with links to 

prognosis and treatment resistance (Nathanson et al., 2014; Kim et al., 

2020).  Analysis of chromatin accessibility using tools including ATACseq, MNase 

seq and ATAC-see have demonstrated that ecDNA harbour highly accessible 

chromatin (Wu et al., 2019; Kim et al., 2020).  In addition, H3K4me1/H3K27ac ChIP-

Seq data have proposed the presence of active, and absence of repressive, 

chromatin marks (Wu et al., 2019). ChIA-PET and ChIA-Drop analysis further 

indicated interactions between ecDNA, chromosomes and RNA Pol II, proposing 

the role of ecDNA as a transcription-factor-like trans-activator (Zhu et al., 

2021).  Taken together, these have led to the hypothesis of ‘ecDNA hubs’, where 

ecDNA and RNA Pol II form key interactions facilitated by this accessible 

chromatin conformation.  Studies of established tumour cell lines have suggested 

that ecDNA cluster into hubs and colocalise with Pol II, thereby driving amplified 

oncogene transcription beyond that expected by copy number alone (Hung et al., 

2021; Yi et al., 2021).  This is an appealing hypothesis as it might provide 

enhanced transcriptional mechanisms to cancer cells, and these might be 

therapeutically targetable. However, our data provide no indication that this is 

occurring in the primary glioblastoma lines studied here. 

I observed a more central nuclear distribution of ecEGFR than chromosomal 

EGFR in glioblastoma stem cells.  This central distribution is known to 

correspond with an actively transcribing chromatin state (Croft et al., 1999; Boyle et 

al., 2001), and indeed previous data suggest ecDNA carry marks and 

characteristics of accessible chromatin (Wu et al., 2019; Kim et al., 2020; Zhu et al., 

2021). It highlights the freedom ecDNA enjoy from chromosomes and their 

associated chromosome territories, such as chr7 which has a more peripheral 

organisation (Boyle et al., 2001; Mahy, Perry and Bickmore, 2002; Kalhor et al., 2011).  

My data support a regional organisation of ecDNA in glioblastoma stem cells, but 

where ecDNA do not cluster at distances expected to be associated with 

coordinated transcription (<200nm).  This likely reflects the non-random 

organisation of the nucleus into different compartments and chromosome 

territories, around which ecDNA must be arranged. This analysis was designed to 
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control for ecDNA number and nuclear size.  In addition, I analysed single and 

dual oncogene-harbouring ecDNA glioblastoma cell lines as a means of 

controlling for two FISH foci labelled with the same fluorophore being too close 

together to be resolved as separate structures. I reanalysed the raw data with a 

smaller spot size and used super-resolution imaging which has an optic 

resolution of approx. 120nm as further controls.  These data also suggest that 

previous concerns about 2D Ripley’s K function and an association with over-

counting (Veatch et al., 2012) could not be seen in this 3D analysis, on the basis 

that we did not observe over-counting (which would manifest as clustering).   

Comparison with previous data purporting to show ecDNA clustering is 

challenging owing to differences in imaging quality and analysis approach.  Hung 

et al., 2021 used a confocal microscope to image fixed nuclei with ecDNA-

resident oncogenes labelled by DNA FISH, with Z stacks across approximately 8 

µm (0.6 µm z step size), resulting in images where individual ecDNA cannot be 

defined (Figure 1.9). In contrast, I used the SoRa microscope to image nuclei 

across 3 µm in 100nm z steps.  Previous analysis for clustering used an 

autocorrelation function which appears to have 2D data (either slices or as 2D 

images from combined 3D slices - this is not clear from the methods) and assigns 

a random distribution as a control, with output defined in pixels (Hung et al., 2021).  

In another study where live-cell imaging was used, ecDNA (and ecDNA/Pol II) 

clustering is defined by visual (i.e. subjective) calling of fluorescent signal overlap 

or close proximity (Figure 1.10) (Yi et al., 2021).  The 3D analysis tool described 

here enables true characterisation of the spatial organisation of ecDNA within 

clearly defined distances, avoiding the limited data provided by 2D analysis, false 

positive clustering effects by 2D analysis of 3D images (e.g. MIP) or subjective 

calling of colocalisation.  Existing cluster analysis strategies also do not account 

for chance colocalisation owing to increased copy number in a given space - the 

closest equivalent is the use of repetitive telomere targeting to reflect high copy 

number (Yi et al., 2021). Ripley’s K analysis allows for the ecDNA copy number 

and nuclear size to be controlled for in each individual nucleus.  

The E20 cell line harboured a small number of colocalised CDK4-PDGFRA foci 

(~10%) which were present in similar proportions in metaphase spreads and 3D 
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nuclear analysis. This suggests that this colocalised population represented a 

subclone of hybrid ecDNA too small to be identified in the bulk WGS performed to 

date, but can be confidently verified by DNA FISH of metaphase spreads.  It also 

represents a positive control, giving further confidence in the ability of Ripley’s K 

to identify colocalisation.  Another positive control could have included adjacent 

DNA FISH probes on the same ecDNA. A dual-oncogene ecDNA cell line 

previously used as evidence of ecDNA colocalisation (Hung et al., 2021) has 

subsequently been shown to harbour a subclone of oncogene-hybrid ecDNA via 

ecDNA enrichment, long read sequencing and reconstruction (Hung et al., 

2022).  Confirmation of these hybrid CDK4-PDGFRA ecDNA is likely to require 

such an approach.  Overall, analysis of two single-oncogene, and two dual-

oncogene, ecDNA-harbouring glioblastoma cell lines suggest that close 

clustering is not a key feature of ecDNA.   

A key difference between my data and previous reports of ecDNA clustering is 

the use of primary patient-derived cell cultures, whereas other studies have 

focused primarily on established cell lines (Hung et al., 2021; Yi et al., 2021).  Such 

established cell lines may differ in terms of the size of the ecDNA, or the number 

of oncogene loci per ecDNA as outlined above.  I attempted to reproduce my 

analysis in the widely-studied Colo320DM cell line, which has previously been 

reported to harbour clustered ecDNA (Hung et al., 2021).  My analysis of 

Colo320DM suggests this cell line is not well suited to oncogene-oriented cluster 

analysis.  DAPI staining and DNA FISH for MYC on metaphase spreads showed 

that ecDNA in Colo320DM nuclei are large doublets approximately 1-2um in size 

and harbour multiple copies of MYC per ecDNA doublet.  Consistent with this, 

Colo320DM ecDNA have previously been reconstructed at 4.328Mb in size, 

measuring approx 1.75µm in diameter via imaging and harbouring 3 copies of 

MYC following detailed multimodal sequencing-based reconstruction (Wu et al., 

2019; Hung et al., 2021).  As such, clustering of MYC hybridisation signals is 

inevitable owing to their structural colocalisation on the same DNA 

molecules.  Previous studies defined clustering in terms of pixels rather than µm 

without defined cut-offs or definitions of clustering (Hung et al., 2021) so any 

results would be difficult to compare. The GCGR cell lines presented previously 

are, however, more representative of the expected size of ecDNA at 1-3Mb 
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(Verhaak, Bafna and Mischel, 2019), suggesting that this clustering tool is directly 

relevant to primary cells.  Cell lines with ecDNA in this size range only host one 

oncogene copy per ecDNA, as suggested by the data presented on these GCGR 

cell lines in Chapter 3.  For example, the EGFR-harbouring ecDNA in the GBM39 

cell line have been reconstructed following CRISPR-CATCH isolation, and 

although several ecDNA structures are proposed, each harbours only a single 

copy of EGFR (Hung et al., 2022).  In addition, the Colo320DM cell line represents 

a highly atypical cell line (Quinn et al., 1979), and, given their duration in culture, 

may further behave differently to primary cells such as those presented here. 

Colo320DM cells have formed the basis for many studies of ecDNA biology; 

however, these data suggest their relevance to the true dynamics of ecDNA must 

be approached with caution.  

It may be more relevant to compare these findings with other glioblastoma 

studies.  HK359 is a glioblastoma cell line previously noted to have clustered 

ecDNA hubs (Hung et al., 2021).  HK359 has a 42kb insertion at the site of 

EGFRvIII (exon 2-7 deletion), again suggesting the presence of larger and 

atypical ecDNA (Koga et al., 2018).  A live cell analysis utilised a primary 

glioblastoma neurosphere culture grown in serum-based neurosphere media, 

HF3016, tagging EGFR-ecDNA breakpoints using the Casilio system to track 

ecDNA dynamics (Yi et al., 2021). The Casilio system generates large aggregates 

of varying size, suggesting clumping of fluorescent elements resulting in larger-

than-expected loci and increasing the chance of off-target fluorescent signal 

(Clow et al., 2022).  When observed in ecDNA, larger loci have been suggested to 

represent ecDNA hubs, with dual-colour ecDNA labelling of ecEGFR breakpoints 

used to subjectively call instances of colocalisation, although this does not 

appear consistent (Figure 1.10) (Yi et al., 2021).  Super-resolution microscopy of 

fixed cells and more accurate quantitative and statistical analysis provides more 

conclusive data, with a clear definition of clustering at distances relevant to gene 

function.   

Live cell data has been proposed as a superior means of quantifying dynamic 

ecDNA interactions due to the transient nature of hubs.  Using the Casilio system 

described above, hubs were observed in approximately 50% of cells over 48 
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hours, with MIP analysis (i.e. 2D analysis of 3D images) (Yi et al., 

2021).  Unpublished live-cell data (presented by Mila Ilic at ecDNA EMBO 

Workshop, Switzerland, 2021) used an adapted version of the ANCHOR system 

(Meschichi et al., 2021) to visualise ecDNA in interphase HeLa nuclei where the 

foci appeared more uniform and of a more expected size (comparable with DNA 

FISH data).  Other studies have used fixed nuclei to identify ecDNA clusters, 

noting the limited definitions of the distances being studied (e.g. pixels rather than 

µm) (Hung et al., 2021).  Consequently, I would still expect to see hubs, if present 

and a major mechanism, using single time points with fixed cells.   

Existing evidence from long-established cell lines may reflect widely differing 

characteristics, such as cell cycle length, growth patterns, mitotic rates and 

metabolic environment, in comparison with primary glioblastoma cells (Hung et al., 

2021). In order to directly compare these previously published cell lines with the 

Ripley’s K approach here, one strategy would be to acquire these cell lines and 

individually perform the same analysis as I have performed on the GCGR cell 

lines.  Overall, further studies of primary cell cultures would provide valuable data 

around ecDNA clustering and how these compare with established cell cultures.   

Colocalisation of ecDNA with RNA Pol II has been proposed by ChIA-PET (Zhu et 

al., 2021) and a live-cell ecDNA tagging strategy combined with 

immunofluorescence staining for RNA Pol II (Figure 1.10B) (Yi et al., 

2021).  Previous imaging-based studies of ecDNA and RNA Pol II used subjective 

calling of colocalisation (Yi et al., 2021) . This is challenging, given that RNA Pol II 

staining is pan-nuclear and diffuse (e.g. Figure 4.11).  I analysed large Pol II hubs 

representing highly concentrated regions of the transcriptional machinery, on the 

basis that these could be clearly defined, and represented a biological structure 

of central relevance to the hub hypothesis.  I did not observe a close relationship 

between ecDNA (DNA or nascent RNA) and large Pol II hubs.  This difference in 

definition is important in explaining our results, as it is possible that smaller 

transcriptional hubs are associated with ecDNA, or indeed that hubs are not 

needed for ecDNA transcription.  

My results suggest that the greater transcriptional output from oncogene-resident 

ecDNA is not due to increased ecDNA transcriptional activity, but is explained 
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more simply by increased copy number.  This is most definitively shown in the 

SNP analysis (Figure 4.23).  As ecDNA are derived from one parental homolog 

(Stephens et al., 2011; Hung et al., 2022), the SNP analysis described here could be 

used to evaluate ecDNA-resident gene expression in any cell line where RNAseq 

and WGS (tumour and germline) data is available.  Previous studies of large 

sequencing datasets reported that copy-normalised oncogene expression is 

higher on circular amplicons using RNA-seq plotted against WGS-derived CN 

(Kim et al., 2020).  RNA-seq and WGS from 36 clinical samples also concluded 

higher transcriptional efficiency, although only 3/11 ecDNA-resident genes (of 

which only one was a known oncogene), had significantly higher copy-number 

normalised gene expression (Wu et al., 2019).  Indeed, a recent study of primary 

neuroblastoma demonstrated a linear relationship between ecDNA copy number 

and gene expression (Stöber et al., 2023).  These studies therefore support my 

observation that copy number is the key driver of increased ecDNA gene 

transcription.  In addition, my findings that ecDNA and chromosomal EGFR 

enhancers/promoter distances do not significantly differ further suggest that the 

gene regulatory environment is not markedly different. It is possible that the 

FISH-probed regions are not active enhancers/promoters in the E28 cell line; this 

could be established by ChIP-seq for associated proteins such as H3K27ac and 

H3K4me3.  However, these data still suggest a similar chromatin organisation 

between the two structures, in alignment with the gene and polymorphism 

expression findings presented. 

Recent data has suggested that while the overall relationship between ecDNA 

copy number and gene expression is linear, gene expression from individual 

ecDNA remains highly heterogeneous (Stöber et al., 2023).  This may be true of 

ecDNA in glioblastoma stem cells too.  While such expression heterogeneity has 

been hypothesised to be secondary to mobile enhancers/hubs (Hung et al., 2021; 

Zhu et al., 2021; Stöber et al., 2023), a first hypothesis might be that this simply 

reflects differences in regulatory elements on individual ecDNA.  Targeted 

profiling by enrichment and long read sequencing of individual ecDNA may offer 

one means of analysing this in the cell lines described in this thesis as a future 

line of study.  This may be challenging where multiple similar ecDNA are present, 

and still requires an underlying knowledge of likely ecDNA sequences for 
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targeted CRISPR-CATCH guides with the assumption that these are shared 

between all ecDNA (Hung et al., 2022).  

Overall, the data presented in this chapter demonstrate a novel and robust 

strategy for evaluating ecDNA spatial organisation and transcriptional 

regulation.  EcDNA copy number appears to be the primary driver of increased 

expression of any resident genes.  Future studies could explore the heterogeneity 

of these ecDNA, and design tools to characterise this further.   
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Chapter 5 Effect of DNA damage and PARylation 

on ecDNA dynamics  

5.1 Introduction 

DNA damage is considered central to ecDNA formation, ecDNA-directed drug 

resistance and as a driver of chromosomal rearrangements (Rosswog et al., 2021; 

Shoshani et al., 2021).  Further, studies of targeted and non-specific IR-induced 

DNA damage suggest a dynamic response of existing ecDNA to DNA strand 

breaks.  An ecDNA-induced HeLa cell line showed a drive towards ecDNA 

integration following Cas9 and TALE-induced DNA damage, although the impact 

on stable, established ecDNA, and the impact on oncogene copy number 

following integration, is unclear (Shoshani et al., 2021). Other studies of non-

specific DNA damage via IR have shown a reduction in ecDNA number, with IR 

and PARPi driving ecDNA reintegration or micronuclei formation (Schoenlein et al., 

2003; Shoshani et al., 2021).  

 All existing treatment options for glioblastoma induce DNA damage, with IR 

primarily leading to DNA strand breaks (SSB > DSBs) (Goodhead, 1994; Erasimus 

et al., 2016).  Previous data has also demonstrated excessive replication stress 

and high activation of the DDR in glioblastoma cells (Bartkova et al., 2010; 

Carruthers et al., 2018).  SSBs can be repaired by poly-ADP-ribosylation 

(PARylation) leading to recruitment of DNA repair proteins (Saleh-Gohari et al., 

2005).  PARP inhibitors enhance the radiosensitivity of glioblastoma cells, 

probably via their impact on DNA repair, leading to current clinical trials with the 

PARPi olaparib (Dungey, Löser and Chalmers, 2008; Hanna et al., 2020).  Given the 

role of DNA damage in current treatment modalities, it is important to understand 

how the primary mode of oncogene amplification, namely ecDNA, might be 

affected.  

The presence of ecDNA-encoded oncogenes has already been shown to have a 

significant effect on glioblastoma cell characteristics.  EGFRvIII-high GBM39 cells 

have a higher proliferation index (Ki67 staining), less apoptosis, higher glucose 

uptake and higher cell death in response to EGFR inhibitors than EGFRvIII-low 

FACS sorted cells (Nathanson et al., 2014). While these results suggest possible 
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downstream effects of ecDNA loss on glioblastoma characteristics, this is yet to 

be studied in cells where ecDNA copy number and characteristics are 

permanently altered by DNA damage.    

This chapter describes preliminary work exploring the relationship between DNA 

damage, PARylation and ecDNA dynamics in glioblastoma stem cells.  My 

hypothesis is that DNA damage results in ecDNA reorganisation driving them to 

form HSRs by chromosomal integration, which is exacerbated by PARP 

inhibition, leading to a reduction in ecDNA number.  To explore this, I first 

characterised the baseline of DNA damage sites in GSC models and how these 

spatially relate to ecDNA.  I explored the effect of IR on ecDNA dynamics, and 

how this is affected by the PARP inhibitor, olaparib.  Finally, I used CRISPR-

Cas9 with gRNAs targeting EGFR to evaluate the effect of targeted DNA damage 

on ecDNA dynamics, both on ecEGFR and non-EGFR oncogenes located on 

ecDNA.   

5.2 DNA Damage in glioblastoma tumour cells 

Phosphorylation of the histone variant H2AX to form H2AX is a well-recognised 

marker of DNA DSBs, and has been shown to correlate well with sites of active 

DNA damage (Sedelnikova et al., 2002).  To establish the presence of DNA 

damage as a baseline, I assayed for H2AX by IF in primary (E26, E28) and 

recurrent (E37) glioblastoma cells, using NSCs as a reference control (Figure 

5.1A).  In all cases, glioblastoma cells had a greater proportion of nuclei with 

large H2AX foci.  Approximately 40-50% of glioblastoma cells had >5 large foci 

per nucleus compared with 5-15% of NSCs (Figure 5.1B).  This suggests that 

there is already a high baseline of breaks in GSCs, most likely due to replication 

stress.  

The high amount of DNA damage, as detected by H2AX staining, in 

glioblastoma cells harbouring ecDNA raised the question of whether there are 

specifically high levels of damage at ecDNA.  I hypothesised that ecDNA and 

large H2AX foci would be correlated both in terms of number and spatial 

colocalisation. I therefore performed immunoFISH in E26 and E37 nuclei, probing 

for H2AX (IF) followed by DNA FISH for their respective ecDNA-residing 



   

 

5-146   

oncogenes (EGFR and c-MYC respectively).  There was neither a qualitative 

correlation between the number of ecDNA and number of large H2AX foci, nor a 

close spatial relationship between the two (Figure 5.2). As this was apparent from 

direct visualisation and qualitative analysis, detailed quantitative analysis via the 

spot-defining and quantification tools described above was not performed.  In 

addition, such analysis is extremely time intensive and technical, and qualitative 

data combined with the experience of data analysis from Chapter 3 provided 

enough evidence to exclude the hypothesis of ecDNA/H2AX foci colocalisation. 

These data suggest that ongoing replication stress is a feature of glioblastoma 

cells, but active sites thereof are independent of existing ecDNA.   
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Figure 5.1 | H2AX foci in glioblastoma stem cells 

A) Representative images of nuclei from NSC, E26, E28 and E37 cells (DAPI, blue) and H2AX 

immunofluorescence (green).  Scale bar = 5 µm B) Proportion of nuclei with <5 and >5 H2AX foci in E26 

cells (n=2 biological replicates), E28 cells (n =1 biological replicate) and E37 cells (n=2 biological replicates)  
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Figure 5.2 | H2AX foci and ecDNA 

Representative images of ImmunoFISH in E26, E37 and NSC cells probing for H2AX (immunofluorescence, 

red) and the resident ecDNA oncogene (DNA FISH, green).  Scale bar = 5 µm. Biological replicates = 1.   

5.3 Non-specific DNA damage via Ionising Radiation (IR) 

5.3.1 Effect of IR on ecDNA number and characteristics after 24 
hours 

I then wanted to examine the impact of non-specific random DNA damage using 

a clinically relevant strategy and first aimed to characterise IR responses in GSC 

cells. A dose of 4Gy has previously been shown to impair cell survival in 

glioblastoma stem cells and is a clinically relevant dose of IR (Carruthers et al., 

2018).  To confirm that the glioblastoma cell lines selected were radiosensitive 

and that a treatment effect could be seen with 4Gy IR, a modified colony survival 

assay was performed on E26 and E28 cells seeded at varying 
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densities.  Reduced cell survival was seen in both cell lines following a single 

dose of 4Gy IR, and this was more pronounced in E28 cells (Figure 5.3A and 

B).  A range of alternative IR doses could also be performed to validate the 

optimal dose. This would be defined as the dose where a cell response is 

observed but sufficient cells survive for these to be analysed, which was 

successfully achieved with 4Gy.   

First I wanted to assess if there was an effect of 4Gy IR on ecDNA copy number 

after short time period post-IR, as previous studies have evaluated ecDNA 

characteristics at 48h (Shoshani et al., 2021) or ecDNA copy number after 2-3 

weeks of multiple IR fractions (Schoenlein et al., 2003). I probed for EGFR using 

DNA FISH 24 hours after either 4Gy or control conditions (Figure 5.4A). Using 

FITC nuclear signal intensity as a surrogate of the number of EGFR foci per 

nucleus, the number of EGFR foci reduced in both cell lines following 4Gy IR 

(Figure 5.4B).  EGFR DNA FISH of metaphase spreads (Figure 5.4C) at the 

same dose and time point was used to establish if any structural changes in 

ecDNA could be detected. A reduction in the number of spreads with ecDNA was 

also observed in E28 (Figure 5.4D). No large ecDNA were observed in any E28 

metaphase spreads, and although there was a small reduction in the % of 

metaphase spreads with large DMs in E26 cells, the numbers are too small to be 

confident (Figure 5.4E).  This highlights the challenge of studying ecDNA 

evolution in cells such as the E28 cell line which have a relatively sparse number 

of ecDNA.  Many nuclei and metaphase spreads will be needed to have the 

power to observe any changes in E28 cells. In addition, a time-course could add 

further important detail as to the timeframe of ecDNA copy number and structural 

changes.   
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Figure 5.3 | Proportion of cell survival following Ionising Radiation (IR)  

A) Proportion of surviving cells following the indicated conditions at different cell plating densities.  Two 

technical replicates per condition, mean +- SD shown. Unpaired T-test p value – E26 = 0.034, E28 = 0.0003  

B) Representative images of cells from 16k cell plating density in indicated conditions.  Scale bar = 100 

pixels.  Biological replicates = 1.   
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Figure 5.4 | Effect on ecDNA 24 hours after 4Gy IR 

A) Representative images of nuclei from conditions indicated (MIP), scale bar = 10 µm. B) FITC (green – 

EGFR) signal intensity per nucleus, normalised by DAPI signal intensity and size of nucleus.  E26 CTL 

(n=27) and 4Gy (n=37), Mann-Whitney p-value = 0.0001. E28 CTL (n=50) and 4Gy (n=38), Mann-Whitney p-

value = <0.0001.  C) Representative metaphase spreads from indications indicated, scale bar 10 µm. D) 

Percentage of metaphase spreads harbouring ecDNA. E26 CTL (16/20 metaphase spreads) and 4Gy 

(17/22), E28 CTL (7/19) and 4Gy (3/18).  E) Percentage of metaphase spreads harbouring large ecDNA. 

E26 CTL (4/20) and 4Gy (2/22), E28 CTL (0/19) and 4Gy (0/18).  Biological replicates = 1.   
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5.3.2 PARP inhibition and effect on EGFR foci copy number 

To study the effects of PARP inhibition on ecDNA, I chose to use the PARPi 

olaparib - selected on the basis that it is clinically relevant and non-toxic dosing 

regimens are well established.  Olaparib works by trapping covalent PARP-DNA 

complexes (Saleh-Gohari et al., 2005).  PARylation, detected by IF, was increased 

following induction of DNA damage with H2O2 (a positive control), and this was 

blocked in the presence of 1m olaparib, suggesting successful inhibition of 

PARP at this dose (Figure 5.5A).  To establish a baseline impact of olaparib on 

ecDNA copy number, EGFR DNA FISH foci were counted in E26 cells after 24 

hours and 2 weeks exposure to 1M olaparib.  No significant change in the 

number of EGFR foci was observed, although a trend towards reduced number of 

foci was observed after 2 weeks of olaparib (median number of foci – CTL = 41 

vs 4Gy = 25; Figure 5.5B).  These data indicate that PARPi alone does not have 

a marked effect on ecDNA copy number.   
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Figure 5.5 | PARP inhibition with Olaparib 

A) Representative images of immunofluorescence for PolyPAR in indicated conditions in E26 and E28 cells, 

indicating PolyPAR expression following DNA damage with H2O2, and loss thereof in the presence of 

olaparib.  Scale bar = 10 µm. B) Number of EGFR foci (by DNA FISH) following 24 hours and 2 weeks of 

CTL vs olaparib in E26 cells.  Kruskall Wallis - 0.9618, ns. Biological replicates = 1.   
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5.3.3 Combined effect of IR and PARP inhibition on ecDNA 
characteristics 

To evaluate the combined effect of IR and PARPi on ecDNA copy number on a 

larger cell population than could be assayed by DNA FISH alone, cells were first 

evaluated by flow cytometry with EGF-647.   

E26 cells, which harbour many EGFR ecDNA, were treated as outlined in Figure 

5.6.  Flow cytometry demonstrated a reduction in EGF-647 signal following IR, 

with the highest shift to the left seen in IR + olaparib cells (n=2, replicate 1 shown 

in Figure 5.7A). This is reflected in the mean EGF-647 signal (2 biological 

replicates), which is significantly lower following IR, and trends lowest in the IR + 

olaparib cohort (Figure 5.7B).   DNA FISH showed a reduction in number of 

EGFR foci with IR, but not when cells were also treated with olaparib (Replicate 1 

shown in Figure 5.7C).  Plotting the mean number of foci relative to control 

conditions across two replicates shows a trend of reduced EGFR foci number 

following IR that is lost when co-treated with olaparib (Figure 5.7D).  

 

Figure 5.6 | Experiment outline for evaluating combined effect of IR and 
olaparib on ecDNA characteristics 

This was repeated in a cell line with fewer EGFR ecDNA, E28.  Although the 

EGF-647 left shift was not as apparent, once the EGF-647-negative control signal 

was accounted for, the same reduction in EGF-647 signal with IR and IR + 

olaparib could be observed (Figure 5.8A and B).  Subsequent DNA FISH 

detected a significant difference in EGFR DNA foci number across the conditions 

(Kruskall-Wallis, p=0.0136, Figure 5.8C and D).  The difference between the 

number of foci in CTL vs IR cohorts was not significant once multiple hypothesis 

testing was accounted for, although the difference between IR vs IR + olaparib 

was significant.  Again, plotting the mean number of foci relative to control 
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conditions repeats the trend seen in E26 cells of a drop in number of EGFR foci 

that is lost with co-treatment with olaparib (Figure 5.8E).   

 

 

Figure 5.7 | EGFR expression by flow cytometry and DNA FISH in E26 cells 
treated with IR and olaparib 

A) Histogram of flow cytometry of cells treated in indicated conditions (see Figure 3.14 for details), 

normalised to peak counts (y axis) and plotted again EGF-647 signal (x axis).  Replicate 1 of two biological 

replicates shown. B) Mean EGF-647 signal, relative to EGF-647 negative control for each cell line, n=2 

biological replicates. Mean +- SD C) Representative nuclei showing EGFR (green) DNA FISH, conditions 

shown, replicate 1 of two biological replicates shown.  Scale bar = 10 µm D) Number of EGFR foci per 

condition from replicate 1.  Flat line – Kruskall-Wallis p-value 0.0165.  Hooked lines - Mann-Whitney p-value 

(normalised p value) - CTL vs IR = 0.0018 (0.0108), CTL vs IR + olaparib = 0.1546 (0.9276).  E) Combined 

data from two biological replicates indicating mean number of EGFR foci per condition normalised to CTL for 

each replicate.  
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Figure 5.8 | EGFR expression by flow cytometry and DNA FISH in E28 cells 
treated with IR and olaparib 

A) Histogram of flow cytometry of cells treated in indicated conditions (see Figure 3.14 for details), 

normalised to peak counts (y axis) and plotted again EGF-647 signal (x axis).  Replicate 1 of two biological 

replicates shown. B) Mean EGF-647 signal, relative to EGF-647 negative control for each cell line, n=2 

biological replicates. Mean +- SD C) Representative nuclei showing EGFR (green) DNA FISH, conditions 

shown.  Scale bar = 10 µm D) Number of EGFR foci per condition by DNA FISH. Flat line – Kruskall-Wallis 

p-value 0.0136.  Hooked lines - Mann-Whitney p-value (normalised p-value) - CTL vs IR =0.0266 (0.1596), 

CTL vs IR + olaparib = 0.7925 (1.0), IR vs IR + olaparib = 0.0032 (0.0192).  E) Mean number of EGFR foci 

per condition normalised to CTL for each replicate.  

 

5.4 Specific DNA damage via CRISPR-Cas9 

5.4.1 Targeted CRISPR-Cas9 cleavage of EGFR in E26 cells 
harbouring ecEGFR 

I next wanted to examine the impact of specific DNA damage targeting a precise 

genomic locus using CRISPR-Cas9.  
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The CRISPR-Cas9 system involves guide RNAs (gRNAs) targeting specific 

genomic loci that result in site-specific DSBs.  gRNAs were designed targeting 

the 3’ and 5’ ends of EGFR (gEGFR) to assess the impact of ecEGFR cleavage 

in a cell line harbouring ecEGFR (Figure 5.9).

 

Figure 5.9 | Experiment timeline for CRISPR-Cas9-mediated EGFR targeting 
in E26 and E37 cells 

Flow cytometry with the EGF-647 fluorescent ligand confirmed that Cas9_control 

cells had high levels of EGFR, and very few cells with negative signal (mean 

0.31% cells gated as EGFR Negative across n=3 biological replicates, Figure 

5.10). By contrast, Cas9_gRNA transfected cells had a wide distribution of EGFR 

expression, including a larger EGFR negative population suggestive of 

successful ablation of EGFR and loss of the protein on the cell surface (Figure 

5.10) (mean 5.05% cells across n=3 biological replicates - note not significant 

(EGFR Negative population in Cas9_control vs Cas9_EGFR, Mann-Whitney p 

value = 0.100)). 
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Figure 5.10 | Flow cytometry of E26_Cas9_CTL vs E26_Cas9_gEGFR 

Percentage of cells in EGFR High, Low and Negative groups as measured by flow cytometry (see Figure 

5.11A for gates) across n=3 biological replicates, mean+- SEM.  Kruskall-Wallis p values – EGFR High = 

0.05, EGFR Low = 0.011, EGFR Neg = 0.011. 

Glioblastoma cells grow slowly, are challenging to clonally expand and have the 

risk of selection of unusual variants that are not representative of the high 

heterogeneity seen in glioblastoma.  Given how well EGFR DNA and EGF-647 

flow cytometry signals correlated (Chapter 4 Section 4.8.1), flow cytometry 

seemed an appropriate tool to generate pools of deleted cells that cover a 

diverse spectrum of the genetics from the parental populations.  Cells were FACS 

sorted into EGFR High, Low and Negative groups, the gating of the latter two 

groups being determined using negative controls (NSC and EGF-647-negative) 

(Figure 5.11A).  Following recovery, these pooled cell populations were validated 

by repeat flow cytometry with the EGF-647 ligand, and by immunoblot.   

Flow cytometry confirmed an EGF-647 High cohort in EGFR-CTL cells, an 

intermediate EGF-647 cohort in the EGFR-Low cells, and a distinct EGF-647 

negative cell population in EGFR null cells (Figure 5.11C). Immunoblotting 

detected a strong band at 145kDa, in keeping with EGFRvIII, and a fainter band 

at 175kDa, consistent with EGFR wt, in EGFR-CTL cells (Figure 5.11D).  The 

EGFR wt band can be faintly seen in the EGFR-Low cells.  No bands are visible 

in EGFR-null cells.  
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Having confirmed the loss of EGFR protein, DNA FISH on metaphase spreads 

was utilised to characterise ecEGFR in these sorted cell populations (Figure 

5.11E).  EcEGFR could still be detected on metaphase spreads from EGFR-CTL 

cells, but no ecEGFR were observed in EGFR-Low or EGFR-Null cells, although 

the endogenous chromosomal EGFR loci could be visualised (see arrows, Figure 

5.11E).  

These data suggest that CRISPR-Cas9 targeting an oncogene present on 

ecDNA can eliminate these ecDNA.   
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Figure 5.11 | E26 EGFR CTL, Low and Null cells 

A) Flow cytometry for EGF-647 in indicated cell lines, arrow denotes FACS gating for cell sort into EGFR 

negative (green), low (purple) and CTL (pink) cohorts.  B) Bar plot showing % of cells in each gate shown in 

EGF-647+ samples in A).  C) Flow cytometry for EGF-647 confirming EGFR CTL, Low and Null cell pools 

recovered after FACS.  D) Western blot for EGFR and GAPDH.  E) Representative metaphase spreads from 

E26 cell lines shown.  EGFR Low and Null populations = number of metaphases with ecEGFR/total number 

of metaphase spreads visualised. Arrows = chromosomal EGFR. Scale bar = 10 µm. Biological replicates = 

1.   
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5.4.2 EcEGFR loss in E26 EGFR Low and Null cells confirmed by 
WGS  

WGS was used to further characterise the genome of the sorted cell 

populations. Read count profiles of the E26 EGFR CTL, Low and Null cell lines 

reveal an overall increase in copy number of reads on chromosome 7 suggestive 

of some aneuploidy (Figure 5.12A).  WGS data (Figure 5.12B) suggests that 

EGFRvIII amplicons with the same profile as the original cell line remain in the 

CTL cell line, but are lost in the EGFR Low or Null cell lines, in keeping with the 

loss of EGFR ecDNA seen by DNA FISH.  This was verified by bioinformatics 

analysis using AA, in addition to confirming that no other new amplicons had 

emerged.  Plotting the CNV regions identified by AA against their copy number 

confirmed that the only amplified regions were from chromosome 7 in the EGFR 

CTL cell line (Figure 5.12C and D), and these four regions mapped to the 

amplified region (see ‘CNV regions’, Figure 5.12A).  AA profiled one amplicon 

region, classified as ‘complex cyclic’, which, allowing for differences in 

sequencing depth, appear similar to the amplicon of the original cell line (Figure 

5.12E).  No amplicons were identified by AA in the EGFR Low and Null cell lines. 

 

These data suggest targeted cleavage of ecDNA amplicons via CRISPR-Cas9 

can lead to loss of ecDNA and reduced expression of their resident oncogene. 

This is sustained in cell lines pooled by oncogene expression status, and ecDNA-

negative cell lines can be produced by this method without introducing new 

amplicons.   
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Figure 5.12 | WGS and AA analysis of E26 EGFR CTL, Low and Null cell lines 

 A) Copy number profile (15kbp normalised) of E26 EGFR CTL, Low and Null cell lines.  Red box = chr7 

region highlighted by arrows.  Blue box = copy number amplifications seen in EGFR CTL.  B) WGS of E26 

(original cell line) and EGFR CTL, Low and Null cell lines.  C) AA CNV regions by chromosome plotted 

against CN for EGFR CTL, Low and Null cell lines.  D) As C) but plotted together.  E) Amplicon detected in 

E26 EGFR CTL cell line via AA.   
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5.4.3 Targeted CRISPR-Cas9 cleavage of EGFR in E37 cells 
harbouring EGFR HSRs and ecMYC 

I repeated this strategy in a recurrent glioblastoma cell line harbouring EGFR 

HSRs and c-MYC ecDNA.  Flow cytometry confirmed higher EGFR expression in 

E37 cells in comparison to NSCs, in keeping with WGS data showing EGFR 

amplification (Figure 5.13A and B).  As for E26 cells, E37 cells treated by 

CRISPR-Cas9 and the same EGFR-targeting gRNAs used above were initially 

sorted into EGFR CTL and Null cell pools (Figure 5.13A).  A subsequent FACS 

sort of the original CRISPR-Cas9 pooled cells was performed to generate the 

EGFR Low population (See Appendix 8.8).  Following cell recovery, these cells 

populations could be validated by flow cytometry; despite stepwise FACS sorting, 

EGFR CTL, Low and Null populations had a stepwise reduction in EGFR 

expression suggesting these were sustained and defined populations (Figure 

5.13C).  Immunoblotting confirmed loss of EGFR expression. Surprisingly, 

subsequent probing for c-MYC suggested loss of MYC expression in the EGFR 

Null population (Figure 5.13D).   

As might be expected, E37 EGFR Null cells appeared to grow more slowly.  To 

confirm this, cell growth was measured by live-cell time-lapse imaging and 

estimates of cell confluence (using Incucyte).  EGFR null cells morphologically 

appeared to have longer extension processes than EGFR Low or CTL cells 

(Figure 5.14A) and, although they proliferated, they were sparser at day 5 and 

day 12.   

I grew E37 and NSC cells in in media that can drive a proliferative (serum) and 

quiescent (BMP, -EGF/FGF) growth trajectory to establish the response of 

unedited cells.  This showed that E37 cells grow more rapidly in serum, in 

keeping with a proliferative phenotype, and slower in conditions that drive 

quiescence (Figure 5.14B).  E37 EGFR CTL and Low cells demonstrated very 

similar growth trajectories to the original E37 cell line.  In contrast, E37 EGFR 

Null cells grew more slowly, although a proliferative response to serum was 

observed independent of EGFR signalling (Figure 5.14C).   

To confirm that this did not represent a false confluence reading due to increased 

cell spreading and size, proliferation in the presence of serum was confirmed by 
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the presence of Ki67 after 7 days in serum vs +EGF/FGF media (Figure 5.15). 

This suggests that, despite the loss of key oncogenes on ecDNA, cells can 

remain proliferative when in the astrocyte differentiation state and are not 

impacted by EGFR loss; but GSCs in the neural stem cell-like state require 

EGFR for maximum proliferative capacity. 

Taken together, these data show that CRISPR-Cas9-targeting of a non-ecDNA-

resident EGFR can generate a cell population where EGFR expression is lost, 

with concurrent loss of MYC expression despite MYC being untargeted by Cas9 

and located separately on ecDNA.  These cells can remain proliferative despite 

the loss of these oncogene drivers.   
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Figure 5.13 | E37 EGFR CTL, Low and Null cell lines (replicate one) 

A) Flow cytometry for EGF-647 in indicated cell lines, arrow denotes FACS gating for cell sort into EGFR 

negative (black) and CTL (red) cohorts.  See Appendix 8.8 for EGFR Low FACS. B) Bar plot showing % of 

cells in each gate shown in EGF-647+ samples in A).  C) Flow cytometry for EGF-647 confirming EGFR 

CTL, Low and Null cell pools recovered after FACS, with bar plot indicating EGFR High, Low and Negative 

populations denoted in FACS gates.  D) Western blot for EGFR, MYC and GAPDH.  Biological replicates = 

1.   
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Figure 5.14 | Growth of E37 EGFR CTL, Low and Null cells 

A) Images of cells 5 days and 12 days after plating, demonstrating slower growth of E37 EGFR Null cells. 

Scale bar = 300 µm. B) Growth curve of E37 and NS9 (NSC) cells C) Growth curves of cells grown in the 

indicated conditions. Biological replicates = 1.    
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Figure 5.15 | Ki67 staining in E37 EGFR CTL, Low and Null cells 

Immunocytochemistry for Ki67 (green) in cells grown in control media (+EGF/FGF) vs 5% serum.  DNA = 

DAPI (blue). Scale bar =100 µm.  Biological replicates = 1.   

5.4.4 DNA FISH of EGFR Null cells indicates major ecDNA 
rearrangements 

Having characterised EGFR and MYC protein expression, I then sought to 

characterise these loci using DNA FISH.  I expected to see a loss of EGFR and 

MYC foci on metaphase spreads in the E37 EGFR Null population.  DNA FISH 

for EGFR and MYC suggested not only a reduction in the number of clear EGFR 

HSRs but also a reduction of ecMYC in E37 treated with Cas9-gEGFR. An 

increase in MYC HSRs and foci of MYC signal on chromosomes was also 

detected in the EGFR-null cell population (Figure 5.16).  This suggests that 

CRISPR-Cas9 targeting EGFR likely ablated EGFR expression in the EGFR Null 

cells via the introduction of indels, but more unexpectedly, resulted in major 

ecDNA rearrangements in a non-target ecDNA locus.   
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Figure 5.16 | E37 EGFR CTL, Low and Null metaphase spreads (replicate 
one) 

Representative images of FISH signals on metaphase spreads from E37 sorted populations, with white 

arrows indicating HSRs.  Scale bar = 10 µm. Bar chart showing percentage of metaphase spreads with 

indicated features.   Number of metaphases counted per cell line: EGFR CTL = 9, EGR Low = 9, EGFR KO 

= 12.  Biological replicates = 1.   

5.4.5 Repeat targeting of EGFR via CRISPR-Cas9  

To validate this result, a biological replicate was performed (Figure 5.17A and B). 

For this replicate, the EGFR Null population was re-sorted by FACS as a broad 

population recovered following initial FACS sorting (Figure 5.17C), suggesting 

less efficient CRISPR-Cas9 cleavage than in the first experiment.  On 

subsequent validation by flow cytometry, the three EGFR CTL/Low/Null 
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populations were clearly sustained and separate (Figure 5.17D).  Immunoblot 

showed progressive loss of EGFR across the three populations (Figure 5.17E).   

DNA FISH for EGFR and MYC showed a reduction in the number of EGFR HSRs 

in the EGFR Null population, consistent with the first biological repeat.  I 

observed changes in MYC characteristics, including presence of HSRs and larger 

ecDNA seen in 37.5% (6/16) of metaphase spreads (Figure 5.18).   

Overall, this is suggestive of major ecMYC rearrangements following EGFR-

targeted CRISPR/Cas9 cleavage.  This is an unexpected result and suggests 

ecDNA are vulnerable to a broader DDR even when another genomic locus is 

targeted. 
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Figure 5.17 | E37 EGFR CTL, Low and Null cell lines (replicate two) 

A) Flow cytometry for EGF-647 in indicated cell lines, arrow denotes FACS gating for cell sort into EGFR 

negative (green), low (purple) and CTL (pink) cohorts.  B) Bar plot showing % of cells in each gate shown in 

EGF-647+ samples in A).  C) Flow cytometry for EGF-647 confirming EGFR CTL, Low and Null cell pools 

recovered after FACS, with bar plot indicating EGFR High, Low and Negative populations. Inset of FACS 

gating of red gate (EGFR negative) population that was re-sorted. D) Following recovery, flow cytometry for 

EGF-647 confirming EGFR CTL, Low and Null cell pools. E) Western blot for EGFR and GAPDH.  Biological 

replicates = 1.   
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Figure 5.18 | E37 EGFR CTL, Low and Null metaphase spreads (replicate 
two) 

Representative images of metaphase spreads, with white arrows indicating HSRs. Inset highlighting large 

ecDNA. Scale bar = 10 µm, inset 5 µm.  Bar chart showing percentage of metaphase spreads with indicated 

features.  Number of metaphases counted – EGFR CTL = 4, EGFR Low = 3, EGR KO = 16. Biological 

replicates = 1.   

5.4.6 WGS and AmpliconArchitect analysis of E37 EGFR Null 
cells indicate changes in MYC ecDNA copy number  

Rearrangements of c-MYC were further evaluated by WGS. Read count profile of 

both biological repeats suggested higher read counts in regions on chromosome 

7 and 8 only (Figure 5.19A and Figure 5.20A).   

WGS read number profile is shown in comparison to E37 WGS of the original cell 

line, noting the lower depth of sequencing of the CRISPR-Cas9 samples (Figure 

5.19B).  The amplicon regions containing EGFR (Figure 5.19B; left) and MYC 

(Figure 5.19B; right) are both lowest in copy number in the EGFR Null cell 

line.  Analysis with AA suggests that the CNV regions most highly amplified in all 

three cell lines are the region including c-MYC (Figure 5.19C).  The two 

populations identified in the original E37 cell line (chr7-chr8 hybrid (containing 

EGFR) and chr8 circular (containing c-MYC)) were all present in the EGFR CTL, 

Low and Null cell lines (Figure 5.19D).  Additional amplicons were also identified 
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(Total number of amplicons called: EGFR CTL – 5, EGFR Low – 4, EGFR Null – 

4), although these may be reflective of shallow sequencing rather than true 

amplicons.  When the copy number of the three amplicons were plotted, while 

there is a subtle reduction in the copy number of the hybrid amplicon containing 

EGFR, the notable change is in chr8-MYC-containing amplicon across the three 

cell populations (Figure 5.19E).  

To validate this finding, I repeated the analysis in biological replicates.  WGS 

profile in the EGFR Null cell line was similar to the other cell lines across the 

EGFR amplicon region, suggesting less efficient knock-out of EGFR, and a less 

marked reduction in the MYC amplicon is also apparent (Figure 5.20B).  This 

may explain why I observed less efficient EGFR KO following CRISPR-Cas9-

gEGFR targeting when initially analysed by flow cytometry with EGF-647 (Figure 

5.17). Again, the MYC-containing CNV region was the most amplified across all 

three cell lines (Figure 5.20C).  The EGFR-hybrid and MYC-chr8 amplicons were 

identified in all three cell lines along with other amplified regions (see caveats 

above) (Figure 5.20D). The copy number of the MYC-chr8 amplicon is highest in 

EGFR Low cells and lowest in EGFR KO cells (Figure 5.20E).  Note in these 

biological replicates, AA only predicted one additional amplicon in the EGFR Low 

cell line (Total number of amplicons called: EGFR CTL – 3, EGFR Low – 4, 

EGFR Null – 3).   

Overall, WGS and AA analysis suggest that CRISPR/Cas9-induced DNA damage 

targeting a locus (EGFR) leads to rearrangement of a non-targeted, (c-MYC) 

oncogene harbouring ecDNA population, despite less efficient EGFR targeting in 

the biological repeat.  This was surprising and suggests that the maintenance of 

ecDNA is compromised by induced DSBs in a cell. Activation of the DDR in one 

ecDNA population can lead to secondary effects that affect other ecDNA that are 

not directly cleaved.  
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Figure 5.19 | WGS and AA analysis of E37 EGFR CTL, Low and Null cell 
lines (replicate one) 

A) Copy number profile (15kbp normalised) of E37 EGFR CTL, Low and Null cell lines. Red box = chr7 and 8 

regions.  B) WGS of E37 (original cell line) and EGFR CTL, Low and Null cell lines. C) AA CNV regions by 

chromosome plotted against CN for EGFR CTL, Low and Null cell lines, plotted separately and together. D) 

Amplicon in E37 EGFR CTL, Low and Null cell lines via AA.  E) Copy number of regions shown in D)  
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Figure 5.20 | WGS and AA analysis of E37 EGFR CTL, Low and Null cell 
lines (replicate two) 

A) Copy number profile (15kbp normalised) of E37 EGFR CTL, Low and Null cell lines. Red box = chr7 and 8 

regions. B) WGS of E37 (original cell line) and EGFR CTL, Low and Null cell lines. C) AA CNV regions by 

chromosome plotted against CN for EGFR CTL, Low and Null cell lines, plotted separately and together. D) 

Amplicon in E37 EGFR CTL, Low and Null cell lines via AA.  E) Copy number of regions shown in D)  
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5.5 Discussion 

5.5.1 DNA damage in glioblastoma stem cells 

DNA strand breaks play a central role in ecDNA formation and subsequent 

dynamics. It is thought that ecDNA originate primarily through chromothripsis 

leading to rearrangements and circular recombination, with more recent work 

also highlighting the role played by DNA damage in ecDNA reintegration 

(Stephens et al., 2011; Rosswog et al., 2021; Shoshani et al., 2021).  The only 

standard non-surgical treatments of glioblastoma, namely radiotherapy and TMZ 

chemotherapy, induce DNA damage (Erasimus et al., 2016).  Activation of the DDR 

and altered DNA repair mechanisms are both implicated in tumour recurrence 

and poor prognosis in glioblastoma (Lozinski et al., 2021).  The data in this chapter 

give some preliminary indications of how ecDNA in glioblastoma stem cells 

respond to different types of DNA damage – non-specific DNA damage in the 

form of IR, and targeted DNA damage via CRISPR-Cas9.  Identification of some 

unique vulnerability of ecDNA, and an ability to clear these through modulating 

DNA repair pathways, might be of great interest therapeutically. 

Previous analysis of glioblastoma stem cells have shown constitutive activation of 

the DDR machinery using H2AX as a marker, a characteristic which has been 

linked with replication stress, radioresistance and tumour recurrence (Bao et al., 

2006; Bartkova et al., 2010; Carruthers et al., 2018).  My data confirmed that our GSC 

cultures harbour ongoing sites of DNA damage as visualised by staining for 

H2AX, consistent with these previous studies.  Cells with ecDNA have been 

suggested to harbour increased markers of replication stress, although it is not 

reported whether this is in a single or pooled cell analysis (conference abstract, 

(Chowdhry et al., 2022). I did not observe any obvious spatial relationship between 

ecDNA and H2AX foci (sites of active DNA damage), suggesting that while 

these features are present, there is no enrichment of DNA damage on 

ecDNA.  This is supported by data suggesting ecDNA are formed as a result of a 

single catastrophic event rather than ongoing DNA damage and cumulative 

events (Stephens et al., 2011).   
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5.5.2 Non-specific DNA damage via IR 

Using IR to induce non-specific DNA damage is not only clinically relevant to 

glioblastoma, but also allows dsDNA strand breaks to be generated in a time and 

dose-controlled manner.  I sought to characterise more immediate changes in 

ecDNA dynamics within days of DNA damage induction.  My data suggest a 

reduction in ecDNA number only 24 hours after irradiation.  Further, combining IR 

with the PARP inhibitor olaparib results in a reduction in EGFR expression but an 

apparent protection in ecDNA copy number.   

Previous studies have also recognised a loss of ecDNA after IR (Schoenlein et 

al., 2003), although my data suggest this happens early following IR, and in 

primary glioblastoma cells.  Another analysis at a similar early time point noted 

integration of ecDNA to chromosomes (as focal and ectopic HSRs) and 

generation of larger ecDNA, which was further enhanced in the presence of 

PARPi (Shoshani et al., 2021). However, integration alone would not explain the 

reduction in copy number.  Are ecDNA specifically damaged, leading to their 

linearisation and destruction, or are cells with ecDNA more genomically unstable 

and therefore fail to survive by another mechanism?  IR would not be expected to 

have an effect on cell survival 24h after IR (and indeed there was no subjective 

cell loss observed) but this could be further evaluated using an alternative assay 

for cell survival (these are outlined in Section 2.6.1.1).  Cells could be separated 

by FACS using the EGF-647 fluorescent ligand into ecDNA high and low 

populations, and compare cell survival to establish if ecDNA copy number is 

correlated with radiosensitivity.   

In addition, the synergistic reintegration of ecDNA following IR and PARPi would 

not explain the contrasting observation between EGFR copy number (DNA FISH) 

and EGFR expression (flow cytometry), given that the data presented in Chapter 

4 suggest expression of oncogenes is not significantly different at ecDNA vs 

chromosomal loci. PARP1 is known to regulate transcription in addition to its 

DNA damage response (Lee et al., 2012; Rose et al., 2020).  My results may 

represent the combined effects of IR on ecDNA reintegration, and PARP-induced 

transcriptional repression of EGFR.  Another possibility is that PARP-trapping on 
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ecDNA prevents the copy number loss of ecDNA following DNA damage, while 

simultaneously resulting in transcriptional repression.   

Subsequent experiments will be needed to validate these observations and 

increase sample numbers.  In order to characterise EGFR expression following 

IR and PARP inhibition, FlowFISH, a tool that allows RNA expression to be 

quantified by flow cytometry, could be used (Fulco et al., 2019).  This would 

confirm the loss of ecEGFR following IR and whether PARPi results in its 

transcriptional repression. I could also use RNA FISH to visualise RNA 

transcripts, although the sample number would be smaller.  

A strategy for higher throughput genomic analysis is needed to better 

characterise ecDNA dynamics. WGS analysis can, as shown in relation to 

targeted ecDNA damage, give some indication of ecDNA characteristics and 

copy number.  I would propose to utilise shallow WGS in the first instance to 

validate the observations from DNA FISH, specifically ecDNA copy 

number.  Having validated these findings, I would then optimise tools to 

characterise these further.  Metaphase spreads offer a low throughput, subjective 

means of characterising DNA arrangements that current WGS analysis tools 

such as AmpliconArchitect cannot (e.g. HSR vs ecDNA). Long-read sequencing 

using Oxford Nanopore Technology (ONT) also offers a means of more deeply 

characterising the likely highly diverse population of ecDNA present in these 

glioblastoma cell lines.  Isolating, enriching and characterising ecDNA by long 

read sequencing (Hung et al., 2022) could be one strategy for characterising 

individual ecDNA reads within a cell population.  

5.5.3 Targeted DNA damage via CRISPR-Cas9 

Non-specific DNA damage via IR generated loss of ecDNA copy number.  I used 

a targeted DNA damage strategy to evaluate whether targeting this DNA damage 

specifically to ecDNA resulted in comparable observations, and indeed whether 

this might represent an ecDNA-specific therapeutic approach.  I used CRISPR-

Cas9 to target the EGFR oncogene present on ecDNA in E26 cells.  One might 

have expected this to simply create indels, thereby affecting EGFR expression 

and function.  Unexpectedly, this generated a large population of cells where 

ecDNA harbouring EGFR were eliminated, while retaining chromosomal EGFR 
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foci on metaphase spreads in-keeping with the known chromosome 7p11.2 

localisation of endogenous EGFR (3-6 copies of chromosome 7 per cell).  This 

might be due to linearisation and subsequent degradation of the ecDNA by 

nucleases, or a broader DDR.  This is an entirely novel result not previously 

reported. (Shoshani et al., 2021) designed TALENs and CRISPR-Cas9 tools to 

target DHFR ecDNA generated in HeLa cells via MTX selection.  They used a 

sgRNA approximately 3.5kb centromeric to the DHFR locus and reported approx. 

6-22% DM reintegration depending on the exact strategy used, and no comment 

is made suggesting ecDNA deletion or loss without integration.  This may reflect 

the type of cells studied, with ecDNA induced by drug selection (and requiring 

ongoing drug treatment for their maintenance) as opposed to the glioblastoma 

cells here where ecDNA are already established and stable. A study of 

mitochondrial eccDNA (mtDNA) used CRISPR/Cas9-guided cleavage with 

subsequent exonuclease degradation to remove most (>85%) eccDNA from a 

range of mouse and human cells (Feng et al., 2022), although mtDNA is notably 

smaller than ecDNA at only 14-20kb.  My data provides the first evidence that 

ecDNA might be removed via CRISPR-Cas9 targeting, eliminating a major 

source of oncogene amplification.   

A possible caveat to my experiments is that I have inadvertently selected for a 

small proportion of pre-existing ecDNA-null E26 cells rather than creating new 

ecDNA null populations. This seems unlikely as in all flow replicates (n=3), <1% 

of the Cas9_CTL existed in the EGFR-negative population, and the EGFR-low 

population is also sparse (Figure 5.10).  In addition, previous data using FACS to 

sort GBM39 cells harbouring ecEGFRvIII into EGFRvIII-high and -low populations 

saw the re-establishment of a mixed population within 2 weeks of sorting by 

EGFRvIII status (Nathanson et al., 2014), in contrast with the sustained change in 

EGFR status shown here.  The experiment could be repeated with dead Cas9 

(dCas9), a non-catalytically (and therefore non-cleaving) version of Cas9, or 

dCas9-KRAB (Li et al., 2021) which would silence EGFR expression without 

cleaving EGFR. If the results showed that there was no ecEGFR loss without 

active Cas9-driven cleavage, this would support the hypothesis that ecEGFR are 

being targeted, cleaved and lost.   
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Overall, the effect of the DDR in reducing ecDNA copy number despite the DDR 

being responsible for ecDNA genesis via chromothripsis raises the question of 

whether ecDNA are a critical entity in established glioblastoma cells or merely a 

side-effect of upstream events.  Therefore further experiments should explore the 

effect of ecDNA loss on tumorigenesis and treatment 

susceptibility.  Tumorigenesis could be evaluated by characteristics such as 

proliferation (e.g. Ki67, EdU incorporation) and the ability to generate mouse 

tumour xenografts.  This would robustly demonstrate whether loss of ecDNA 

affects the ability of tumours to develop and thrive. Treatment susceptibility to IR 

and other anti-cancer therapeutics (e.g. TMZ) could be assessed via cell survival 

assay and cell death.  These are important tools for assessing the true 

importance of ecDNA in cancer maintenance, and therefore whether they 

represent a meaningful potential therapeutic target.   

I also found that targeted CRISPR-Cas9-induced DNA damage of a non-ecDNA 

oncogene generated an unexpected copy number and structural change on the 

c-MYC-containing ecDNA population in E37 cells.  This is another hugely exciting 

and unexpected finding.  This may represent an off-target effect of CRISPR-Cas9 

- it has been suggested that >50% RNA-guided endonuclease mutations occur at 

non-target sites with CRISPR-Cas9 in a manner that cannot solely be resolved by 

reducing gRNA or CRISPR-Cas9 concentrations (Fu et al., 2013; Zhang et al., 

2015). Another possibility is that ecDNA loss is due to the induction of a large 

number of DSBs and the DDR, or is representative of the inherent flexibility of 

ecDNA-harbouring cells.  It would be interesting to observe whether random DNA 

damage via IR generated a similar effect on the MYC locus.   

My findings suggest that there may be off-target effects of inducing focused DNA 

damage and targeting ecDNA.  Again, it is possible that I have selected a small 

pre-existing subpopulation of cells. To validate these observations, the 

experiment could be repeated with nuclease dCas9, or dCas9-KRAB (Li et al., 

2021).  I could then FACS-sort cells using the same gating strategy and use the 

analysis tools presented here to characterise the ecDNA population.  This would 

confirm that the observed changes in c-MYC ecDNA were a result of off-target 

DNA damage effects rather than due to cell selection.  In addition, I would 
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propose to repeat this experiment in another cell line with another non-EGFR 

ecDNA-harbouring glioblastoma cell line, such as E20, to confirm this is not a cell 

line-specific effect.  As above, further studies could expand on the phenotypic 

changes observed in E37 cells to characterise features such as tumorigenesis 

and treatment susceptibility.  A more detailed study of DNA damage and repair 

proteins could then elucidate the mechanism behind this exciting observation.   

Both experiments highlight some limitations of existing WGS analysis tools in 

evaluating ecDNA amplicons, but the impact is more significant in the analysis of 

E37.  AA is not designed to differentiate HSRs and ecDNA, and indeed was 

unable to do so in E37, which FISH shows harbours EGFR HSRs, despite AA 

predicting a circular ecDNA amplicon.  In addition, shallower sequencing data, as 

is presented here in the CRISPR-Cas9 samples, results in broken circles that 

cannot be identified by AA. Overall, this limits the interpretation of AA data in 

characterising ecDNA structural changes, although it remains useful in identifying 

amplified regions and quantifying the copy number of these regions.  Other tools, 

such as long read sequencing and enrichment of ecDNA prior to sequencing 

(Hung et al., 2022), offer methods to overcome these limitations. 

In conclusion, these data indicate ecDNA are vulnerable to DNA strand breaks 

which have a major impact on ecDNA copy number, morphology and function.  

Crucially, this appears to occur via direct targeting of ecDNA and an as-yet 

undefined broader DDR affecting ecDNA.  Understanding ecDNA maintenance, 

and their corresponding role in tumour maintenance and evolution, is crucial for 

their potential therapeutic exploitation.   
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Chapter 6 Conclusions 

Glioblastoma is a cancer with limited treatment options and poor prognosis, 

characterised by intratumoural genomic heterogeneity and molecular subtypes 

defined by core oncogene amplifications (Cancer Genome Atlas Research Network, 

2008; Verhaak et al., 2010; Brennan et al., 2013; Stupp et al., 2014; Wang et al., 

2017).  Similarly, ecDNA are associated with treatment resistance and poor 

prognosis, intratumoural copy number heterogeneity and are the location of all 

key oncogene amplifications (Turner et al., 2017; Kim et al., 2020).  Given that 

ecDNA are particularly common in glioblastoma compared with other cancers 

(Turner et al., 2017; Kim et al., 2020), it creates an attractive hypothesis that many 

of the characteristic features of glioblastoma could be attributed to ecDNA.  At a 

minimum, it implies that glioblastoma represents an important model in which to 

study the fundamental characteristics of ecDNA and whether they deploy some 

regulatory mechanisms that might be targeted therapeutically.   

6.1 Patient-derived glioblastoma cells as a model for the 
study of ecDNA 

During my PhD, I had access to primary and recurrent glioblastoma cell lines 

harbouring characteristic glioblastoma oncogene amplifications via the 

GCGR.  These included three of the classical subtype (E26, E28, E37) and two of 

the proneural subtype (E20, E25), in addition to a primary NSC forebrain-derived 

cell line cultured as part of the same GCGR collection.  Having selected these 

glioblastoma cell lines on the basis of copy number profiles of key oncogenes 

(EGFR, PDGFRA, CDK4), I showed that ecDNA copy number is dynamic, and 

varies by passage number and cell line, in agreement with previous studies 

(Turner et al., 2017; Lange et al., 2022).  I characterised the ecDNA in these cell 

lines using DNA FISH and WGS analysis, showing that all amplified oncogenes 

were located on ecDNA or HSRs.  This supports previous findings that all 

amplified oncogenes are found on ecDNA (Turner et al., 2017).  

Bulk WGS analysed using AA suggested that some ecDNA represent quite 

simple structures, such as the EGFR amplicon in E28 cells or the PDGFRA 

amplicon in E20 cells.  In contrast, other amplicons appeared far more complex, 

such as E25 amplicons, and the CDK4 amplicon in E20 cells.  Whilst not the 
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focus of this thesis, this raises some interesting questions about the origins of 

ecDNA, with recent studies citing chromothripsis as being both very common in 

glioblastoma and the predominant source of ecDNA (Cortés-Ciriano et al., 2020; 

Rosswog et al., 2021; Shoshani et al., 2021).  The mechanism of chromothripsis 

might explain the more complex, multi-fragmented nature of some amplicons, 

whereas simpler ecDNA structures might be more easily explained by the post-

replicative episome model.  It may be that multiple mechanisms can result in 

ecDNA formation, or that simple ecDNA can be further fragmented by 

micronuclei-driven chromothripsis (C.-Z. Zhang et al., 2015; Shoshani et al., 

2021).  Studies using primary cell lines, including gliomas, mainly support the 

episome model of ecDNA formation (Vogt et al., 2004; Storlazzi et al., 2006; Hung et 

al., 2022), whereas those using established cell lines or drug-induced ecDNA cell 

models suggest chromothripsis as the primary initiating mechanism (Stephens et 

al., 2011; Shoshani et al., 2021), suggesting the model system may be important. 

An exception to this is a study which used a combination of primary 

neuroblastoma samples, established cell lines and WGS data from over 2500 

cancer samples, which collectively supported the chromothripsis model (Rosswog 

et al., 2021). Uncertainty as to the origins of ecDNA remain. Overall, my data 

suggests that more than one mechanism may be involved, and that this 

represents an important area of future study.   

Comparing genomic analysis tools (bulk WGS and visualisation of genomic loci 

by DNA FISH) also highlighted some of the relative merits and limitations of each 

approach.  Bulk WGS analysis using AA resulted in some errors, such as calling 

an HSR as ecDNA (E37 - EGFR), calling a circular amplicon as linear (E20 - 

PDGFRA), and being unable to identify rare subclones (E20 - CDK-PDGFRA 

amplicon).  These limitations of AA have been recognised previously (Deshpande 

et al., 2019; Kim et al., 2020; Hung et al., 2022), although they are not widely 

discussed in ecDNA literature.  In all cases, these were validated by DNA FISH 

on metaphase spreads, a tool that is low throughput and requires good quality 

metaphase spreads, DNA FISH probes and high resolution imaging, all of which 

can be challenging. Both approaches will significantly underestimate the diversity 

of ecDNA species present in a single nucleus, let alone the many cells 

comprising a whole tumour.  Methods such as isolation and enrichment of ecDNA 
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prior to sequencing (Hung et al., 2022), long read sequencing (Wu et al., 2019) or 

multi-modality tools such as spatial transcriptomics (Walentynowicz et al., 2023) 

could represent key technologies in the future study of ecDNA, particularly at a 

single cell level.  Selection of an appropriate in vitro cellular model both for 

glioblastoma and ecDNA is important to ensure my findings are biologically and 

clinically relevant.  Overall, I demonstrated that glioblastoma cell lines from the 

GCGR harboured ecDNA and represented a tractable and disease-relevant 

model for the study of ecDNA dynamics.   

6.2 Spatial organisation and transcriptional regulation of 
ecDNA 

Next, I addressed the core question of transcriptional efficiency of ecDNA by 

evaluating the spatial organisation and transcriptional regulation of ecDNA in 

glioblastoma cells.  I used quantitative image analysis of super-resolution imaging 

to show that ecDNA are not clustered, either with each other or with 

transcriptional hubs, at distances associated with coordinated transcription 

(Figure 6.1). My data supported a more central organisation, suggestive of the 

spatial freedom of ecDNA relative to chromosomes, and a regional localisation 

more reflective of the non-random organisation of the nucleus into chromosome 

territories and A/B compartments.  This contrast with other published data may 

be due to differences between the primary cell cultures used here and previously 

studied established cell lines, including the Colo320DM cell line which harbours 

multiple copies of MYC on each ecDNA (Wu et al., 2019; Hung et al., 

2021).  Additionally, the analysis presented here represents 3D analysis of well-

resolved DNA foci, rather than the potential artifacts caused by poor quality 

imaging or current live cell imaging approaches (Hung et al., 2021; Yi et al., 

2021). This new analysis methodology represents an important tool now available 

to others in the field.   

I also showed that transcriptional hubs are not frequent and do not colocalise with 

ecDNA, including nascent ecDNA-resident oncogene transcripts. Hubs may not 

be important in GSCs, and indeed this has been suggested in other cancers. The 

number of hubs (described as ‘RNA Pol II Condensates (PCs)’) in a study of 

HCT116 (colorectal cancer) cells demonstrated a similar range of PCs per 



   

 

  6-185 

nucleus as observed here (Imada et al., 2021). In Ewing sarcoma, it has been 

shown that an unexpected effect of a characteristic chromosomal translocation 

could abrogate TF activity required for phase separation, with the subsequent 

hypothesis that failure of hub formation could represent a broader pathogenic 

phenomenon (Boulay et al., 2017; Palacio and Taatjes, 2022).  Overall, cancer cells 

likely harbour markedly different characteristics, including transcriptional 

regulation, as compared with the models used in many studies of phase 

separation and transcriptional hubs, regardless of the presence of ecDNA. Given 

that RNA Pol II-ecDNA colocalisation has thus far only been proposed by ChIA-

PET and subjective calling of imaging (Yi et al., 2021; Zhu et al., 2021), further 

studies should establish whether RNA Pol II binding with ecDNA binding differs 

from that of chromosomal loci.

 

Figure 6.1 | Hypotheses for ecDNA transcription 

Top – Existing hypothesis for ecDNA transcription driven by ecDNA-ecDNA and ecDNA-RNA Pol II hubs.  

Bottom – Hypothesis proposed by this thesis – that ecDNA transcription is independent of ecDNA-ecDNA 

and ecDNA-RNA Pol II hubs.   

I subsequently demonstrated via super-resolution imaging and sequencing 

analysis that the greater transcriptional output from oncogene-resident ecDNA is 

primarily driven by copy number rather than increased transcription at individual 

ecDNA loci.  This was most definitively demonstrated by SNP analysis, which 
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included genes not under the same selective pressure as oncogenes.  Although 

other studies have proposed that transcription from ecDNA exceeds that 

observed by copy number alone, closer examination of copy number-normalised 

data suggests overall agreement with my findings (Wu et al., 2019; Kim et al., 2020; 

Stöber et al., 2023).   

Overall, my data suggest that the transcriptional regulation of genes on ecDNA in 

GSCs is very similar to that of chromosomal loci.  Future research might explore 

the varying intranuclear heterogeneity of ecDNA transcription, with the recent 

observation from single cell sequencing that copy-number normalised ecDNA 

gene expression is highly variable (Stöber et al., 2023).  This has been supported 

by single-cell extrachromosomal circular DNA and transcriptome sequencing 

(scEC&T-seq) which also showed intercellular differences in ecDNA-resident 

oncogene expression (Chamorro González et al., 2023). Developing such tools to 

combine long-read sequencing with chromosome conformation capture 

techniques might reveal if the individual combination of genes and CREs on 

single ecDNA is important for ecDNA-resident gene transcription.  For example, 

Hi-C, which has already been used to show ecDNA-chromosomal interactions 

(Zhu et al., 2021), can be combined with enriched ecDNA to characterise CREs 

(Hung et al., 2022) indicating the feasibility of such an approach.   

6.3 The effect of DNA damage on ecDNA 

GSCs have a constitutively activated DDR, and I also observed this in the 

glioblastoma cell lines studied in this thesis. That these DDR sites are not 

spatially related to ecDNA suggests this constitutive DDR activity is unrelated to 

existing ecDNA dynamics.  As such, I proceeded to evaluate the effect of 

exogenous DNA strand breaks, first in the form of random IR-induced DNA 

damage, and second through targeted DNA damage using CRISPR-

Cas9.  Overall, this revealed a clear effect of DNA strand breaks on ecDNA copy 

number and structure (Figure 6.2).   
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Figure 6.2 | Summary of responses to DNA Damage 

DNA damage that is targeted (CRISPR-Cas9) and non-targeted (IR) both result in DNA strand breaks and 

subsequent loss of ecDNA.  In addition, where CRISPR-Cas9 is targeting a non-ecDNA oncogene, 

rearrangement and reintegration of ecDNA was observed.   

IR-induced DNA damage resulted in reduced ecDNA copy number, even after the 

relatively short period of 24h.  In addition, PARP inhibition in addition to IR 

appeared to inhibit EGFR expression, while protecting ecDNA copy number from 

IR-associated loss. Previous studies suggested ecDNA may reintegrate or form 

micronuclei as mechanisms of reduced ecDNA copy number in response to IR 

(Sanchez, Barrett and Schoenlein, 1998; Schoenlein et al., 2003; Shoshani et al., 2021). 

These data are the first time this has been studied in primary patient-derived cells 

with established ecDNA.  Characterising this more thoroughly through repeat 

DNA FISH analysis of metaphase spreads and interphase nuclei for micronuclei 

is therefore a vital next step.  More thorough characterisation of the effect of IR 

and PARylation through higher throughput modalities such as FlowFISH, WGS 

and long read sequencing will also provide greater validity to the preliminary data 

presented here.  I chose to focus on PARylation owing to the current 

glioblastoma clinical trial landscape and data suggesting that treatment with a 

PARPi, but not a DNA-PKc (i.e. NHEJ) inhibitor, resulted in ecDNA integration 

following DNA damage (Shoshani et al., 2021).  However, given the latter was 

performed in Colo320DM cells and a drug-induced ecDNA model, there is value 

in revisiting the role of different DSB repair mechanisms in the primary patient-
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derived cell models presented in this thesis. This could be extended to compare 

random SSBs vs DSBs using TOPI and TOPII inhibitors respectively.   

I used CRISPR-Cas9 to target and eliminate ecEGFR, with chromosomal loci 

observed in cells where EGFR expression was either low (comparable to NSC 

EGFR expression) or null.  Whether these represent reintegrated loci, as 

proposed in a study of drug-induced ecDNA (Shoshani et al., 2021), or existing 

chromosomal loci is unclear.  The mechanism of this ecDNA loss is also 

unknown, and may be relevant to both random (e.g. IR induced) and targeted 

DNA strand breaks. The two primary hypotheses could be that ecDNA are 

linearised and degraded following DNA strand breaks, or that the huge DDR 

and/or genomic instability generated in ecDNA-harbouring cells results in cells 

without ecDNA harbouring a selection advantage.  Elucidating the mechanism 

may require clonal tracking via optical or genetic barcoding (Serrano et al., 2022).   

It remains unclear whether ecDNA represent an important therapeutic target 

entity, or are merely a downstream epiphenomena of upstream cellular 

events.  While many glioblastoma have ecDNA, ~40-50% do not (Turner et al., 

2017; Kim et al., 2020), implying ecDNA are not a ubiquitous and therefore 

essential feature for all glioblastoma to form and flourish. Previous tools have 

suggested that ecDNA-’high’ cells are more tumorigenic, aggressive and 

proliferative than ecDNA-’low’ cells, although crucially these were GBM39 cells 

sorted into ecDNA ‘high’ and ‘low’ populations rather than sustained cell lines 

created by CRISPR-Cas9 (Nathanson et al., 2014).  In addition, proliferation may 

be less important than quiescence in identifying treatment resistant glioblastoma 

cells that result in glioblastoma relapse (Sachdeva et al., 2019).  The cell lines 

developed here provide an ideal tool with which to study the effect of ecDNA loss 

on tumorigenesis and treatment susceptibility in a non-clonal primary cell model.   

Finally, I showed that, surprisingly, CRISPR-Cas9 targeting a non-ecDNA-

resident oncogene resulted in major copy number and structural rearrangements 

of ecDNA, with relatively minor genomic changes at the target locus.  This 

suggests that ecDNA may be vulnerable to an excessive DDR, even if not 

directed specifically at ecDNA themselves. If this is reproducible in another cell 

line, exploring the underlying mechanism will explain how ecDNA evolve in 
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response to damage, both in terms of current glioblastoma treatments and future 

treatments targeting ecDNA.   

Overall, ecDNA represent a major mechanism of oncogene amplification in many 

cancers, including glioblastoma.  Despite being described for the first time almost 

60 years ago, novel scientific tools are enabling their study in greater detail.  This 

thesis has utilised super-resolution imaging, quantitative image analysis and 

bioinformatics strategies to address important questions about ecDNA 

organisation and regulation in glioblastoma stem cells, as well as explore their 

response to DNA damage.  Further study will identify if ecDNA represent an 

important targetable vulnerability in glioblastoma, and potentially other cancers.  
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8.5 Antibodies 

Description Source or 
reference 

Identifiers Additional 
information 

Phospho-Histone H3 (ser28) eFluor 
660 (Rat monoclonal) 

eBioscience h9908 IF  
(1 in 50) 

Ki67 (Rabbit mono-clonal) Thermo Fisher 
Scientific 

rm9106 
 

IF  
(1 in 100) 

mCherry (Rabbit poly-clonal) abcam  ab167453  IF  
(1 in 500) 

mCherry (16D7) (Rat mono-clonal Thermo Fisher 
Scientific 

# M11217 IF  
(1 in 500) 

Rpb1 NTD (D8L4Y) (Rabbit mono-
clonal) 

Cell Signalling 
Technology  

#14958  IF  
(1 in 1000) 

PolyPAR (Rabbit) Sigma-Aldrich MABE1031 IF  
(1 in 250) 

Phospho-histone H2A.X (Ser139) 
clone JBW301 (Mouse mono-clonal) 

Sigma-Aldrich 05-636 IF  
(1 in 2000) 

Anti-Digoxigenin (Sheep poly-clonal) Roche 11333089001 DNA FISH  
(1 in 10) 

Secondary Antibody – Alexa Fluor 
647 (Donkey anti-Sheep IgG poly-
clonal) 

Thermo Fisher 
Scientific 

A-21448 DNA FISH  
(1 in 10) 

Secondary Antibody – Alexa Fluor 
568 (Donkey anti-Rabbit IgG poly-
clonal) 

Thermo Fisher 
Scientific 

A-10042 IF  
(1 in 1000) 

Secondary Antibody – Alexa Fluor 
488 (Donkey anti-Rabbit IgG poly-
clonal) 

Thermo Fisher 
Scientific 

A-21206 IF  
(1 in 1000) 

Secondary Antibody – Alexa Fluor 
488 (Donkey anti-Rat IgG poly-clonal) 

Thermo Fisher 
Scientific 

A-21208 IF  
(1 in 1000) 

Secondary Antibody - Alexa Fluor 
488 (Goat anti-Rabbit IgG (H+L) poly-
clonal) 

Invitrogen A11034 IF  
(1 in 1000) 

Secondary Antibody - Alexa Fluor 
568 (Donkey anti-Mouse IgG poly-
clonal) 

Thermo Fisher 
Scientific 

A10037 
 

IF  
(1 in 1000) 

EGFR (D38B1) (Rabbit mono-clonal) Cell Signalling #4267 Western blotting 
(1 in 1000) 

c-Myc (9E10) (Mouse mono-clonal) Santa Cruz 
Biotechnology, 
Inc. 

Sc-40 Western blotting 
(1 in 500) 
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GAPDH 6C5 (Mouse mono-clonal) Thermo Fisher 
Scientific 

# AM4300 Western blotting 
(1 in 10,000) 

Secondary Antibody - Goat anti-
Rabbit IgG StarBright™ Blue 700 
poly-clonal 

BioRad 12004161 Western blotting 
(1 in 10,000) 

Secondary Antibody - Goat anti-
Mouse IgG StarBright™ Blue 520 
poly-clonal 

BioRad 12005866 Western blotting 
(1 in 10,000) 

Alexa Fluor™ 647 EGF complex  Thermo Fisher 
Scientific  

E35351 Flow cytometry 
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8.6 Reagents and solutions 

Description Source or 
reference 

Identifiers Additional information 

DMEM/HAMS-F12  Sigma Aldrich  Cat#: D8437  Cell culture, media 

DMEM Thermo Fisher 
Scientific 

Cat#: 11995073 Cell culture, media 
(Colo320DM only) 

Pen/Strep  GIBCO  Cat#:15140-122  Cell culture, media 
supplement 

BSA Solution  GIBCO  Cat#:15260-037  Cell culture, media 
supplement 

Goat serum Sigma-Aldrich #G6767 IF, blocking buffer 

B27 Supplement (50X)  LifeTech/GIBCO  Cat#: 17504-044  Cell culture, media 
supplement 

N2 Supplement 
(100X)  

LifeTech/GIBCO  Cat#: 17502-048  Cell culture, media 
supplement 

Laminin  Cultrex  Cat#: 3446-005-
01  

Cell culture, media 
supplement and pre-
lamination of culture 
vessels 

EGF  Peprotech  Cat: 315-09  Cell culture, media 
supplement 

FGF-2  Peprotech  100-18B  Cell culture, media 
supplement 

Accutase  Sigma Aldrich  Cat#: A6964  Cell culture, cell 
dissociation agent 

0.25% (v/v) Trypsin-
EDTA solution 

GIBCO  Cat#: 25200072 Cell culture, cell 
dissociation agent 
(Colo320DM only) 

DMSO  Sigma Aldrich  Cat#: 276855  Cell culture, freeze media 
and drug diluent 

BMP Peprotech # 120-05 Cell culture, media 
supplement where 
indicated 

Triton X-100  Merck Life 
Sciences  

Cat#: X-100  Cell permeabilisation 
agent following cell 
fixation 

Olaparib Selleck 
Chemicals 

S1060-SEL PARP inhibitor 

Hydrogen peroxide Merck H1009 DNA damage agent 
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Paraformaldehyde 
Powder 95%  

Sigma  Cat#: 158127  Cell fixation agent 

Tween 20  Cambridge 
Bioscience  

Cat#: TW0020  DNA FISH (hybridization 
mix) 

PBS Tablets  Sigma Aldrich  Cat#: P4417  Diluent and washing 
agent 

Ethanol  VWR  Cat#: 20821-330  DNA FISH 

Methanol Fisher Chemical M/4000/17 Used 3:1 with acetic acid 
for metaphase spreads 

Acetic acid Honeywell 
Research 
Chemicals 

33209-1L See above 

Green496-dUTP  ENZO life 
sciences  

ENZ-42831L  Direct labelling of Fosmid 
DNA FISH probes via 
nick translation 

ChromaTide 
AlexaFluor 594-5-
dUTP  

Thermo Fisher 
Scientific  

C11400  Direct labelling of Fosmid 
DNA FISH probes via 
nick translation 

Qubit dsDNA broad 
range assay 

Thermo Fisher 
Scientific  

Q32850 Quantification of DNA 

DNA Polymerase 1 Invitrogen 18010-017  Nick Translation 

DNase I recombinant, 
RNase-free 

Roche 04716728001 Nick Translation 

RNase A 20mg/ml Invitrogen 12091021 DNA FISH 

Human Cot-1 DNA  Thermo Fisher 
Scientific  

15279011  DNA FISH 

Salmon Sperm DNA Invitrogen 15632011 DNA FISH 

Dextran sulphate Sigma D8906 DNA FISH hybridisation 
mix 

Sephadex Quick Spin 
Columns 

Roche 11273973001 Nick Translation 
purification 

Colcemid Thermo Fisher 
Scientific  

15210040 1µg/ml for 30 mins (E37) 

Paclitaxel  Cambridge 
Bioscience  

CAY10461  10-100nM 

Nocodazole  Sigma-Aldrich  SML1665  50-100ng/ml 

XCP 7 Orange 
Chromosome Paint  

MetaSystems 
Probes  

D-0307-100-OR  DNA FISH 
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Stellaris RNA-FISH 
probes ((Custom 
Assay with Quasar® 
570 Dye)  

LGC Biosearch 
Technologies  

SMF-1063-5  RNA FISH 

Stellaris® RNA FISH 
Hybridization Buffer  

LGC Biosearch 
Technologies  

SMF-HB1-10  RNA FISH 

Alt-R® CRISPR-Cas9 
crRNA  

IDT-
Technologies  

Alt-R® CRISPR-
Cas9 crRNA  

CRISPR/Cas9 reagent 

Alt-R® CRISPR-Cas9 
tracrRNA  

IDT-
Technologies  

1072532   CRISPR/Cas9 reagent 

SG Cell Line 4D-
NucleofectorTM X Kit 
S  

Lonza 
Bioscience  

V4XC-3032   CRISPR/Cas9 
nucleofection reagents 

Chromosome 7 Control 
Probe 

Pisces Scientific CHR07-10-DIG Probe and hybridization 
mix 

DAPI (4',6-Diamidino-
2-Phenylindole, 
Dihydrochloride) 

Thermo Fisher 
Scientific 

D1306 Nuclear staining; 50ng/ml 
and 5ng/ml (as indicated 
in methods) 

Complete Protease 
Inhibitors 

Roche 11697498001 Protein lysate for western 
blotting 

Pierce BCA Protein Kit Thermo Fisher 
Scientific 

23227 Protein quantification for 
western blotting 

LDS Sample Buffer 4X Thermo Fisher 
Scientific 

84788 Protein lysate preparation 
for gel electrophoresis 

DTT Thermo Fisher 
Scientific 

P2325 Protein lysate preparation 
for gel electrophoresis 

MES Thermo Fisher 
Scientific 

NP0002 Gel electrophoresis solute 

Precision Plus Protein 
Dual Color Standards 

BioRad #1610374 Protein standard for gel 
electrophoresis 

10X Tris/Glycine 
Transfer Buffer 

BioRad #1610734 Transfer buffer for wet 
electroblotting 

Vectashield mounting 
medium 

Vector 
laboratories 

H-1000-10 Mounting slides 
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8.7 Software and Bioinformatics resources 

Name Reference Source 

GraphPad Prism 
9.0  

GraphPad 
Software, Inc  

https://www.graphpad.com/  

FCS Express FCS Express 7 https://denovosoftware.com/ 

BD FACSDiva BD Biosciences https://www.bdbiosciences.com/ 

Fiji/ImageJ  Open Source  https://imagej.net/Fiji  

BioRender  BioRender  https://biorender.com/  

Python v3.9  Open Source  https://www.python.org  

Algorithm - RipleyK 
package  

Python Package 
Index  

https://pypi.org/project/ripleyk/  

Imaris x64 v9.4.0 Imaris 
Microscopy 
Image Analysis 
Software 

https://imaris.oxinst.com/ 

Ilastik v1.3.3 (Berg et al., 
2019) 

https://www.ilastik.org/ 

UCSC Genome 
Browser 

(Kent et al., 
2002) 

https://genome.cshlp.org/content/12/6/996 

STAR 2.7.1a (Dobin et al., 
2013) 

https://github.com/alexdobin/STAR 

Picard Broad Institute https://broadinstitute.github.io/picard/ 

AmpliconSuite (Luebeck et al., 
2022) 

https://github.com/jluebeck/AmpliconSuite-pipeline 

AmpliconArchitect (Deshpande et 
al., 2019) 

https://github.com/virajbdeshpande/AmpliconArchitect  

AmpliconClassifier (Kim et al., 
2020) 

https://github.com/jluebeck/AmpliconClassifier  

deepTools v3.4 (Ramírez et al., 
2016) 

https://deeptools.readthedocs.io/en/develop/ 

HOMER2 4.10 (Heinz et al., 
2010) 

http://homer.ucsd.edu/homer/ 

SAMtools v1.10 (Li et al., 2009) http://www.htslib.org 

BEDTools v2.3 (Quinlan and 
Hall, 2010) 

http://code.google.com/p/bedtools 

bcftools (Danecek et al. 
2021) 

https://doi.org/10.1093/gigascience/giab008 

strelka v2.9.10 (Kim et al. 
2018) 

https://doi.org/10.1038/s41592-018-0051-x 

BWA MEM (Li and Durbin, 
2009) 

https://github.com/lh3/bwa 

CNVkit v0.9.9 (Talevich et al., 
2016) 

https://github.com/etal/cnvkit 

Seaborn v12.0 (Waskom, 
2021) 

https://seaborn.pydata.org/  
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8.8 FACS of E37 EGFR-Low population 

 

 

FACS for E37 cells already sorted into EGFR-CTL and EGFR-Null populations.  

Using the NSC cell line as the primary reference point for a normal EGFR 

expression profile, and EGFR-Low population was sorted and recovered from the 

pooled E37_Cas9_gRNA cell pool as shown.    



   

 

  8-227 

8.9 Publication 





 Research article﻿﻿﻿﻿﻿﻿ Chromosomes and Gene Expression

Purshouse et al. eLife 2022;11:e80207. DOI: https://doi.org/10.7554/eLife.80207 � 2 of 24

and injury response/immune evasion cell states (Richards et al., 2021; Verhaak et al., 2010; Wang 
et al., 2021). Genetically, activation or amplification of EGFR (chr7) is altered in almost two-thirds of 
GBM (Brennan et al., 2013). Other commonly amplified genes include PDGFRA (chr4), CDK4, MDM2 
(chr12), MET, and CDK6 (chr7) with multicopy extrachromosomal DNA (ecDNA) considered a major 
mechanism for oncogene amplification (Brennan et al., 2013; Kim et al., 2020; Snuderl et al., 2011; 
Szerlip et al., 2012).

Although a long-recognized feature of cancer (Cox et al., 1965), ecDNA are particularly common 
in GBM, with 90% of patient-derived GBM tumour models harbouring ecDNA (Turner et al., 2017). 
However, there is much broader interest in mechanisms of ecDNA function across many solid tumours, 
as ecDNA enable rapid oncogene amplification in response to selective pressures, and have been 
shown to correlate with poor prognosis and treatment resistance (Kim et al., 2020; Nathanson et al., 
2014; Vicario et al., 2015). EcDNA are centromere-free DNA circles of around 1–3 Mb in size that 
frequently exist as doublets (double minutes), but also as single elements (Hamkalo et al., 1985; 
Verhaak et al., 2019; Vogt et al., 2004). EcDNA can be composed of multiple genetic fragments 
generated as a result of chromothripsis (Gibaud et al., 2010; Shoshani et al., 2021; Rosswog et al., 
2021). Although ecDNA were previously identified in 1.4% of cancers, more recent studies have shown 
their prevalence to be significantly higher (Fan et al., 2011; Kim et al., 2020; Turner et al., 2017). 
EcDNA can lead to oncogene copy number being amplified to >100 in any given cell, with significant 
copy number heterogeneity between cells (Lange et al., 2022; Turner et al., 2017). Freed from the 
constraints imposed by being embedded within a chromosome, ecDNA have spatial freedom and can 
adapt to targeted therapeutics (Lange et al., 2022; Nathanson et al., 2014). For example, the EGFR 
variant EGFRvIII (exon 2–7 deletion) is found on ecDNA, and is associated with an aggressive disease 
course and resistance mechanisms against EGFR inhibitors (Brennan et al., 2013; Inda et al., 2010; 
Nathanson et al., 2014; Turner et al., 2017).

As well as their resident oncogenes, ecDNA also harbour regulatory elements (enhancers) required 
to drive oncogene expression (Morton et al., 2019; Zhu et al., 2021). Consistent with this, ecDNA 
have been found to have regions of largely accessible chromatin (assayed by ATAC-seq), indicative of 
nucleosome displacement by bound transcription factors, and to be decorated with histone modifi-
cations associated with active chromatin (Wu et al., 2019). Transcription factors densely co-bound at 
enhancers have been suggested to nucleate condensates or ‘hubs’ (Cho et al., 2018; Rai et al., 2018; 
Strom and Brangwynne, 2019), enriched with key transcriptional components such as mediator and 
RNA polymerase II (PolII) to drive high levels of gene expression (Cho et al., 2018; Chong et al., 
2018; Sabari et al., 2018). Given the colocation of enhancers and driver oncogenes on ecDNA, it 
has therefore been suggested that ecDNA cluster together in the nucleus, driving the recruitment of 
a high concentration of RNA PolII and creating ecDNA-driven nuclear hubs that in turn enhance the 
transcriptional output from ecDNA (Adelman and Martin, 2021; Hung et al., 2021; Yi et al., 2021; 
Zhu et al., 2021).

Here, using super-resolution imaging of primary GBM cell lines, we find that ecDNA are widely 
dispersed throughout the nucleus and we find neither evidence of ecDNA clustering together nor any 
significant spatial overlap between ecDNA and large PolII hubs. As expected, we show that expres-
sion from genes on ecDNA, both at mRNA and protein level, correlates with ecDNA copy number 
in the tumour cell lines. However, transcription of genes present on each individual ecDNA molecule 
appears to occur at a similar efficiency (transcripts per copy number) to that of the equivalent endog-
enous chromosomally located gene. These data suggest that it is primarily the increased copy number 
of ecDNA in GBM stem cells, and not a specific property of nuclear colocalization, that drives the 
increased transcriptional capacity of their resident oncogenes.

Results
EcDNA are more frequently located centrally in the nucleus in GBM 
stem cells
We characterized two GBM-derived glioma stem cell (GSC) primary cell lines containing multiple 
EGFR-harbouring ecDNA (ecEGFR) populations (GCGR-E26 and GCGR-E28, referred to here as 
E26 and E28). Whole genome sequencing (WGS) analysis using Amplicon Architect (Deshpande 
et al., 2019) indicated that E26 ecDNA harbour an EGFRvIII (exon 2–7 deletion), and E28 have a 
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subpopulation of ecDNA with EGFR exon 7–14 deleted (Figure 1A). The presence of EGFR on ecDNA 
was confirmed by DNA FISH on metaphase spreads (Figure 1B and C). E26 harboured more ecDNA 
per cell than E28 (Figure 1D), with approximately 10% of metaphases also indicating the presence 
of a chromosomal homogeneously staining region (HSR) (Figure 1B; arrow). Endogenous EGFR is 
located on human chromosome 7, and metaphase spreads of the two tumour lines showed 3–6 copies 
of chromosome 7 in E26 and frequently 3 copies in E28 (Figure 1E).

Human chromosomes have non-random nuclear organization, with active regions preferentially 
located towards the central regions of the nucleus (Boyle et al., 2001; Croft et al., 1999). We sought 
to determine the nuclear localization of ecDNA in GBM cell lines as compared with the endoge-
nous chromosomal EGFR. DNA FISH for chromosome 7 and EGFR in nuclei from human fetal neural 
stem cells (NSCs) confirmed the trend for human chromosome 7 to be generally found towards the 
periphery of the nucleus (Boyle et  al., 2001 Figure  1F and G, Figure  1—figure supplement 1, 
Figure 1—source data 1). Signal intensity analysis for equally sized bins eroded from the edge to the 
centre of each nucleus indicated that chromosome 7 and EGFR signal intensity were preferentially 
located towards the nuclear periphery in each cell line (Figure 1—figure supplement 1, Figure 1—
source data 1). Even once chromosome 7 signal was accounted for, EGFR DNA FISH signal was still 
highest at the periphery of NSC nuclei and lowest in the central regions (p<0.0001) (Figure 1G), likely 
reflecting the centromere proximal localization of endogenous EGFR on chromosome 7 (Carvalho 
et al., 2001). This radial organization was still significant (p=0.012), but much less marked, in E28 
cells which have on average a modest number of EGFR ecDNA compared to endogenous copies 
(Figure 1D). In E26 cells, which have a very high copy number of ecDNA, this preference for a more 
peripheral localization is lost (p=0.06). These data suggest that, freed of the constraints on nuclear 
localization imposed by human chromosome 7, EGFR genes located on ecDNA can access more 
central regions of the nucleus.

EGFR-containing ecDNA in GBM stem cells do not cluster in the 
nucleus
It has been suggested that ecDNA cluster into ‘ecDNA hubs’ within nuclei of cancer cells, including 
for EGFRvIII-containing ecDNA in other GBM cell lines (HK359 and GBM39) (Hung et al., 2021; Yi 
et al., 2021). We sought to quantify this using our E26 and E28 GBM cells with a single oncogene-
harbouring ecDNA population (EGFR variant amplicons). Previous studies exploring genomic loci 
proximity and contact domains (Williamson et al., 2016; Williamson et al., 2019; Hansen et al., 
2021), and the proximity of super-enhancers to BRD4/MED1 puncta (Sabari et al., 2018), would 
suggest that ecDNAs clustering together at a transcriptional hub should be located within ~200 nm 
or less of each other. We used 3D image-based analysis of the EGFR DNA FISH signals (Figure 2A) to 
determine if there is clustering of ecDNA. The relative frequency of all shortest EGFR-EGFR distances 
per nucleus did not suggest frequent ecDNA-ecDNA interactions at ≤200  nm in either cell line 
(Figure 2B, Figure 2—figure supplement 1A). The mean shortest interprobe distances per nucleus 
were also not suggestive of close interactions, with no values <500 nm (Figure 2—figure supple-
ment 1B, C; Figure 2—source data 1). The single shortest interprobe distance per nucleus was also 
larger (0.24 μm, E26; 0.25 μm, E28) than would be expected if there were clustering of ecDNA in the 
close proximity required for coordinated transcription in hubs (Figure 2—figure supplement 1D, E; 
Figure 2—source data 1).

The analysis above quantified distances between FISH hybridization signals but does not deter-
mine whether there is a non-random distribution of foci in the nuclei at distances in keeping with tran-
scription hubs. We therefore used 3D Ripley’s K function to determine the observed spatial pattern 
of the foci in each nucleus and compared this with a random null distribution of 10,000 simulations of 
the same number of foci in the same volume. We powered this to identify any significant clustering 
at each radius in 0.1 μm increments between 0.1 and 1 μm (examples of E26 and E28 nuclei and their 
corresponding Ripley’s K function in Figure 2C). The E26 cell line had some nuclei with significant 
non-random distribution of ecDNA, but only at ≥400 nm radial distances, and E28 only had occasional 
nuclei with significant non-random distribution of ecDNA at ≥700 nm (Figure 2D). We repeated this 
analysis, reducing the focus spot size from 300 to 150 nm diameter to ensure no small FISH foci were 
omitted that might skew our analysis. No significant clustering was observed at <300 nm (Figure 2—
figure supplement 1F).
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Different ecDNA populations do not cluster in the nucleus of GBM 
stem cells
To ensure that multiple ecDNAs are not so tightly clustered that they cannot be resolved by FISH, we 
analysed another primary GBM cell line (E25) which has two different oncogenes carried on separate 
ecDNA populations: CDK4 and PDGFRA (Figure 3—figure supplement 1A, B). There was no obvious 
clustering of the two ecDNA populations in the nuclei of E25 cells (Figure 3A). The relative frequency 
of CDK4-CDK4, PDGFRA-PDGFRA, and CDK4-PDGFRA distances of ≤200 nm was low (Figure 3B). 
Indeed, the mean shortest interprobe distances per nucleus were overwhelmingly >1 μm, suggesting 
ecDNA were generally not in close proximity (Figure 3—figure supplement 1C). The shortest inter-
probe distances for CDK4-CDK4 and CDK4-PDGFRA were shorter than for PDGFRA-PDGFRA foci, as 
expected given the higher copy number of CDK4 ecDNA (Figure 3—figure supplement 1B); however, 
there was no significant difference in the shortest distance between CDK4-CDK4 and CDK4-PDGFRA 
foci (Figure 3—figure supplement 1D). No two CDK4 or two PDGFRA foci were <200 nm apart, and 
only four CDK4-PDGFRA distances were <200 nm (4/1011 [0.39%] CDK4 foci, 4/518 [0.77%] PDGFRA 
foci) (Figure 3—figure supplement 1D). These data suggest that clustering is not a significant feature 
of two separate populations of ecDNA.

We used 3D Ripley’s K function to evaluate point patterns in the E25 dual ecDNA oncogene cell line 
(Figure 3C). Some nuclei had a significant non-random distribution of PDGFRA ecDNA at ≥400 nm, 
and most nuclei had non-random distribution of CDK4 ecDNA at >400 nm (Figure 3D). When both 
foci were combined, there was no significant clustering at <300 nm in any nucleus, and the number of 
nuclei with a significant non-random distribution at a given radius rose with increasing radial distance 
(Figure 3D). As previously, a repeat analysis with a smaller (150 nm diameter) spot size identified no 
instances of significant clustering at <300 nm (Figure 3—figure supplement 1E).

To further validate this, we repeated 3D Ripley’s function analysis in a second GBM cell line (E20) 
harbouring CDK4 and PDGFRA ecDNAs. Whilst in the majority of metaphase spreads these two onco-
genes were on clearly separate ecDNAs, in approximately 10% of metaphase spreads we noted colo-
calization of CDK4 and PDGFRA hybridization signals indicating a subset of ecDNA harbouring both 
oncogenes (Figure 3—figure supplement 2A, B). This colocalization could be observed in a similar 
proportion of interphase nuclei (Figure 3E and F). However, as observed in E25 cells the relative 
frequency of CDK4-CDK4, PDGFRA-PDGFRA, and CDK4-PDGFRA distances of ≤200  nm was low 
in the nucleus of E20 cells (Figure 3H). Ripley’s K function analysis of hybridization signals in most 
E20 nuclei (22/24) showed no evidence for significant clustering of CDK4 or PDGFRA at <300 nm 
(Figure 3I). We noted 2/24 (8.3%) of interphase nuclei (e.g. Figure 3F, see inset) where Ripley’s K 
function indicated clustering of CDK4 and PDGFRA foci at 100–200 nm and we suggest that these 
represent cells, as seen at metaphase, where the two oncogenes are located on the same ecDNA 
molecule. Doublets of CDK4 foci (200 nm) were detected in 4/24 (16.7%) nuclei (Figure 3G, see inset).

Our analysis of two independent GBM cell lines harbouring different ecDNA populations (CDK4 
and PDGFRA) provides no evidence for systematic clustering of ecDNA molecules in the nucleus at 
distances <200 nm.

ecDNA do not colocalize with large RNA PolII hubs in GBM stem cells
DNA FISH detects all ecDNA, so it might be that only transcriptionally active elements cluster. There-
fore, we used RNA FISH to detect nascent EGFR transcripts in the nuclei of GBM cells. As expected, 
nascent RNA FISH foci were more frequent in the EGFR ecDNA-harbouring cell lines than in NSCs and 
were more frequent in the E26 GBM cell line than in E28 (Figure 4—figure supplement 1A and B). As 
for DNA FISH, we found no evidence of clustering of sites of EGFR nascent transcription at <400 nm in 

across five bins of equal area eroded from the peripheral (Bin 1) to the centre (Bin 5) of the nucleus for NSC, E26, and E28 cell lines. Median and 
quartiles shown. **** p<0.0001, * p<0.05. Kruskall-Wallis test. EGFR and chr7 signal normalized to DAPI shown in Figure 1—figure supplement 1. n=66 
(NSC), 59 (E26), 64 (E28) nuclei. Statistical data relevant for this figure are in Figure 1—source data 1.

The online version of this article includes the following source data and figure supplement(s) for figure 1:

Source data 1. Statistical data for Figure 1 and Figure 1—figure supplement 1.

Figure supplement 1. Additional EGFR and chromosome 7 signal intensity data.

Figure 1 continued
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E26 cells (Figure 4A and B). These data suggest that ecDNA actively transcribing a driver oncogene 
do not colocalize in the nucleus of GBM cells more than expected by chance.

We next assessed whether ecDNA foci, albeit not clustered with each other, colocalize with high 
focal concentrations of the transcriptional machinery to create ecDNA/large PolII transcription hubs. 
First, we examined the presence of such hubs by immunofluorescence for RPB1 (POLR2A), the largest 
subunit of RNA PolII. The large RPB1 foci we detected were sparse with only a few clearly visible per 
nucleus (Figure 4—figure supplement 1C).

We used 3D analysis of immunoFISH in NSCs and compared this to E26 and E28 GBM cells to 
establish whether ecDNA and large RPB1 foci colocalized. There was no obvious overlap between 
foci of RPB1 and EGFR (Figure 4C) and no correlation between the number of large RPB1 foci and the 
number of EGFR foci (Figure 4D). Indeed, the mean shortest distance between EGFR foci and large 
RPB1 foci per nucleus was routinely >1 μm in all cell lines, despite the greater number of EGFR foci in 
the GBM cell lines (Figure 4E). The single shortest distance per nucleus between an EGFR locus and a 
large RPB1 locus was not significantly different across NSC and tumour lines (Figure 4F). There were 
no instances where the distance between EGFR and large RPB1 foci was <200 nm. To test if this was 
also the case for the nascent EGFR RNA transcript, we repeated this analysis using nascent RNA FISH, 
with the same result (Figure 4—figure supplement 1D–F). As the distance distributions to large RPB1 
foci were similar for DNA and RNA FISH, this suggests that proximity to large PolII hubs does not alter 
the probability that ecDNA are transcribed.

To ensure this result was not specific to this PolII antibody, we repeated this analysis using E28 
cells in which mCherry was fused by knock-in to endogenous POLR2G, a key subunit of RNA PolII 
(Cramer et al., 2000). The mean distance between EGFR foci and large POLR2G foci and the shortest 
minimum distance in any given nucleus (Figure  4—figure supplement 1G–I) further support that 
there is no close spatial relationship apparent between ecDNA and large PolII hubs.

Levels of EGFR transcription from ecDNA reflect copy number, not 
enhanced transcriptional efficiency
Having shown a lack of colocalization of ecDNA, either with each other or with large PolII foci, we 
proceeded to characterize the levels of EGFR expression from ecDNA. Flow cytometry using a 
fluorophore-conjugated EGFR ligand (EGF-647) revealed consistently higher levels of EGFR in the 
GBM cells than NSC, with highest signal in E26 (Figure 5—figure supplement 1A, B), consistent with 
their higher ecDNA copy number compared with E28 (Figure 1C). To confirm this link between ecDNA 
number and levels of EGFR, E26 and E28 cells were sorted by fluorescence activated cell sorting 
(FACS) into EGFR-high and EGFR-low populations. In both tumour cell lines, DNA FISH demonstrated 
that EGFR-high cells had a significantly higher number of EGFR DNA foci than EGFR-low (Figure 5—
figure supplement 1C–E).

Previous studies have reported that ecDNA have greater transcript production per oncogene than 
chromosomal loci (Wu et  al., 2019). We therefore sought to characterize the transcriptional effi-
ciency (per copy number) of chromosomal and ecDNA-located EGFR genes in our GBM cell lines, by 

PDGFRA (red). Blue=DNA (DAPI). Scale bar = 5 μm. (Right) Ripley’s K function for this nucleus showing observed K function (red), max/min/median 
(black) of 10,000 null samples with p=0.05 significance cut-off shown (empty black circle) for CDK4, PDGFRA, and CDK4 and PDGFRA spots combined. 
(D) Ripley’s K function for E25 nuclei showing number of nuclei with significant and non-significant clustering at each given radius for CDK4 spots (n=13 
nuclei), PDGFRA spots (n=9 nuclei), and CDK4 and PDGFRA spots combined (n=9 nuclei). p-values were calculated using Neyman-Pearson lemma with 
optimistic estimate p-value where required (see Materials and methods), and Benjamini-Hochberg procedure (BHP, FDR = 0.05). Metaphase analysis 
of E25 cells and Ripley’s K analysis with smaller foci are in Figure 3—figure supplement 1. (E) Representative maximum intensity projection image 
of E20 interphase nuclei hybridized with probes for CDK4 (green) and PDGFRA (red). Scale bar = 5 μm. (F) As in (E) but for a nucleus where the close 
association of CDK4 and PDGFA signal in doublets is indicative of ecDNAs harbouring both oncogenes. Scale bar = 1 μm in main panel (G) as in (E) but 
showing an E20 nucleus with doublets of CDK4 foci. Metaphase analysis of E20 cells with CDK4 and PDGFRA probes in Figure 3—figure supplement 
2. (H) As in (B) but for E20 nuclei (n=24) (noting all nuclei shown here harbored >20 foci of each oncogene). (I) As in (D) but for E20 nuclei.

The online version of this article includes the following source data and figure supplement(s) for figure 3:

Source data 1. Statistical data for Figure 3—figure supplement 1.

Figure supplement 1. Additional analysis of the distribution of CDK4 and PDGFRA ecDNAs in the E25 cell line.

Figure supplement 2. DNA FISH on metaphase spreads of the E20 cell line showing hybridization signal for PDGFRA (red) and CDK4 (green).

Figure 3 continued
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assaying the RNA:DNA EGFR FISH foci ratio. We performed nascent EGFR RNA FISH using a probe 
targeting the first intron of EGFR and EGFR DNA FISH to test this hypothesis (Figure 5A).

When comparing the RNA:DNA ratio of all nuclei, only E26 had a higher ratio than NSCs (Figure 5B). 
To explore whether EGFR transcription in these cell lines could be due to ecEGFR-driven increased 
transcriptional efficiency, we used chromosome 7 copy number (evaluated by CEN7 probe) to account 
for chromosomal EGFR copy number. We correlated the RNA:DNA FISH ratio with the proportion of 
ecEGFR (number of EGFR foci minus number of CEN7 foci, divided by the total number of EGFR foci). 
We observed no correlation in either cell line (Figure 5C), suggesting that EGFR transcription from 
ecDNA and chromosomes occurs at similar levels when normalized to chromosome 7 copy number. 
There is no increased transcriptional efficiency from ecDNA compared to chromosomal DNA based 
on these analyses.

To test this using an independent method, we took advantage of WGS and RNA-seq data 
(Figure 5D) and called SNPs present in the amplicon region at 40% to 60% allele frequencies in patient 
control blood WGS (control) samples. Most of the allele frequencies of these SNPs were >80% in 
GBM samples in the main part of the amplicons, in line with the amplification being derived from one 
parental allele (Figure 5—figure supplement 1F). We then selected those SNPs located in expressed 
exons of the amplicon, including several in EGFR. The WGS allele frequencies of these were all >88%, 
that is, predominantly from amplicons. If genes on the ecDNA are more highly transcribed than chro-
mosomal counterparts, we expect the ratio of RNA-seq to WGS reads of the amplicon-derived SNP 
to be above 1. Consistent with genes on ecDNA and on chromosomes being transcribed with similar 
efficiencies, these values were very close to 1, the highest being 1.05 (Figure 5D, E). The lower values 
for LANCL2, 3’ of EGFR, are likely because only part of this gene is present on the amplicon such that 
the transcript is truncated. As an additional approach, we utilized the large exon 2–7 deletion present 
on E26 EGFR ecDNA to compare the copy number-normalized RNA expression of exons present only 
on the endogenous chromosomal EGFR locus (exons 2–7) with those predominantly on ecDNA (exons 
1, 8–28) (Figure 5E, D). Copy number normalized EGFR RNA counts were not significantly different 
between exons 2–7 and those located predominantly on ecDNA (Figure 5F). EcDNA with EGFR in 
another established GBM cell line, GBM39, also contain a deletion spanning exons 2–7. We therefore 
repeated this analysis using previously published WGS and RNA-seq data from this cell line (Wu et al., 
2019). The normalized RNA read count of primarily ecEGFR exons was not significantly different than 
that of chromosomal EGFR exons (Figure 5G). Altogether, RNA:DNA FISH and sequencing analyses 
suggest that EGFR on each ecDNA is transcribed at a similar level to that of the corresponding endog-
enous chromosomal EGFR locus. Increased output of oncogenes in GBM stem cells with ecDNA 
appears to be primarily driven by increased copy number, rather than inherent features of their chro-
matin state, transcriptional control, or spatial localization.

Discussion
Understanding the importance of ecDNA in the etiology of cancer, and whether this poses an inter-
esting target for therapeutic interventions, depends on deeper analysis of ecDNA activity (Nathanson 
et al., 2014; Kim et al., 2020). Clustering of ecDNA into ‘ecDNA hubs’ based on imaging and chro-
mosome conformation capture data has been reported in a range of established cancer cell lines, and 
has been suggested to underlie the ability of ecDNA to drive very high levels of transcription (Hung 
et al., 2021; Yi et al., 2021; Zhu et al., 2021). However, in multiple primary human GBM cells studied 
here, we observe no significant colocalization at distances (~200  nm) thought to be functionally 
important in driving transcription. We reach this conclusion for both cells with single ecDNA species, 
as well as with heterogeneous ecDNA harbouring different oncogenes. EcDNA were not colocalized 
with, or notably close to, large PolII foci. Moreover, taking advantage of the unique transcripts from 
ecDNA, and the presence of SNPs in these transcripts, to compare ecDNA-derived and chromosomal 
transcripts, we demonstrate that increased copy number primarily drives increased transcription of 
ecDNA-located genes rather than increased transcriptional efficiency of ecDNA in GBM stem cells.

Our data support a regional, rather than clustered, spatial organization of ecDNA in GBM stem 
cells. We observe that oncogenes on ecDNA are distributed more towards the centre of the nucleus 
than the corresponding endogenous gene loci. This is consistent with an actively transcribing state 
(Boyle et al., 2001; Croft et al., 1999) and independence from the constraints of chromosome terri-
tories (Kalhor et al., 2011; Mahy et al., 2002).
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We sought to maximize our opportunity of observing ecDNA clustering at close distances by 
performing 3D spot analysis, using Ripley’s K to call instances of significant clustering at given distances 
using ecDNA x,y,z coordinates, and utilizing cells with two distinct ecDNA species to ensure we were 
not under-scoring colocalization. 3D analysis ensures a false positive clustering effect is avoided that 
might be seen when 3D images are combined via tools such as maximum intensity projection (MIP). 
Other tools to assess clustering have noted the possibility of the 2D Ripley’s K function resulting 
in over-counting, leading to the development of alternative auto-correlation tools, but this was not 
observed in this 3D Ripley’s K analysis (Veatch et al., 2012). It is possible that multiple clustered DNA/
RNA foci appear as a single DNA/RNA FISH signal that we cannot resolve. We controlled for this by 
repeating cluster analysis with smaller spot sizes, analyzing cell lines with two ecDNA populations 
and using super-resolution imaging (optical resolution ~120 nm). We did observe ecDNA clustering 
at close distances (≤200 nm) in a small proportion of E20 dual-ecDNA cells, but in the case of CDK4-
PDGFRA colocalization this was at a similar proportion to that observed in metaphase spreads, indica-
tive of ecDNA molecules harbouring both CDK and PDGFRA. The incidence of CDK4 doublets (which 
appeared in keeping with double minutes) was also low. Overall, this suggests that close clustering is 
not a major contributor to increased ecDNA transcriptional output in GBM stem cells.

Our findings may reflect fundamentally different functional characteristics of the ecDNA in patient-
derived primary GBM cell cultures used in our experiments versus previously published studies (Hung 
et al., 2021; Yi et al., 2021). These might include the size of the ecDNA, or the number of oncogene 
loci per ecDNA (which was singular in our cell lines, with the exception of ~10% E20 CDK4/PDGFRA 
colocalized ecDNA). For example, the COLO320-DM cell line, used in a recent study of ecDNA hubs, 
harbours 3 copies of MYC on each of its ecDNA, and results in large (4.328 Mb, approx. 1.75 μm 
diameter) ecDNA (Hung et al., 2021; Wu et al., 2019). The HK359 GBM cell line, previously noted 
to have clustered ecDNA hubs, has a 42  kb insertion at the site of EGFRvIII (exon 2–7 deletion), 
again suggesting a large ecDNA quite different in character to those described here (Hung et al., 
2021; Koga et al., 2018). More quantitative analysis across a larger set of primary cancer cells will be 
needed to determine if long-term established cell lines have unusual ecDNA features and are unrep-
resentative of primary GBM cells.

Recent work proposing that ecDNA act as mobile super-enhancers for chromosomal targets has 
raised the possibility that ecDNA can actively recruit RNA PolII to drive ‘ecDNA-associated phase 
separation’ (Zhu et al., 2021). A live-cell ecDNA-labelling strategy reported colocalization of ecDNA 
and RNA PolII (Yi et al., 2021). We did not detect evidence of a close relationship between ecDNA, or 
their nascent transcript, with large PolII foci, but cannot exclude that there are smaller, sub-diffraction 
limit sized transcriptional hubs associated with our ecDNA.

We observe that while the copy number of EGFR ecDNAs positively correlates with greater tran-
scriptional output, this is likely due to copy number increases, rather than increased transcriptional 
activity on individual ecDNA. It has been proposed that ecDNA increase transcription of their resi-
dent oncogenes partly due to their increased DNA copy number, but also due to their more acces-
sible chromatin structure, and that gene transcription from circular amplicons is greater than that of 
linear amplicons once copy number normalized (Kim et al., 2020; Wu et al., 2019). An analysis of 
RNA-seq and WGS data from a cohort of 36 independent clinical samples found that only 3 out of 

n=67), E26 (98) and E28 (95) nuclei. (C) Representative Spearman r correlation (ρ) and p-values shown for E26 (n=29) and E28 (n=39) cells. RNA:DNA 
ratio = number of RNA foci/number of DNA foci. EcDNA proportion = (number of EGFR DNA foci – number of CEN7 foci)/number of EGFR DNA 
foci. Three biological replicates performed, data from replicate 1 shown here. (D) UCSC genome browser tracks showing E26 and GBM39 RNA-seq 
and WGS aligned sequences in the region of chromosome 7 where EGFR is located, EGFR exons (GENCODE) and the exon deletion predicted by 
AmpliconArchitect. Note that RNA-seq counts in some ecDNA regions go above the maximum value. Genome coordinates (Mb) are from the hg38 
assembly of the human genome. (E) RNA-seq/WGS allele frequency ratio for SNPs overlapping with expressed exons in the amplicon. Lines denote 
median values. (F) EGFR RNA-seq counts normalized by WGS read count per EGFR exon in E26, with exons defined as extrachromosomal (exons 1,8-28) 
or chromosomal (exons 2-7). Statistical significance examined by Mann-Whitney test. ns, not significant. (G) As for (F) but for GBM39. Statistical data 
relevant for this figure are in Figure 5—source data 1.

The online version of this article includes the following source data and figure supplement(s) for figure 5:

Source data 1. Statistical data for Figure 5 and Figure 5—figure supplement 1.

Figure supplement 1. EGFR levels, ecDNA number, and ecDNA SNP allele frequency in E26 and E28 cell lines.

Figure 5 continued
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11 ecDNA-encoded genes produced significantly more transcripts when normalized to gene copy 
number, only one of which is a key oncogene (Wu et al., 2019). In agreement with this, our analysis 
of both oncogene and amplicon-resident polymorphisms suggests that copy number is the dominant 
driver of ecDNA gene transcription.

Overall, our data suggest that in primary GBM stem cells, ecDNA can succeed at driving oncogene 
expression without requiring close colocalization with each other, or with transcriptional hubs. It is 
the increased copy number that is primarily responsible for higher levels, rather than ecDNA-intrinsic 
features or nuclear sub-localization.

Materials and methods

 Continued on next page

Key resources table 

Reagent type 
(species) or resource Designation Source or reference Identifiers Additional information

Antibody mCherry (Rabbit poly-clonal) abcam ab167453 IF (1 in 500)

Antibody
Rpb1 NTD (D8L4Y) (Rabbit 
mono-clonal) Cell Signaling Technology #14958 IF (1 in 1000)

Antibody
Anti-Digoxigenin (Sheep poly-
clonal) Roche Ref 11333089001 DNA FISH (1 in 10)

Antibody

Secondary Antibody – Alexa 
Fluor 647 (Donkey anti-Sheep 
IgG poly-clonal) Thermo Fisher Scientific A-21448 DNA FISH (1 in 10)

Antibody

Secondary Antibody – Alexa 
Fluor 568 (Donkey anti-Rabbit 
IgG poly-clonal) Thermo Fisher Scientific A-10042 IF (1 in 1000)

Antibody

Secondary Antibody – Alexa 
Fluor 488 (Donkey anti-Rabbit 
IgG poly-clonal) Thermo Fisher Scientific A-21206 IF (1 in 1000)

Antibody

Secondary Antibody – Alexa 
Fluor 488 (Donkey anti-Rat IgG 
poly-clonal) Thermo Fisher Scientific A-21208 IF (1 in 1000)

Genetic reagent 
(human) Fosmid FISH probe (Human) BACPAC resource

https://bacpacresources.org/​
library.php?id=275

See Materials and methods - 
Supplementary file 1

Cell line (Homo 
sapiens)

E20, E25, E26, E28, NSC – 
GCGR Human Glioma Stem 
Cells

This paper, Glioma 
Cellular Genetics 
Resource, CRUK, UK

http://gcgr.org.uk; pending 
publication

Other DMEM/HAMS-F12 Sigma-Aldrich Cat#: D8437 Cell culture, media

Chemical 
compound, drug Pen/Strep GIBCO Cat#: 15140–122 Cell culture, media supplement

Other BSA Solution GIBCO Cat#: 15260–037 Cell culture, media supplement

Other B27 Supplement (×50) LifeTech/GIBCO Cat#: 17504–044 Cell culture, media supplement

Other N2 Supplement (×100) LifeTech/GIBCO Cat#: 17502–048 Cell culture, media supplement

Other Laminin Cultrex Cat#: 3446-005-01

Cell culture, media supplement, 
and pre-lamination of culture 
vessels

Peptide, 
recombinant protein EGF Peprotech Cat: 315–09 Cell culture, media supplement

Peptide, 
recombinant protein FGF-2 Peprotech 100-18B Cell culture, media supplement

Other Accutase Sigma-Aldrich Cat#: A6964
Cell culture, cell dissociation 
agent

Other DMSO Sigma-Aldrich Cat#: 276855
Cell culture, freeze media, and 
drug diluent
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Reagent type 
(species) or resource Designation Source or reference Identifiers Additional information

Other Triton X-100 Merck Life Sciences Cat#: X-100
Cell permeabiliz-ation agent 
following cell fixation

Other Paraformaldehyde Powder 95% Sigma Cat#: 158127 Cell fixation agent

Other Tween 20 Cambridge Bioscience Cat#: TW0020 DNA FISH (hybridization mix)

Other PBS Tablets Sigma-Aldrich Cat#: P4417 Diluent and washing agent

Other Ethanol VWR Cat#: 20821–330 DNA FISH

Other Methanol Fisher Chemical M/4000/17
Used 3:1 with acetic acid for 
metaphase spreads

Other Acetic acid
Honeywell Research 
Chemicals 33209-1L See above

Peptide, 
recombinant protein  � Alexa Fluor 647 EGF complex Thermo Fisher Scientific E35351 Flow cytometry

Other Green496-dUTP ENZO Life Sciences ENZ-42831L
Direct labelling of Fosmid DNA 
FISH probes via nick translation

Other
ChromaTide Alexa Fluor 594–5-
dUTP Thermo Fisher Scientific C11400

Direct labelling of Fosmid DNA 
FISH probes via nick translation

Peptide, 
recombinant protein DNA Polymerase 1 Invitrogen 18010–017

Peptide, 
recombinant protein

DNase I recombinant, RNase-
free Roche 04716728001

Genetic reagent 
(human) Human Cot-1 DNA Thermo Fisher Scientific 15279011

Genetic reagent 
(salmon) Salmon Sperm DNA Invitrogen 15632011

Chemical 
compound, drug Paclitaxel Cambridge Bioscience CAY10461 10–100 nM

Chemical 
compound, drug Nocodazole Sigma-Aldrich SML1665 50–100 ng/ml

Other
XCP 7 Orange Chromosome 
Paint MetaSystems Probes D-0307-100-OR

DNA FISH (see Figure 1 and 
Materials and methods referring 
to this)

Commercial assay 
or kit

Stellaris RNA-FISH probes 
(Custom Assay with Quasar 570 
Dye)

LGC Biosearch 
Technologies SMF-1063–5 RNA FISH

Commercial assay 
or kit

Stellaris RNA FISH 
Hybridization Buffer

LGC Biosearch 
Technologies SMF-HB1-10 RNA FISH

Genetic reagent 
(human) Alt-R CRISPR-Cas9 crRNA IDT-Technologies Alt-R CRISPR-Cas9 crRNA

Genetic reagent 
(human) Alt-R CRISPR-Cas9 tracrRNA IDT-Technologies 1072532

Commercial assay 
or kit

SG Cell Line 4D-
NucleofectorTM X Kit S Lonza Bioscience V4XC-3032

Genetic reagent 
(human) Chromosome 7 Control Probe Pisces Scientific CHR07-10-DIG Probe and hybridization mix

Other
DAPI (4',6-Diamidino-2-
Phenylindole, Dihydrochloride) Thermo Fisher Scientific D1306

Nuclear staining; 50 ng/ml 
and 5 ng/ml (as indicated in 
Materials and methods)

 Continued

 Continued on next page
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Reagent type 
(species) or resource Designation Source or reference Identifiers Additional information

Sequence-based 
reagent

mCherry_PolR2G crRNA and 
dsDNA (donor) Twist Bioscience

See Materials and methods and 
Supplementary file 1

Other WGS and RNAseq

This paper
Glioma Cellular Genetics 
Resource, CRUK, UK

GEO: GSE215420
See also: https://gcgr.org.uk See Materials and methods

Other Erosion Territories analysis This paper

Code available at: https://​
github.com/IGC-Advanced-​
Imaging-Resource/​
Purshouse2022_paper

Other Cluster analysis This paper

Code available at: https://​
github.com/SjoerdVBeentjes/​
ripleyk

Other RNA-seq/WGS analysis This paper

Code available at: https://​
github.com/kpurshouse/​
ecDNAcluster

Software, algorithm GraphPad Prism 9.0  � GraphPad Software, Inc https://www.graphpad.com/

Software, algorithm FCS Express  � FCS Express 7 https://denovosoftware.com/

Software, algorithm Fiji/ImageJ  � Open Source https://imagej.net/Fiji

Software, algorithm BioRender  � BioRender https://biorender.com/

Software, algorithm Python v3.9  � Open Source https://www.python.org

Software, algorithm Algorithm - RipleyK package  � Python Package Index https://pypi.org/project/ripleyk/

Software, algorithm Imaris x64 v9.4.0
 � Imaris Microscopy 

Image Analysis Software https://imaris.oxinst.com/

Software, algorithm UCSC Genome Browser  � Kent et al., 2002
https://genome.cshlp.org/content/​
12/6/996

Software, algorithm STAR 2.7.1a  � Dobin et al., 2013
https://github.com/alexdobin/​
STAR; Dobin et al., 2013

Software, algorithm Picard  � Broad Institute

https://broadinstitute.github.io/​
picard/
RRID:SCR_006525, Version 2.23.2

Software, algorithm AmpliconArchitect
 � Deshpande et al., 

2019

https://github.com/​
virajbdeshpande/​
AmpliconArchitect; Deshpande 
et al., 2019 (with Python v2.7)

Software, algorithm AmpliconClassifier  � Kim et al., 2020

https://github.com/jluebeck/​
AmpliconClassifier (with Python 
v2.7)

Software, algorithm deepTools v3.4  � Ramírez et al., 2016
https://deeptools.readthedocs.io/​
en/develop/

Software, algorithm HOMER2 4.10  � Heinz et al., 2010 http://homer.ucsd.edu/homer/

Software, algorithm SAMtools v1.10  � Li et al., 2009 http://www.htslib.org

Software, algorithm BEDTools v2.3  � Quinlan and Hall, 2010
http://code.google.com/p/​
bedtools

Software, algorithm bcftools  � Danecek et al., 2021
https://doi.org/10.1093/​
gigascience/giab008

Software, algorithm strelka v2.9.10  � Kim et al., 2018
https://doi.org/10.1038/s41592-​
018-0051-x

 Continued

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled 
by the lead contacts, Wendy Bickmore (​wendy.​bickmore@​ed.​ac.​uk) and Steven Pollard (​steven.​
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pollard@​ed.​ac.​uk).

Materials availability
This study generated a new CRISPR engineered knock-in reporter cell line – E28 mCherry_POLR2G.

Experimental model and subject details
GSC and NSC lines from the Glioma Cellular Genetics Resource (GCGR) (https://gcgr.org.uk) were 
cultured in serum-free basal DMEM/F12 medium (Sigma) supplemented with N2 and B27 (Life Tech-
nologies), 2 μg/ml laminin (Cultrex), and 10 ng/ml growth factors EGF and FGF-2 (Peprotech) (Pollard 
et al., 2009). Cells were split with Accutase solution (Sigma), and centrifuged approximately weekly 
as previously reported. All GBM cell lines were derived from treatment-naive patients, and the NSC 
cell line GCGR-NS9FB_B was derived from 9 week of gestation forebrain. GSC cell lines were selected 
on the basis of predominantly (E26) or entirely (E28, E25, and E20) harbouring oncogenes on ecDNAs 
(rather than HSRs) via metaphase spread analysis (see Materials and method below). Human GBM 
tissue was obtained with informed consent and ethical approval (East of Scotland Research Ethics 
service, REC reference 15/ES/0094). Human embryonic brain tissue was obtained with informed 
consent and ethical approval (South East Scotland Research Ethics Committee, REC reference 08/
S1101/1). Cell lines were regularly tested for mycoplasma.

Method details
Metaphase spreads and interphase nuclei
Cell lines were optimized to generate metaphase spreads. Briefly, cells at near confluence in a T75 
flask were incubated between 4 and 16 hr in the presence of 10–100 nm paclitaxel (Cambridge BioSci-
ence) with or without 50–100 ng/ml nocodazole (Sigma-Aldrich). Along with the media, cells dissoci-
ated with accutase were centrifuged, washed in PBS, and resuspended in 10 ml potassium chloride 
(KCl) 0.56%, with sodium citrate dihydrate (0.9%) if required, for 20 min. After further centrifugation, 
cells were resuspended in methanol:acetic acid 3:1 and dropped onto humidified slides.

For all other fixed cell experiments described below, cells were seeded overnight onto glass cover-
slips or poly-L-lysine coated glass slides (Sigma-Aldrich). Cells were fixed with 4% paraformaldehyde 
(PFA – 10 min) and permeabilized with 0.5% Triton X-100 (15 min) with thorough PBS washes in-be-
tween. Where cells were dried (see FISH methods), this only occurred following PFA fixation in order 
to preserve 3D structures and minimize cell and nuclear flattening.

DNA FISH
A detailed method for DNA FISH has been described elsewhere (Jubb and Boyle, 2020). Briefly, DNA 
stocks of fosmid clones targeting EGFR (WI2-2910M03), CDK4 (WI2-0793J08), and PDGFRA (WI2-
2022O22) (Supplementary file 1) were prepared via an alkaline lysis miniprep protocol (Jubb and 
Boyle, 2020). Each fosmid DNA probe was labelled via Nick Translation directly to a fluorescent dUTP 
(Green496-dUTP, ENZO Life Sciences; ChromaTide Alexa Fluor 594-5-dUTP, Thermo Fisher Scientific) 
and incubated with unlabelled dATP, dCTP, and dGTP, ice-cold DNase and DNA PolI for 90 min at 
16°C. The reaction was quenched with EDTA and 20% SDS, TE buffer added, and the reaction mix run 
through a Quick Spin Sephadex G50 column.

Cells on slides or cover-slips were prepared by incubating for 1 hr in ×2 trisodium citrate and 
sodium chloride (SSC)/RNaseA 100 μg/ml at 37°C, then dehydrated in 70%, 90%, and 100% ethanol. 
Slides were warmed at 70°C prior to immersion in a denaturing solution (×2 SSC/70% formamide, pH 
7.5) heated to 70°C (methanol:acetic acid-fixed cells) or 80°C (PFA-fixed cells), the duration of which 
was optimized to each cell line. After denaturing, slides were immersed in ice-cold 70% ethanol, then 
90% and 100% ethanol at room temperature before air drying.

FISH probes were prepared by combining 100 ng of each directly labelled fosmid probe (per slide), 
6 μg Human Cot-1 DNA (per probe), 5 μg sonicated salmon sperm (per slide), and 100% ethanol. 
Once completely dried, the resulting pellet was suspended in hybridization mix (50% deionized 
formamide [DF], ×2 SSC, 10% dextran sulfate, 1% Tween 20) for 1 hr at room temperature, denatured 
for 5 min at >70°C and annealed at 37°C for 15 min. Where relevant, FISH probes were instead hybrid-
ized in Chromosome 7 paint (XCP 7 Orange, Metasystems). The probes were incubated overnight at 
37°C. The following day, the slides were washed in ×2 SSC (45°C), 0.1% SSC (60°C) and finally in ×4 
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SSC/0.1% Tween 20 with 50 ng/ml 4′,6-diamidino-2-phenylindole (DAPI). Slides were mounted with 
Vectashield.

RNA FISH
RNA FISH probes (Custom Assay with Quasar 570 Dye) targeting the first intron (pool of 48 22-mer 
probes) of EGFR were designed and ordered via the Stellaris probe designer (Biosearch Technologies, 
Inc, Petaluma, CA) (https://www.biosearchtech.com/support/tools/design-software/stellaris-probe-​
designer, version 4.2). Cells were seeded, fixed, and permeabilized as above. Slides were immersed 
in ×2 SSC, 10% DF in DEPC-treated water for 2–5 min before applying the hybridization mix (Stellaris 
RNA FISH hyb buffer, 10% DF, 125 nm RNA FISH probe) for incubation at 37°C. After overnight incu-
bation, slides were incubated in ×2 SSC, 10% formamide in DEPC-treated water for 30 min, and then 
stained with DAPI (5 ng/ml). Slides were washed with PBS before mounting with Vectashield.

Combined RNA:DNA FISH
Nascent EGFR RNA FISH was performed as above, and nuclei imaged as described below. The x,y,z 
coordinates for each image were recorded via NIS software at the time of imaging. After removing 
the cover-slips and washing the slides in PBS, EGFR DNA FISH was performed whereby the probe 
preparation was as above. Centromere 7 (CEN7 – CHR07-Dig Control) FISH probe (Pisces Scientific) 
was prepared, denatured for 5 min at 80°C and snap-frozen on crushed ice. Slides were transferred 
from PBS wash to denaturing solution at 80°C for 15–30 min, washed in ×2 SSC, and incubated over-
night with the probe(s) at 37°C. The subsequent stringency washes were as described above. Slides 
were then incubated in blocking buffer (×4 SSC/5% Marvel) for 5 min, followed by anti-digoxigenin 
antibody (Roche; 1 in 10; 1 hr at humidified 37°C) and anti-sheep Alexa Fluor 647 secondary antibody 
(Thermo Fisher Scientific; 1 in 10; 1 hr at humidified 37°C) with ×4 SSC/0.1% Tween 20 washes in 
between. After the final washes, slides were stained with DAPI and mounted as described above. 
The stored x,y,z coordinates were used to relocate and image each nucleus. Owing to the irregularity 
of the tumour nuclei, it was possible to be confident in re-imaging the correct nucleus – nuclei were 
excluded where this was not the case, or where nuclei were lost between RNA and DNA FISH. Spot 
counting was subsequently performed as described below with RNA and DNA foci being defined and 
counted separately to avoid influencing the outcome. For CEN7, nuclei were excluded if the number 
of foci could not be clearly identified.

Immunofluorescence and immuno-FISH
Slides were blocked in 1%BSA/PBS/Triton X-100 0.1% for 30 min at 37°C before overnight incubation 
with the primary antibody at 4°C (Rpb1 NTD (D8L4Y) #14958, Cell Signaling Technology, 1 in 1000; 
mCherry [ab167453], abcam, 1 in 500). The following day, slides were washed in PBS before incuba-
tion with an appropriate secondary antibody (1 in 1000 Alexa Fluor) for 1 hr at 37°C. After further PBS 
washes and DAPI staining, slides were mounted with Vectashield.

For immuno-FISH (DNA), the IF signal was fixed via incubation with 4% PFA for 30 min. Following 
thorough PBS washes, the DNA FISH protocol was then followed as above.

For immuno-FISH (RNA), the antibodies were added at the same concentration as described above 
to the hybridization mix (primary antibody) and ×2 SSC/10% DF washes (secondary antibody).

Flow cytometry and FACS
Cells were prepared by adding EGF-free media for 30 min before lifting and suspending cells in 0.1% 
BSA/PBS. Cells were incubated in 100 ng/ml EGF-647 (E35351, Thermo Fisher Scientific) in 0.1%BSA/
PBS, with cells incubated in 0.1% BSA/PBS as a negative control, for 25 min. Cells were washed three 
times in 0.1%BSA/PBS before being analysed on the BD FACSAria III FUSION. Where indicated, cells 
were sorted by EGF-647 gated into high and low groups, and a sort check was performed to verify 
these were true populations prior to expanding these cells onto 22×22 mm2 cover-slips. Fifteen days 
after the cells were sorted, the slides were fixed, permeabilized, and DNA FISH performed as above.



 Research article﻿﻿﻿﻿﻿﻿ Chromosomes and Gene Expression

Purshouse et al. eLife 2022;11:e80207. DOI: https://doi.org/10.7554/eLife.80207 � 18 of 24

mCherry_POLR2G knock-in cell line
crRNA and donor DNA was designed using the previously reported TAG-IN tool (Dewari et  al., 
2018), with the corresponding fluorescent reporter gene sequences for mCherry implemented into 
the existing tool (Supplementary file 1). Output sequences from the TAG-IN tool were manufactured 
by Twist Bioscience. Gene-specific crRNA (100 pmoles – IDT Technologies, Coralville, IA, USA) and 
universal tracrRNA (100 pmoles, IDT Technologies, Coralville, IA, USA) were assembled to a cr:tra-
crRNA complex by annealing at the following settings on a PCR block: 95°C for 5 min, step down 
cooling from 95°C to 85°C at 0.5°C/s, step down cooling from 85°C to 20°C at 0.1°C/s, store at 4°C. 
Recombinant Cas9 protein (10 μg, purified in house – see Dewari et al., 2018) was added to form 
the ribonucleoprotein (RNP) complex at room temperature for 10 min, then stored on ice; 300 ng of 
donor dsDNA were denatured in 30% DMSO by incubating at 95°C for 5 min followed by immediate 
immersion in ice. The donor dsDNA and RNPs were electroporated into E28 cells using the 4D Amaxa 
X Unit (programme DN-100). After 2 weeks of serial expansion of cells in 2D culture, assessment of 
knock-in efficiency was assessed by suspending 5–7 × 105 cells in 0.2% BSA/PBS and analysed on BD 
LSRFortessa Cell Analyzer, with cells electroporated with tracrRNA:Cas9 only as a negative control. 
Cells were then further sorted into a pure KI population, and mCherry KI was verified by immunofluo-
rescence for mCherry and Rpb1.

Imaging
Slides were imaged on epifluorescence microscopes (Zeiss AxioImager 2 and Zeiss AxioImager.A1) 
and the SoRa spinning disk confocal microscope (Nikon CSU-W1 SoRa). For 3D image analysis, images 
were taken with the SoRa microscope and a 3 μm section across each nucleus was imaged in 0.1 μm 
steps. Images were denoised and deconvolved using NIS deconvolution software (blind preset or 
Lucy-Richardson) (Nikon). 3D images are shown in the figures as MIP prepared using ImageJ.

Quantification and statistical analysis
Image analysis of nuclear localization
Images were analysed using Imarisv9.7 and Fiji. The scripts used to perform nuclear territory analysis 
have been described elsewhere (Boyle et al., 2001; Croft et al., 1999; see also Data availability). 
Briefly, single-slice images were taken with a ×20 lens using the Zeiss AxioImager 2, imaging at least 
50 nuclei per cell line. The images were segmented first to individual nuclei, and subsequently the 
area of the DAPI signal was segmented to define the nuclear area. This area was segmented into 
concentric shells of equal area from the periphery to the centre of each nucleus. The signal intensity 
of each FISH probe or chromosome paint signal was calculated, with normalization for the DAPI signal 
in each shell.

Image analysis of ecDNA and large PolII foci
For 3D analysis, deconvolved images were analysed using Imaris (v9.7) and all analysis was performed 
on the full 3D image. RNA and DNA FISH foci, and where relevant, large PolII foci, were defined, 
counted and distances between them calculated, using the Spots function within Imaris. Imaris spot 
size diameter was selected by single plane measurement of representative foci and this defined diam-
eter was applied to all nuclei of a given experiment for 3D analysis. For DNA FISH analysis, E26, E28, 
and E25 spot size was 300 nm diameter, and where indicated in the text, reanalysed with 150 nm spot 
diameter. For E20 and all RNA FISH experiments, a spot size diameter of 200 nm was used. For RPB1 
and POLR2G foci (IF), large foci were defined as those ≥500 nm diameter (Cho et al., 2018; Sabari 
et al., 2018).

For 3D cluster analysis of FISH spots, Ripley’s K function was performed using the x,y,z coordinates 
for each FISH spot using the Imaris Spots function to determine observed and null distribution values.

	﻿‍ K(r) = 1
λ

∑
i̸=j

I
{

d(i,j)≤r
}

n ‍�

Ripley’s K function compares the number of points at a distance smaller than a given radius r, rela-
tive to the average number of points in the volume. This average is the density lambda, in this case 
the number of foci, n, divided by the volume. In the above equation,
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is the indicator function which equals 1 if the distance between points i and j is no larger than r, and 
0 otherwise. A high value of Ripley’s K function represents clustering at the given radius r, whereas a 
low value represents dispersion. Consequently, a high Ripley’s K function at a given radius is indicative 
of clustering at this radius. By comparing the observed value of Ripley’s K function at a given radius 
with that computed on the same number of foci and with the same volume but drawn from a uniform 
null distribution, the presence of significant clustering in the given cluster at the given radius can be 
detected.

The code written to perform this analysis was formed using a script written in Python (v3.9) and 
has been made available on GitHub (see Data availability). Ripley’s K function was determined across 
a radius of 0.1–1 µm in 0.1 µm increments. After calculating the observed Ripley’s K function value, a 
null distribution of no clustering, estimated on uniformly distributed samples with the same number of 
spots, was generated using the coordinates for each given nucleus to calculate 10,000 Ripley’s K func-
tion values at each radial increment. We tested a sample of nuclei with 50,000 values and confirmed 
that 10,000 values would provide sufficient accuracy. Having sampled that nucleus shape and size did 
not affect the significance of a result at each increment in the given range of radii, a bounding radius 
of 5 was used for all samples. Only nuclei with greater than 20 EGFR foci were included to ensure both 
that the majority of foci were ecEGFR, to allow adequate granularity and minimize the risk of a false 
negative result due to lack of foci. The p-value for each observed K function was established against 
the expected values using the Neyman-Pearson lemma. Where the observed and expected K function 
at p=0.05 were the same, a randomized binomial test was performed to determine if p<0.05 for the 
observed value, weighting the probability of success as the ratio of the number of values p<0.05 and 
the total number of equal values. Having determined this, the most optimistic estimate of p-value was 
made which would favour identification of a significant result, that is, a bias in favour of significant 
clustering. A Benjamini-Hochberg procedure was performed to control for the false discovery rate 
(FDR = 0.05).

All other statistical analysis was performed with GraphPad Prism v9.0. The statistical details for 
each experiment can be found in the relevant figure legends and in the Source Data. For figures, 
p-values are represented as follows: *<0.05, **<0.01, ***<0.001, ****<0.0001. Where appropriate, 
Bonferroni correction for multiple hypothesis testing was performed, and, where relevant, corrected 
p-values are those plotted in the figures and are given in the Source Data in brackets next to the 
uncorrected p value.

RNA and WGS sequencing sample preparation, analysis, and processing
The preparation of these cell lines for RNA-seq has been described in detail elsewhere (Gangoso 
et al., 2021). WGS was undertaken by BGI Tech Solutions with PE100 and normal library construction. 
WGS, RNA-seq, and AmpliconArchitect data for GBM39 was taken from data made available via 
publication and in the NCBI Sequence Read Archive (BioProject: PRJNA506071) (Wu et al., 2019).

Sequences were aligned to hg38 with STAR 2.7.1a with settings ‘--outFilterMultimapNmax 1’ used 
for WGS and RNA-seq data and settings ‘--alignMatesGapMax 2000 --alignIntronMax 1 
--alignEndsType EndToEnd’ used only for WGS data (Dobin et al., 2013). Duplicate reads were 
removed using Picard (Broad Institute). AmpliconArchitect (Deshpande et al., 2019) and Amplicon-
Classifier (Kim et al., 2020) were used to predict the ecDNA regions and classify circular amplicons 
for E26 and E28, and to classify EGFR exons as being located primarily on ecDNA or only on chro-
mosomal DNA in E26 and E28. Exon coordinates were extracted from Ensembl (isoform:EGFR-201, 
Ensembl Transcript ID: ENST00000275493.7). Alignments were converted to bigWig files using deep-
Tools bamCoverage with setting ‘--normalizeUsingRPKM’ (Ramírez et al., 2016) and visualized using 
the UCSC genome browser (Kent et al., 2002). HOMER2 (Heinz et al., 2010) makeTagDirectory and ​
annotatePeaks.​pl (settings ‘-len 0 -size given’) were used for read counting of WGS and RNA in EGFR 
exons. Analysis of RNA-seq counts per copy number was performed using scripts written in Python 
(v3.9). We normalized the RNA-seq read counts to the WGS read count in each EGFR exon, and anal-
ysed in GraphPad Prism v9.0. SNP calling was done using strelka v2.9.10 (Kim et al., 2018) using the ​
conf​igur​eStr​elka​Germ​line​Workflow.​py command on all samples (WGS blood, WGS tumour, and RNA-
seq tumour) for each cell line (E26 and E28) separately. SNPs that passed all filters were extracted 
using bcftools (Danecek et al., 2021) and selected for those that had an allele frequency in the WGS 
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blood between 40% and 60%. The ratio of allele frequencies between the RNA-seq and WGS tumour 
samples were determined for those SNPs overlapping expressed exons with at least 20 reads in the 
RNA-seq samples . See Data availability.

Source data
Source data regarding the statistical tests applied, the exact sample number, p-values of tests (and 
adjustments for multiple hypothesis testing), and details of replicates are included where indicated in 
the article. N=number of nuclei.
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