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Abstract
Extrachromosomal DNA (ecDNA) are circular regions of DNA that are found in many cancers. They are an important means 
of oncogene amplification, and correlate with treatment resistance and poor prognosis. Consequently, there is great interest 
in exploring and targeting ecDNA vulnerabilities as potential new therapeutic targets for cancer treatment. However, the 
biological significance of ecDNA and their associated regulatory control remains unclear. Light microscopy has been a central 
tool in the identification and characterisation of ecDNA. In this review we describe the different cellular models available to 
study ecDNA, and the imaging tools used to characterise ecDNA and their regulation. The insights gained from quantitative 
imaging are discussed in comparison with genome sequencing and computational approaches. We suggest that there is a 
crucial need for ongoing innovation using imaging if we are to achieve a full understanding of the dynamic regulation and 
organisation of ecDNA and their role in tumourigenesis.

Keywords Oncogene · Double-minute · Fluorescence in situ hybridisation · Homogeneously staining regions · 
Transcription hubs

Introduction

Extrachromosomal DNAs (ecDNA) were identified almost 
60 years ago, but the last decade has seen renewed interest 
in their roles in cancer and oncogene amplification. EcDNA 
are often the location of all key oncogene amplifications 
and facilitate intra-tumoural copy number heterogeneity, as 
well as being associated with treatment resistance and poor 
prognosis in cancer (Turner et al. 2017; Kim et al. 2020). 
Recent evidence suggests that ecDNA evolve during cancer 
progression (Luebeck et al. 2023).

EcDNA were first discovered in tumours using light 
microscopy (Cox et al. 1965; Lubs and Salmon 1965) and 
have gone on to be studied by both imaging and genomic 
tools. Key questions of ecDNA behaviour have mainly 

been explored through DNA sequencing and computational 
approaches. However, imaging remains vital to truly under-
stand ecDNA dynamics in and between cells, with many 
questions remaining around gene expression, regulation and 
spatial organisation. As part of this Special Issue ‘Visual-
izing genomes: the centennial of the Feulgen reaction’ this 
review highlights the important role played by being able 
to image DNA in furthering the understanding of ecDNA 
organisation and regulation, and we discuss the important 
opportunities for innovation.

An overview of ecDNA structure

EcDNA were first described when karyotype analyses of 
human cancers revealed abnormal chromosomal, and addi-
tional non-chromosomal, structures in metaphase spreads. 
Tumours resected from patients were found to harbour mul-
tiple small DNA fragments characterised as centromere-free 
double chromatin bodies (later defined as double minutes) 
and very long, abnormal chromosomes later defined as 
homogeneously staining regions (HSRs) (Lubs and Salmon 
1965; Cox et al. 1965; Biedler and Spengler 1976). The 
existence of these chromatin bodies as doublets or sin-
glets has resulted in the more global description of these 
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chromosome-independent bodies as ecDNA (Hamkalo et al. 
1985) (Fig. 1).

Their varied genomic composition has led to the proposal 
that multiple mechanisms may contribute to ecDNA for-
mation (Wang et al. 2021). These include breakage-fusion-
bridge cycles (McClintock 1938), chromothripsis (Ly and 
Cleveland 2017; Stephens et al. 2011; Rosswog et al. 2021; 
Shoshani et al. 2021), translocation-(excision)-deletion-
amplification (Röijer et al. 2002; Van Roy et al. 2006) and 
episome formation (Carroll et al. 1988; Vogt et al. 2004; 
Storlazzi et al. 2010). Available evidence suggests that a 
sizeable proportion of ecDNA derive their origins from 
chromothripsis; however, the structure of ecDNA indicate 
cases where other, or indeed multiple, models can explain 
their origin. It remains unclear what triggers such genome 
rearrangement events.

EcDNA often exist as singlets, with only 30% shown to be 
paired doublets (Turner et al. 2017). EcDNA can re-integrate 
into 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 et al. 2019). Genomic sequencing and asso-
ciated analytical tools have enabled higher resolution struc-
tural characterisation of ecDNA. EcDNA in cancer cells had 
originally been hypothesised to be circular on the basis of 
comparison with similar structures in other organisms such 
as protozoa (Schimke 1984). Combining sequencing tools 
with microscopy has confirmed that ecDNA are indeed cir-
cular and generally approximately 1–3 Mb in size, although 
this may extend up to 5 Mb (Turner et al. 2017; Deshpande 
et al. 2019; Verhaak et al. 2019; Wu et al. 2019). Their large 
size differentiates ecDNA from other circular extrachromo-
somal structures, such as extrachromosomal circular DNA 
(eccDNA), which encompasses various types with differing 
characteristics and functions (Wang et al. 2021) (Table 1).

EcDNA and HSRs were confirmed as the loca-
tion 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). Across many 
cancers, the most common focal oncogene amplifications 
have been shown to be all located on ecDNA and/or HSRs. 
This enables oncogene copy number to be amplified tens to 
hundreds of times, with significant intra- and inter-tumoral 
copy number heterogeneity (Turner et al. 2017; Lange 
et al. 2022). Given that ecDNA replicate only once per 
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 (Lange et al. 2022).

In addition to their resident oncogenes, ecDNA also 
harbour regulatory elements (enhancers) required to drive 
oncogene expression (Morton et al. 2019). EcDNA-resi-
dent enhancers have been proposed to interact with onco-
genes in cis and trans (Helmsauer et al. 2020; Zhu et al. 
2021). It has also been suggested that ecDNA harbour 
regulatory elements that are independent of their relevant 
oncogenes and that facilitate trans-activation between 
enhancers and other ecDNA-inhabiting oncogenes (Hung 
et al. 2022). This has led to debate around transcription 
regulation in the context of ecDNA. While some stud-
ies suggest that circular amplicons result in augmented 
copy-number normalised transcription in comparison with 
non-circular amplicons, other studies indicate a simple lin-
ear relationship between ecDNA copy number and gene 
expression with levels of transcription per ecDNA no dif-
ferent from that of the endogenous chromosomal loci (Wu 
et al. 2019; Kim et al. 2020; Purshouse et al. 2022; Stöber 
et al. 2023). Recent data indicate high intercellular and 
intranuclear heterogeneity of ecDNA transcription, sug-
gesting that ecDNA transcriptional dynamics are highly 
complex (Chamorro González et al. 2023; Stöber et al. 
2023).

Fig. 1  ecDNA at metaphase. A 
4′,6-Diamidino-2-phenylindole 
(DAPI) stained metaphase 
spreads from a recurrent glio-
blastoma cell line E37. ecDNA 
appear as small DAPI-stained 
dots (arrowed). Scale bar: 
10 µm. B Violin plot of number 
of ecDNA per metaphase 
spread in E37 cells, median and 
quartiles are shown. Number of 
metaphase spreads = 53
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EcDNA and cancer

EcDNA are a frequent feature of many cancer types but are 
very rare in normal tissue (Benner et al. 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 com-
bining whole genome sequencing (WGS) and imaging, using 
primarily cancer cell lines across 17 cancer types, identi-
fied ecDNA in nearly half of cancers (Turner et al. 2017). 
A subsequent WGS study from 3212 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). EcDNA are particularly common in glio-
blastoma, with large-scale analysis of WGS data showing 
that ~ 50–60% of glioblastoma cells carry ecDNA, rising to 
90% in patient-derived glioblastoma tumour models (Turner 
et al. 2017; Kim et al. 2020). Other cancers with high ecDNA 
occurrence include sarcoma and oesophageal cancers (Kim 
et al. 2020). Linking clinical and WGS data has shown that 
ecDNA amplification is associated with worse 5-year sur-
vival outcomes, although ecDNA level was not associated 
with metastatic status or previous cancer treatment (Turner 
et al. 2017; Kim et al. 2020). Importantly, ecDNA have been 
exposed as an early event in cancer, having been identified 
in dysplastic cells prior to the development of oesophageal 
adenocarcinoma, with ecDNA copy number and structure 
evolving during cancer progression (Luebeck et al. 2023).

There are dynamic ecDNA responses to cancer treat-
ments. In a range of ecMYC (c-MYC) cancer cell lines treat-
ment with hydroxyurea, which inhibits ribonucleotide reduc-
tase, resulted in a marked reduction in c-MYC copy number 
that was not observed in a cell line harbouring c-MYC on an 

HSR (Colo320HSR) (Von Hoff et al. 1992). Hydroxyurea 
also reduces copy number of ecDNA-amplified oncogenes 
in a range of in vitro tumour contexts (Eckhardt et al. 1994; 
Canute et al. 1998; Shimizu et al. 2007). EcDNA dynamics 
may play a role in targeted treatment resistance. GBM39 
glioblastoma cells with high levels of mutant EGFRvIII-
containing ecDNA have increased receptor tyrosine kinase 
signalling and cell proliferation, and show reduced apop-
tosis and enhanced cell death in the presence of the EGFR 
inhibitor erlotinib. Erlotinib resistance was accompanied 
by a significant reduction in EGFRvIII ecDNA, but main-
tenance of EGFR HSRs, likely to be a response to evade 
drug-induced cell death (Nathanson et al. 2014; Turner et al. 
2017). In BRAF-mutant ecDNA-null melanoma cells, BRAF 
amplification – primarily via ecDNA formation – developed 
following Raf/MEK-inhibitor treatment. A preference for 
ecDNA to HSR conversion was observed during stable dual 
drug dosing, but rare ecDNA could also re-emerge from a 
predominantly HSR-BRAF population (Song et al. 2021).

Radiotherapy, a treatment modality that results in DNA 
strand breaks, also leads to ecDNA evolution. Epidermoid 
cells with ecDNA harbouring the drug resistance gene Mul-
tidrug Resistance 1 (MDR1) and Colo320 cells harbouring 
ecMYC were both shown to lose ecDNA copy number fol-
lowing ionising radiation, with ecMDR1 relocated to micro-
nuclei (Sanchez et al. 1998; Schoenlein et al. 2003). In con-
trast, a study in established cell lines harbouring ecDNA 
(Colo320), or driven to form ecDNA by methotrexate 
(MTX) resistance, showed that both random DNA damage 
caused by ionising radiation or doxorubicin, and targeted 
nuclease-induced DNA damage near the amplified ecDNA 
gene DHFR, drove ecDNA to form ectopic chromosome 
integrations (Shoshani et al. 2021).

Table 1  Characteristics of various extrachromosomal circular DNA structures

Structure Size Characteristics References

EcDNA 1–5 Mb Singlets or doublets (formerly described 
as double minutes), harbour genes and 
regulatory elements. Rare in non-cancer 
cells

Turner et al. 2017 Deshpande et al. 2019 
Verhaak et al. 2019 Wu et al. 2019

EccDNA 0.1 Kb–1 Mb Rarely harbour genes/regulatory elements 
unless size allows, seen in normal and 
cancer cells

Møller et al. 2018 Wang et al. 2021

Telomeric circles (or C-circles) 100 bp to 30 Kb – 
integral multiples of 
738 bp

Provide a specialised mechanism for 
telomere elongation via the alternative 
mechanism of telomere (ALT) mecha-
nism, multiples of 738 bp

Reddel 2003
Henson et al. 2009 Basenko et al. 2010

microDNA 100–400 bp Seen in normal mouse and human cell 
lines, involved in small regulatory 
RNAs, such as miRNA generation

Shibata et al. 2012 Paulsen et al. 2018 
Noer et al. 2022

Small polydispersed circular 
DNA (spcDNA)

100 bp–10 Kb Earliest description of eccDNA as 
described in HeLa cells, linked to 
genomic instability

Smith and Vinograd 1972
Regev et al. 1998
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These studies highlight that ecDNA are an important fea-
ture of cancer that are affected by anti-cancer treatment by 
mechanisms yet to be fully understood. It remains unclear 
whether ecDNA represent an important therapeutic target or 
are merely a downstream consequence of upstream cellular 
events, given that cancers can occur and be aggressive in the 
absence of ecDNA.

Experimental models for the study of ecDNA

Before considering the importance of direct visualisation 
by microscopy, we first describe the different cellular mod-
els that can be used for the study of ecDNA. These can be 
broadly considered in three categories: established cell lines, 
drug-based selection and primary patient samples.

Established cell lines

EcDNA are often studied in a limited repertoire of estab-
lished cell lines. For example, the Colo320DM and 
Colo320HSR cell lines were derived from a patient with 
cancer of the sigmoid colon, and were among the first cells 
where oncogene amplification, of c-MYC, was localised to 
DM or HSR sites, respectively (Quinn et al. 1979; Alitalo 
et al. 1983). These ecDNA have more recently been charac-
terised as 4.33 Mb in size, each carrying multiple copies of 
c-MYC (Hung et al. 2021). Histopathology described mod-
erately undifferentiated adenocarcinoma, atypical pseudo-
glands with an area of poorly differentiated carcinoid. Hor-
mone and polypeptide levels were atypical for colorectal 
cancer, e.g. low carcinoembryonic antigen (CEA), and 
more characteristic of a neuroendocrine carcinoma. This 
suggests that Colo320 may be highly atypical of colorectal 
carcinoma cell lines (Quinn et al. 1979). Other examples 
of extensively-studied established cell lines with resident 
ecDNA include PC3 (prostate cancer – c-MYC ecDNA), 
SNU16 [gastric cancer – c-MYC and fibroblast growth fac-
tor receptor 2 (FGFR2) ecDNA] and TR14 (neuroblastoma 
– c-MYC ecDNA) (Kaighn et al. 1979; Cowell and Rupniak 
1983; Park et al. 1990; Hung et al. 2021).

It is unclear how well-established ecDNA cell lines, many 
over 40 years old, accurately represent tumour biology. The 
selection pressure for survival in culture over extended 
periods of time may have enriched for cells with atypical 
features. While the presence of ecDNA in mouse models of 
cancer is not well documented, a Cre-recombinase strategy 
has recently been used to engineer ecDNA into cell lines 
and mice that normally do not harbour them (Pradella et al. 
2023). This has the potential to advance our understanding 
of the role of ecDNA in the early stages of tumour initiation 
and to follow their dynamics in vivo.

Drug‑based cell selection

Selection methods have been used to study the origins 
and evolution of ecDNA (Alt et al. 1978; Kaufman et al. 
1979). Low-dose, continuous, MTX drives the formation of 
DHFR-harbouring ecDNA and HSRs in HeLa (cervical) and 
H29T (colorectal) cancer cell lines (Shoshani et al. 2021). A 
similar strategy using a BRAF/MEK inhibitor combination 
resulted in BRAF-harbouring ecDNA forming in a previ-
ously ecDNA-null melanoma cell line (Song et al. 2021). 
Many such studies include the development of single cell 
clones and are reliant on continuous drug exposure. This 
may not be directly relevant to the heterogeneity observed in 
cancers, where ecDNA exist de novo rather than in response 
to drug-based selection.

Primary patient samples

EcDNA were originally discovered in patient samples. 
EcDNA are markedly less frequent in established cell lines 
in comparison with primary human tumours, with the for-
mer also harbouring a higher proportion of HSRs (Benner 
et al. 1991). This was corroborated in a study that identified 
ecDNA in ~ 40% of tumour cell lines and ~ 90% of patient-
derived brain tumour models (Turner et al. 2017). Examples 
of patient-derived models include GBM39, an ecEGFRvIII-
expressing xenograft cell line comprising cells originally 
resected from a patient with primary glioblastoma (Sarkaria 
et al. 2007; Nathanson et al. 2014). The HK359 glioblas-
toma cell line, which also harbours 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 pri-
mary glioblastoma cell culture (deCarvalho et al. 2018; 
Purshouse et al. 2022) (Fig. 1A). Genomic profiles indicate 
good molecular synergy between the tumours, their derived 
cell cultures, and subsequent xenografts (deCarvalho et al. 
2018).

Patient-derived cell cultures likely represent the best tool 
for studying established ecDNA and recapitulating the com-
plexities of cancer and ecDNA biology. However, the inher-
ent lack of a ‘normal’ pre-pathology comparator cell culture 
generates some limitations for understanding the natural his-
tory of ecDNA development. In addition, some primary cell 
lines are inherently challenging to establish and manipulate 
in culture – a feature that is explored in relation to imag-
ing tools below. Finally, the examples above highlight the 
importance of high-quality clinical data for patient samples, 
particularly where patients have previously received treat-
ment, and for this to remain clearly described in subsequent 
experimental work.
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Visualising ecDNA

In this section, we explore the options for visualising 
ecDNA using light microscopy, and how the data gen-
erated might be used to explore ecDNA function and 
organisation.

Cytogenetic tools – DNA fluorescence in situ 
hybridisation (FISH)

EcDNA were first described using simple light microscopy. 
They can be directly visualised on metaphase spreads via 
4′,6-diamidino-2-phenylindole (DAPI) staining (Fig. 1), 
and DNA fluorescence in situ hybridisation (DNA-FISH) 
allows visualisation of genomic loci, including oncogenes 
and regulatory elements that are carried on ecDNA (van 
der Hout et al. 1989; Shapiro et al. 1993) (Fig. 2). RNA- 
FISH, with probes targeting intronic regions, can detect 
nascent RNA transcripts on ecDNAs (Purshouse et al. 
2022). These cytogenetic tools remain the most robust 
way of characterising individual ecDNA in cells, their 
spatial organisation and ecDNA/HSR dynamics. However, 
these are low throughput methods, and it can be difficult 
to generate metaphases in some cell lines – an essential 
validation step to confirm WGS-predicted ecDNA. For 
example, in one study metaphase spreads could only be 
obtained from 72/117 (61.5%) cancer cell lines (Turner 
et al. 2017), and we found that extensive optimisation with 
alternative mitotic arrest agents was required in primary 
glioblastoma cells (Purshouse et al. 2022). FISH requires 
some prior knowledge of the sequences present on ecDNA 
and relies on high quality epifluorescence, or increasingly 
confocal-based, microscopy, particularly when combined 
with quantitative analysis. RNA- and DNA-FISH signals 
can be compared to quantify transcriptional efficiency but 

are difficult to combine without degradation of either sig-
nal. We have previously used sequential imaging of nuclei 
to capture RNA- and DNA-FISH signals to overcome this 
challenge (Purshouse et al. 2022).

Direct imaging remains the only method by which 
ecDNA and HSRs can be differentiated, with computational 
genomic tools unable to confidentially differentiate tandem 
repeats with current sequencing methods. Even then, this 
remains challenging owing to the varying definitions of an 
HSR, with some hybridisation signals appearing as large 
doublet foci on chromosomes (Shoshani et al. 2021) and 
others coating an entire chromosome arm (Storlazzi et al. 
2010). Further tools are needed to differentiate ecDNA from 
HSRs, particularly as both of these are dynamic entities, 
including in response to selection pressures and DNA dam-
age (Coquelle et al. 2002; Nathanson et al. 2014; Shoshani 
et al. 2021). Until such tools exist, the data presented here 
highlight the importance of combining sequencing tools 
with direct visualisation of genomic loci by DNA-FISH of 
metaphase spreads to accurately characterise ecDNA and 
HSRs.

EcDNA can also be visualised in nuclei by DNA-FISH 
to assess spatial organisation. This is particularly power-
ful in cells harbouring two or more ecDNA species, as this 
can resolve the issue of optic resolution being insufficient to 
discriminate between two closely located loci of the same 
species.

Live‑cell imaging

Unlike DNA-FISH which requires cell fixation, live-cell 
imaging would enable ecDNA dynamics to be monitored 
in real-time. Strategies for this are in development, but sin-
gle-copy locus detection in live cells remains technically 
challenging. The Casilio system uses a dead-Cas9, guide 
RNAs (gRNAs) targeting ecDNA breakpoints and an RNA-
aptamer to recruit multiple fluorescent reporter molecules 

Fig. 2  Detection of oncogenes 
on ecDNA by DNA-FISH. 
Left: DAPI stained metaphase 
spreads from a recurrent glio-
blastoma cell line E37. Right: 
DNA-FISH with a probe (red) 
detecting c-MYC. Arrows indi-
cate examples of DNA-FISH 
signal on ecDNA for orienta-
tion. Scale bar: 10 µm
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to a single locus (Yi et al. 2021; Clow et al. 2022). This 
approach generated large foci of fluorescent RNA binding 
protein of varying sizes which look significantly larger and 
more irregular than the signals generated by FISH, raising 
some concern about aggregation of fluorescent molecules 
(Clow et al. 2022). The large foci of signal from probes tar-
geted to ecDNA have been suggested to result from hubs 
of clustered ecDNA, with dual-colour ecDNA labelling of 
ecEGFR breakpoints used to subjectively call instances of 
colocalisation (Yi et al. 2021). However, the differences 
between signals generated by live cell imaging and by DNA-
FISH need to be resolved.

Other systems, relying on the recruitment of fluorescent 
fusion proteins to integrated bacterial sequences, could be 
adapted for live cell imaging of ecDNA but would require 
the engineering of bacterial sequences into ecDNA (Germier 
et al. 2018; Alexander et al. 2019), something that has not 
yet been attempted. More recently, Cre-inducible ecDNA 
have been generated which express fluorescent proteins and 
that can be used to monitor some aspects of ecDNA biology 
(Pradella et al. 2023).

Live-cell imaging tools hold great potential for studying 
ecDNA dynamics but require further validation to mitigate 
concerns about fluorophore binding artefacts, as well as 
addressing uncertainties around binding affinity and effects 
on function.

Combining DNA and protein imaging

Labelling of genomic loci combined with immunofluores-
cence enables the evaluation of locus localisation relative 
to nuclear proteins, such as RNA polymerase II (RNA Pol 
II). This is of interest owing to the condensate or ‘hubs’ 
hypothesis whereby key transcription factors, co-activators 
and RNA Pol II are suggested to concentrate together and 
partition away from the general nucleoplasm (Palacio and 
Taatjes 2022). However, given the small size of conden-
sates, and their dynamic nature, investigating this hypoth-
esis requires super-resolution, or preferably single molecule, 
imaging. The role of such regulatory hubs in driving gene 
expression remains a topic of active discussion (McSwiggen 
et al. 2019; Mir et al. 2019). Since ecDNA have large regions 

of accessible chromatin and harbour both oncogenes and 
their cognate enhancers, it has been proposed that ecDNA 
may cluster in hubs, enhancing their transcriptional output 
(Morton et al. 2019; Wu et al. 2019; Hung et al. 2021; Yi 
et al. 2021; Zhu et al. 2021) (Fig. 3). Whilst some imaging 
approaches have proposed greater-than-expected overlap 
between ecDNA and RNA Pol II signals (Yi et al. 2021), 
we did not identify a close spatial relationship between large 
RNA Pol II foci (> 500 nm) and ecDNA in glioblastoma 
cells (Purshouse et al. 2022).

Image analysis strategies

Qualitative analysis

Qualitative image analysis can characterise some features 
of ecDNA in metaphase spreads or interphase nuclei. Some 
inherent challenges are presented by this approach. Further 
tools are needed to differentiate ecDNA from HSRs on meta-
phase spreads beyond a qualitative description. There may 
be variations in FISH signal intensity in nuclei owing to 
probe accessibility and differences between cell lines that 
might influence conclusions drawn from a purely qualitative 
assessment of imaging data.

Quantitative analysis

Quantitative analysis of microscopy images provides more 
unbiased insights into genome dynamics. These tools have 
progressed from simple methods to quantify the number of 
ecDNA in cell lines to those that explore the spatial organi-
sation of ecDNA.

Two dimensional (2D) analysis

EcDetect (Turner et al. 2017), and later EcSeg (Rajkumar 
et al. 2019), were devised as automated tools for ecDNA 
counting using the DAPI signal, with the latter incorporating 
DNA-FISH to determine oncogene location on ecDNA or 
chromosomes. We have also used open-source imaging soft-
ware, such as ImageJ, to automate counting of ecDNA (data 

Fig. 3  Left: hypothesis for 
ecDNA transcription driven by 
ecDNA–ecDNA and ecDNA–
RNA Pol II hubs. Right: 
hypothesis that ecDNA (red and 
green) localise in the nucleus 
independent of each other and 
RNA Pol II hubs

ecDNA clustered 
at RNA Pol II hubs

OR

ecDNA distributed
independent of each
other and large 
RNA Pol II hubs

ecDNA RNA pol II hub
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not published). This can be useful in establishing fundamen-
tal features, such as ecDNA copy number range within and 
between cell lines, and how this is affected by cell passaging 
(Turner et al. 2017).

Three dimensional (3D) analysis

Diverging evidence exists as to whether ecDNA cluster 
together in the nucleus to form transcriptional hubs, with 
differing imaging and analysis approaches, definitions and 
models all likely contributing to these differences. Robustly 
determining the spatial organisation of ecDNA in the 
nucleus, relative to each other and to other nuclear land-
marks, requires quantitative analysis of 3D images.

A study of established and primary cell lines used 
DNA-FISH and confocal microscopy to image ecDNA in 
nuclei with z stacks in 0.6 µm steps across approximately 
8 µm (Hung et al. 2021). This large step size in z is too low 
to draw conclusions about localisation in transcriptional 
hubs – generally considered to be only a few hundred 
nanometres in size. The approach to clustering analysis of 
DNA-FISH signals was to use an autocorrelation function 
which assigned a random distribution as a control, with 
output defined in pixels. There was no control for ecDNA 
copy number. This analysis was performed on established 
cell lines, including Colo320DM. However, DNA-FISH 
for c-MYC on metaphase spreads shows that ecDNA in 
Colo320DM nuclei are large doublets approximately 
1–2 μm in size each harbouring multiple copies of c-MYC 
per ecDNA. In support of this, Colo320DM ecDNA have 
previously been reconstructed at 4.33 Mb in size, measur-
ing approximately 1.75 μm in diameter via imaging and 
harbouring three copies of c-MYC following detailed mul-
timodal reconstruction (Wu et al. 2019; Hung et al. 2021). 

As such, some clustering of c-MYC hybridisation signals is 
inevitable owing to their structural co-localization on the 
same DNA molecule and it is hard to know how to control 
for this. Primary cell lines are also provided as evidence of 
clustering, however in the absence of metaphase spreads 
to verify these as ecDNA rather than HSRs, this limits 
further conclusions.

While not a quantitative analysis of the raw imaging 
data, another study proposing ecDNA clustering used live-
cell imaging in a primary glioblastoma neurosphere cul-
ture, tagging EGFR-ecDNA breakpoints using the Casilio 
system (Yi et al. 2021).

We sought to address the challenges of determining 
whether there is clustering of ecDNA in the nucleus by 
developing a method using Ripley’s K function (Fig. 4). 
Ripley’s K analysis allows for ecDNA copy number 
and nuclear size to be controlled for in each individual 
nucleus. We compared observed and expected point pat-
terns of DNA-FISH signals using spinning disc confo-
cal microscopy to image nuclei of glioblastoma cells in 
0.1 µm z steps across 3 µm (Purshouse et al. 2022), with 
the intention of focussing on ecDNA–ecDNA distances 
that might be associated with coordinated transcription in 
hubs (< 200 nm). We did not observe ecDNA clustering 
at such distances (Purshouse et al. 2022). Our data was 
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 chromo-
some territories and A/B compartments.

Fig. 4  Schematic of nuclei 
showing clustered (top) and 
random (bottom) distribution 
of DNA-FISH signals detecting 
ecDNA, with overlay of increas-
ing 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) or dispersed (blue). 
Adapted from Purshouse et al. 
2022
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An overview of bioinformatic tools 
for analysing ecDNA

While the focus of this review is to explore the role of imaging 
in investigating ecDNA, DNA sequencing-based analysis tools 
have markedly advanced our understanding of ecDNA biology. 
We highlight how these tools can complement imaging data.

AmpliconArchitect

AmpliconArchitect (AA) is a tool for ecDNA amplicon recon-
struction from paired-end WGS data (Turner et al. 2017; 
Deshpande et al. 2019). It has been developed further to the 
AmpliconSuite analysis pipeline (Luebeck et al. 2023), which 
incorporates AmpliconClassifer (for output classification) 
(Kim et al. 2020) and CNVkit for calling copy number varia-
tion (CNV) and alterations across the genome (Talevich et al. 
2016). AA uses WGS data to link CNV regions of increased 
copy number and identifies linked segments. This builds on 
Circle-seq, a rolling circle amplification tool that preferentially 
identifies shorter circular DNA (e.g. eccDNA) (Møller et al. 
2018; Kim et al. 2020).

However, short read WGS data may be unable to span the 
long repeats on ecDNA, limiting the ability to differentiate 
between multiple possible structures. This in turn can result 
in multiple possible candidate amplicons being output, from 
amongst which the user must then choose their ‘amplicon 
of interest’, possibly resulting in reporting bias (Deshpande 
et al. 2019). In addition, correlation of AA with DNA-FISH on 
metaphase spreads suggested an 85% positive predictive value 
of amplicons characterised as ‘circular’ by AA as correspond-
ing to extrachromosomal DNA-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). AA is also unable to dif-
ferentiate between ecDNA and HSRs and may miscall shape 
(e.g. circular versus linear). 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 an HSR.

The gastric cancer cell line SNU16, which harbours FGFR2 
and c-MYC oncogenes on ecDNA, was analysed via a novel 
ecDNA isolation and analysis methodology, CRISPR-CATCH. 
This identified many subspecies of ecDNA (Hung et al. 2022), 
including c-MYC and FGFR2 ecDNA hybrids, which were 
validated by DNA-FISH.

AmpliconReconstructor

EcDNA may be more accurately characterised by combin-
ing long-read sequencing and optical mapping, and analysis 
with AmpliconReconstructor (Wu et al. 2019; Luebeck et al. 

2020; Hung et al. 2022). Long reads are more likely to span 
across breakpoints, provide detailed structural variant data 
and be able to report tandem repeats, such as those seen 
in HSRs. Long read sequencing has been combined with 
novel in vitro techniques to enrich for ecDNA and to char-
acterise ecDNA heterogeneity at ever-higher resolution. For 
example, ecDNA in cancer cells were digested and the DNA 
amplified using exonucleases, followed by ecDNA charac-
terisation using Circle-seq (Koche et al., 2020). CRISPR-
CATCH represents a more targeted approach to characterise 
ecDNA, although this requires an underlying knowledge of 
likely ecDNA sequences for CRISPR-targeted guide design 
(Jiang et al. 2015; Hung et al. 2022).

Single nucleotide polymorphism (SNP) analysis

To address the limitations of multi-copy oncogene analysis 
from sequencing data we, and others, have utilised single 
nucleotide polymorphism (SNP) analysis to evaluate ecDNA 
transcriptional efficiency. Genomic events that give rise to 
ecDNA originate from only one of the parental copies of 
a chromosome (Stephens et al. 2011; Hung et al. 2022). 
We used SNPs present in the exons of oncogenes amplified 
on ecDNAs, in cell lines heterozygous for these SNPs, to 
determine the ratio of the SNP alleles in transcripts (RNA-
sequencing data) and in the genome (WGS). This dem-
onstrated that the transcriptional efficiency of EGFR was 
comparable between ecDNA and chromosomal EGFR loci 
(Purshouse et al. 2022). A similarly linear relationship was 
also observed in a study of ecDNA copy number and gene 
expression in primary neuroblastoma (Stöber et al. 2023).

Chromatin accessibility and nuclear 
organisation

EcDNA chromatin organisation has been explored using 
various genomic tools. Chromosome conformation capture 
assays have captured ecDNAs associated with transcription-
ally active chromosomal regions in two ecDNA-harbouring 
GBM-patient derived cell lines (Zhu et al. 2021). In a pan-
cancer study, ecDNA were shown to have large regions of 
accessible chromatin (assayed by ATAC-seq), indicative of 
nucleosome displacement by bound transcription factors, 
and to be decorated with histone modifications associated 
with active chromatin (Wu et al. 2019). These are both fea-
tures typically associated with active regions in the centre 
of the nucleus, away from the nuclear periphery (Bickmore 
2013). In support of this, imaging analysis from our labo-
ratory, and others, have described a preferential distribu-
tion of ecDNA towards the centre of the nucleus (Lund-
berg et al. 2008; Purshouse et al. 2022). In contrast, early 
studies in Colo320 cells reported that ec-MYC ecDNA (and 
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HSRs) were preferentially localised at the nuclear periph-
ery, a region typically associated with heterochromatin and 
transcriptional repression, moving more internally during 
S-phase (Itoh and Shimizu 1998). These diverging observa-
tions highlight ongoing uncertainty about ecDNA nuclear 
dynamics and the importance of working with diverse cel-
lular models.

Single‑cell extrachromosomal circular DNA 
and transcriptome sequencing (scEC&T‑seq)

Novel bioinformatic tools increasingly seek to tease apart the 
inter- and intra-cellular heterogeneity of ecDNA. ScEC&T-
seq allows for RNA and DNA sequencing from the same 
single cells; recent studies have used this approach in pri-
mary neuroblastoma cells and cell lines to describe not only 
the overall linear relationship between ecDNA copy number 
and gene expression, but also to propose highly heterogene-
ous gene expression and transcriptional states within indi-
vidual neuroblastoma patients (Stöber et al. 2023; Chamorro 
González et al. 2023).

Although ‘omic’ approaches give invaluable information 
on ecDNA sequence and some aspects of ecDNA structure 
and chromatin organisation, these approaches are unable to 
determine some key features of ecDNA behaviour, such as 
their spatial organisation and dynamics within the nucleus. 
Imaging remains the key modality for addressing these 
questions. While some studies have previously combined 
imaging with sequencing to characterise bulk cell popula-
tions, the future likely lies in true combinatorial strategies. 
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.

Conclusions

EcDNA clearly represent a major mechanism through which 
cancer cells can amplify oncogenes. However, it remains 
unclear whether ecDNA represent an important targetable 
entity. Despite being described for the first time almost 
60 years ago by simple light microscopy, novel scientific 
tools are enabling the study of ecDNA in greater detail. 
While computational analysis of sequencing data offers 
significant opportunities to understand ecDNA dynamics, 
imaging can offer unique insights into the 3D organisa-
tion of ecDNA that sequencing cannot address. Coupling 
developments in advanced imaging, in 3D and in live cells, 
with sequence-based analyses promises to provide much 
needed understanding of how ecDNA contribute to cancer 

progression and response to treatments. Whilst cell line, 
organoid and xenograft model systems will provide the plat-
forms to support much of this work, the analysis of ecDNA 
in primary tumour material will also be important, particu-
larly for the understanding of ecDNA in the context of intra-
tumoural heterogeneity.

Acknowledgements KP was supported by a Wellcome PhD Training 
Fellowship (220399/Z/20/Z). SMP is supported by a Cancer Research 
UK grant (DRCNPG-Nov21\100002). WAB is supported by MRC Uni-
versity Unit grants (MC_UU_00007/2 and MC_UU_00035/7).

Author contributions KP wrote the main text and prepared the figures; 
SMP contributed to writing the main text; WAB contributed to writ-
ing the main text and preparing the figures. All authors reviewed and 
edited the manuscript

Funding This work was funded by Wellcome Trust, 220399/Z/20/Z, 
Cancer Research UK, DRCNPG-Nov21\100002, Medical Research 
Council, MC_UU_00007/2

Declarations 

Conflict of interest The authors declare no competing interests related 
to this work. For the purpose of open access, the author has applied a 
Creative Commons Attribution (CC BY) licence to any Author Ac-
cepted Manuscript version arising from this submission.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Alexander JM, Guan J, Li B, Maliskova L, Song M, Shen Y, Huang 
B, Lomvardas S, Weiner OD (2019) Live-cell imaging reveals 
enhancer-dependent Sox2 transcription in the absence of enhancer 
proximity. Elife 8:e41769. https:// doi. org/ 10. 7554/ eLife. 41769

Alitalo K, Schwab M, Lin CC, Varmus HE, Bishop JM (1983) Homo-
geneously staining chromosomal regions contain amplified copies 
of an abundantly expressed cellular oncogene (c-MYC) in malig-
nant neuroendocrine cells from a human colon carcinoma. Proc 
Natl Acad Sci U S A 80:1707–1711. https:// doi. org/ 10. 1073/ pnas. 
80.6. 1707

Alt FW, Kellems RE, Bertino JR, Schimke RT (1978) Selective multi-
plication of dihydrofolate reductase genes in methotrexate-resist-
ant variants of cultured murine cells. J Biol Chem 253:1357–1370

Balaban-Malenbaum G, Gilbert F (1980) The proposed origin of dou-
ble minutes from homogeneously staining region (HSR)-marker 
chromosomes in human neuroblastoma hybrid cell lines. Cancer 
Genet Cytogenet 2:339–348

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.7554/eLife.41769
https://doi.org/10.1073/pnas.80.6.1707
https://doi.org/10.1073/pnas.80.6.1707


 Histochemistry and Cell Biology

Barker PE, Drwinga HL, Hittelman WN, Maddox AM (1980) Double 
minutes replicate once during S phase of the cell cycle. Exp Cell 
Res 130:353–360. https:// doi. org/ 10. 1016/ 0014- 4827(80) 90012-9

Basenko EY, Cesare AJ, Iyer S, Griffith JD, McEachern MJ (2010) 
Telomeric circles are abundant in the stn1-M1 mutant that main-
tains its telomeres through recombination. Nucleic Acids Res 
38:182–189. https:// doi. org/ 10. 1093/ nar/ gkp814

Benner SE, Wahl GM, Von Hoff DD (1991) Double minute chro-
mosomes and homogeneously staining regions in tumors taken 
directly from patients versus in human tumor cell lines. Anti-
cancer Drugs 2:11–25. https:// doi. org/ 10. 1097/ 00001 813- 19910 
2000- 00002

Bickmore WA (2013) The spatial organization of the human genome. 
Annu Rev Genomics Hum Genet 14:67–84. https:// doi. org/ 10. 
1146/ annur ev- genom- 091212- 153515

Biedler JL, Spengler BA (1976) A novel chromosome abnormality in 
human neuroblastoma and antifolate-resistant Chinese hamster 
cell lives in culture. J Natl Cancer Inst 57:683–695

Bigner SH, Wong AJ, Mark J, Muhlbaier LH, Kinzler KW, Vogel-
steinB BDD (1987) Relationship between gene amplification 
and chromosomal deviations in malignant human gliomas. 
Cancer Genet Cytogenet 29:165–170. https:// doi. org/ 10. 1016/ 
0165- 4608(87) 90045-8

Canute GW, Longo SL, Longo JA, Shetler MM, Coyle TE, Winfield 
JA, HahnPJ, (1998) The hydroxyurea-induced loss of double-
minute chromosomes containing amplified epidermal growth 
factor receptor genes reduces the tumorigenicity and growth 
of human glioblastoma multiforme. Neurosurgery 42:609–616. 
https:// doi. org/ 10. 1097/ 00006 123- 19980 3000- 00031

Carroll SM, DeRose ML, Gaudray P, Moore CM, Needham-Van-
devanter DR, Von Hoff DD, Wahl GM (1988) Double minute 
chromosomes can be produced from precursors derived from a 
chromosomal deletion. Mol Cell Biol 8:1525–1533

Chamorro González R, Conrad T, Stöber MC et al.(2023) Parallel 
sequencing of extrachromosomal circular DNAs and transcrip-
tomes in single cancer cells. Nat Genet 55:880–890. https:// doi. 
org/ 10. 1038/ s41588- 023- 01386-y

Clow PA, Du M, Jillette N, Taghbalout A, Zhu JJ, Cheng AW (2022) 
CRISPR-mediated multiplexed live cell imaging of nonrepeti-
tive genomic loci with one guide RNA per locus. Nat Commun 
13:1871. https:// doi. org/ 10. 1038/ s41467- 022- 29343-z

Coquelle A, Rozier L, Dutrillaux B, Debatisse M (2002) Induction of 
multiple double-strand breaks within an hsr by meganucleaseI-
SceI expression or fragile site activation leads to formation of 
double minutes and other chromosomal rearrangements. Onco-
gene 21:7671–7679. https:// doi. org/ 10. 1038/ sj. onc. 12058 80

Cowell JK, Rupniak HT (1983) Chromosome analysis of human 
neuroblastoma cell line TR14 showing double minutes and an 
aberration involving chromosome 1. Cancer Genet Cytogenet 
9:273–280. https:// doi. org/ 10. 1016/ 0165- 4608(83) 90011-0

Cox D, Yuncken C, Spriggs AI (1965) Minute chromatin bodies in 
malignant tumours of childhood. Lancet 1:55–58

deCarvalho AC, Kim H, Poisson LM et al.(2018) Discordant inher-
itance of chromosomal and extrachromosomal DNA elements 
contributes to dynamic disease evolution in glioblastoma. Nat 
Genet 50:708–717. https:// doi. org/ 10. 1038/ s41588- 018- 0105-0

Deshpande V, Luebeck J, Nguyen N-PD, Bakhtiari M, Turner KM, 
Schwab R, Carter H, Mischel PS, Bafna V (2019) Exploring 
the landscape of focal amplifications in cancer using Ampli-
conArchitect. Nat Commun 10:392. https:// doi. org/ 10. 1038/ 
s41467- 018- 08200-y

Eckhardt SG, Dai A, Davidson KK, Forseth BJ, Wahl GM, von Hoff 
DD (1994) Induction of differentiation in HL60 cells by the 
reduction of extrachromosomally amplified c-MYC. Proc Natl 
Acad Sci U S A 91:6674–6678. https:// doi. org/ 10. 1073/ pnas. 
91. 14. 6674

Fan Y, Mao R, Lv H et al.(2011) Frequency of double minute chro-
mosomes and combined cytogenetic abnormalities and their 
characteristics. J Appl Genet 52:53–59. https:// doi. org/ 10. 1007/ 
s13353- 010- 0007-z

Germier T, Audibert S, Kocanova S, Lane D, Bystricky K (2018) Real-
time imaging of specific genomic loci in eukaryotic cells using 
the ANCHOR DNA labelling system. Methods 142:16–23. https:// 
doi. org/ 10. 1016/j. ymeth. 2018. 04. 008

Hamkalo BA, Farnham PJ, Johnston R, Schimke RT (1985) Ultrastruc-
tural features of minute chromosomes in a methotrexate-resistant 
mouse 3T3 cell line. Proc Natl Acad Sci U S A 82:1126–1130

Helmsauer K, Valieva ME, Ali S et al.(2020) Enhancer hijacking deter-
mines extrachromosomal circular MYCN amplicon architecture 
in neuroblastoma. Nat Commun 11:5823. https:// doi. org/ 10. 1038/ 
s41467- 020- 19452-y

Henson JD, Cao Y, Huschtscha LI, Chang AC, Au AYM, Pickett HA, 
Reddel RR (2009) DNA C-circles are specific and quantifiable 
markers of alternative-lengthening-of-telomeres activity. Nat Bio-
technol 27:1181–1185. https:// doi. org/ 10. 1038/ nbt. 1587

Hung KL, Yost KE, Xie L et al.(2021) ecDNA hubs drive cooperative 
intermolecular oncogene expression. Nature 600:731–736. https:// 
doi. org/ 10. 1038/ s41586- 021- 04116-8

Hung KL, Luebeck J, Dehkordi SR et al.(2022) Targeted profiling of 
human extrachromosomal DNA by CRISPR-CATCH. Nat Genet 
54:1746–1754. https:// doi. org/ 10. 1038/ s41588- 022- 01190-0

Itoh N, Shimizu N (1998) DNA replication-dependent intranuclear 
relocation of double minute chromatin. J Cell Sci 111:3275–3285. 
https:// doi. org/ 10. 1242/ jcs. 111. 22. 3275

Jiang W, Zhao X, Gabrieli T, Lou C, Ebenstein Y, Zhu TF (2015) Cas9-
Assisted Targeting of CHromosome segments CATCH enables 
one-step targeted cloning of large gene clusters. Nat Commun 
6:8101. https:// doi. org/ 10. 1038/ ncomm s9101

Kaighn ME, Narayan KS, Ohnuki Y, Lechner JF, Jones LW (1979) 
Establishment and characterization of a human prostatic carci-
noma cell line (PC-3). Invest Urol 17:16–23

Kaufman RJ, Brown PC, Schimke RT (1979) Amplified dihydrofolate 
reductase genes in unstably methotrexate-resistant cells are associ-
ated with double minute chromosomes. Proc Natl Acad Sci U S A 
76:5669–5673. https:// doi. org/ 10. 1073/ pnas. 76. 11. 5669

Kim H, Nguyen N-P, Turner K et al.(2020) Extrachromosomal DNA is 
associated with oncogene amplification and poor outcome across 
multiple cancers. Nat Genet 52:891–897. https:// doi. org/ 10. 1038/ 
s41588- 020- 0678-2

Koche RP, Rodriguez-Fos E, Helmsauer K et al.(2020) Extrachro-
mosomal circular DNA drives oncogenic genome remodeling 
in neuroblastoma. Nat Genet 52:29–34. https:// doi. org/ 10. 1038/ 
s41588- 019- 0547-z

Kohl NE, Kanda N, Schreck RR, Bruns G, Laat SA, Gilbert F, Alt 
FW (1983) Transposition and amplification of oncogene-related 
sequences in human neuroblastomas. Cell 35:359–367. https:// 
doi. org/ 10. 1016/ 0092- 8674(83) 90169-1

Laks DR, Crisman TJ, Shih MYS et al.(2016) Large-scale assessment 
of the gliomasphere model system. Neuro Oncol 18:1367–1378. 
https:// doi. org/ 10. 1093/ neuonc/ now045

Lange JT, Rose JC, Chen CY et al.(2022) The evolutionary dynamics 
of extrachromosomal DNA in human cancers. Nat Genet. https:// 
doi. org/ 10. 1038/ s41588- 022- 01177-x

Lubs HA Jr, Salmon JH (1965) The chromosomal complement of 
human solid tumours. II. Karyotypes of glial tumours. J Neuro-
surg 22:160–168

Luebeck J, Coruh C, Dehkordi SR et al.(2020) AmpliconReconstruc-
tor integrates NGS and optical mapping to resolve the complex 
structures of focal amplifications. Nat Commun 11:4374. https:// 
doi. org/ 10. 1038/ s41467- 020- 18099-z

https://doi.org/10.1016/0014-4827(80)90012-9
https://doi.org/10.1093/nar/gkp814
https://doi.org/10.1097/00001813-199102000-00002
https://doi.org/10.1097/00001813-199102000-00002
https://doi.org/10.1146/annurev-genom-091212-153515
https://doi.org/10.1146/annurev-genom-091212-153515
https://doi.org/10.1016/0165-4608(87)90045-8
https://doi.org/10.1016/0165-4608(87)90045-8
https://doi.org/10.1097/00006123-199803000-00031
https://doi.org/10.1038/s41588-023-01386-y
https://doi.org/10.1038/s41588-023-01386-y
https://doi.org/10.1038/s41467-022-29343-z
https://doi.org/10.1038/sj.onc.1205880
https://doi.org/10.1016/0165-4608(83)90011-0
https://doi.org/10.1038/s41588-018-0105-0
https://doi.org/10.1038/s41467-018-08200-y
https://doi.org/10.1038/s41467-018-08200-y
https://doi.org/10.1073/pnas.91.14.6674
https://doi.org/10.1073/pnas.91.14.6674
https://doi.org/10.1007/s13353-010-0007-z
https://doi.org/10.1007/s13353-010-0007-z
https://doi.org/10.1016/j.ymeth.2018.04.008
https://doi.org/10.1016/j.ymeth.2018.04.008
https://doi.org/10.1038/s41467-020-19452-y
https://doi.org/10.1038/s41467-020-19452-y
https://doi.org/10.1038/nbt.1587
https://doi.org/10.1038/s41586-021-04116-8
https://doi.org/10.1038/s41586-021-04116-8
https://doi.org/10.1038/s41588-022-01190-0
https://doi.org/10.1242/jcs.111.22.3275
https://doi.org/10.1038/ncomms9101
https://doi.org/10.1073/pnas.76.11.5669
https://doi.org/10.1038/s41588-020-0678-2
https://doi.org/10.1038/s41588-020-0678-2
https://doi.org/10.1038/s41588-019-0547-z
https://doi.org/10.1038/s41588-019-0547-z
https://doi.org/10.1016/0092-8674(83)90169-1
https://doi.org/10.1016/0092-8674(83)90169-1
https://doi.org/10.1093/neuonc/now045
https://doi.org/10.1038/s41588-022-01177-x
https://doi.org/10.1038/s41588-022-01177-x
https://doi.org/10.1038/s41467-020-18099-z
https://doi.org/10.1038/s41467-020-18099-z


Histochemistry and Cell Biology 

Luebeck J, Ng AWT, Galipeau PC et al.(2023) Extrachromosomal 
DNA in the cancerous transformation of Barrett’s oesophagus. 
Nature 616:798–805. https:// doi. org/ 10. 1038/ s41586- 023- 05937-5

Lundberg G, Rosengren AH, Håkanson U, Stewénius H, Jin Y, Stewé-
nius Y, Påhlman S, Gisselsson D (2008) Binomial mitotic seg-
regation of MYCN-carrying double minutes in neuroblastoma 
illustrates the role of randomness in oncogene amplification. 
PLoS ONE 3:e3099. https:// doi. org/ 10. 1371/ journ al. pone. 00030 
99

Ly P, Cleveland DW (2017) Rebuilding chromosomes after catastro-
phe: emerging mechanisms of chromothripsis. Trends Cell Biol 
27:917–930

McClintock B (1938) The production of homozygous deficient tis-
sues with mutant characteristics by means of the aberrant mitotic 
behavior of ring-shaped chromosomes. Genetics 23:315–376

McSwiggen DT, Mir M, Darzacq X, Tjian R (2019) Evaluating phase 
separation in live cells: diagnosis, caveats, and functional con-
sequences. Genes Dev 33:1619–1634. https:// doi. org/ 10. 1101/ 
gad. 331520. 119

Mir M, Bickmore W, Furlong EEM, Narlikar G (2019) Chromatin 
topology, condensates and gene regulation: shifting paradigms 
or just a phase? Development 146:182766

Møller HD, Mohiyuddin M, Prada-Luengo I et al.(2018) Circular 
DNA elements of chromosomal origin are common in healthy 
human somatic tissue. Nat Commun 9:1069

Morton AR, Dogan-Artun N, Faber ZJ et  al.(2019) Functional 
enhancers shape extrachromosomal oncogene amplifications. 
Cell 179:1330-1341.e13. https:// doi. org/ 10. 1016/j. cell. 2019. 
10. 039

Nathanson DA, Gini B, Mottahedeh J et al.(2014) Targeted therapy 
resistance mediated by dynamic regulation of extrachromosomal 
mutant EGFR DNA. Science 343:72–76. https:// doi. org/ 10. 1126/ 
scien ce. 12413 28

Noer JB, Hørsdal OK, Xiang X, Luo Y, Regenberg B (2022) Extra-
chromosomal circular DNA in cancer: history, current knowledge, 
and methods. Trends Genet 38:766–781. https:// doi. org/ 10. 1016/j. 
tig. 2022. 02. 007

Palacio M, Taatjes DJ (2022) Merging established mechanisms with 
new insights: condensates, hubs, and the regulation of RNA poly-
merase II transcription. J Mol Biol 434:167216. https:// doi. org/ 
10. 1016/j. jmb. 2021. 167216

Park JG, Frucht H, LaRocca RV et al.(1990) Characteristics of cell 
lines established from human gastric carcinoma. Cancer Res 
50:2773–2780

Paulsen T, Kumar P, Koseoglu MM, Dutta A (2018) Discoveries of 
extrachromosomal circles of DNA in normal and tumor cells. 
Trends Genet 34:270–278

Pradella D, Zhang M, Gao R, et al.(2023) Immortalization and transfor-
mation of primary cells mediated by engineered ecDNAs. bioRxiv 
2023.06.25.546239.

Purshouse K, Friman ET, Boyle S et al.(2022) Oncogene expression 
from extrachromosomal DNA is driven by copy number ampli-
fication and does not require spatial clustering in glioblastoma 
stem cells. Elife 11:e80207. https:// doi. org/ 10. 7554/ eLife. 80207

Quinn LA, Moore GE, Morgan RT, Woods LK (1979) Cell lines 
from human colon carcinoma with unusual cell products, dou-
ble minutes, and homogeneously staining regions. Cancer Res 
39:4914–4924

Rajkumar U, Turner K, Luebeck J, Deshpande V, Chandraker M, 
Mischel P, Bafna V (2019) EcSeg: semantic segmentation of 
metaphase images containing extrachromosomal DNA. Iscience 
21:428–435. https:// doi. org/ 10. 1016/j. isci. 2019. 10. 035

Reddel RR (2003) Alternative lengthening of telomeres, telomerase, 
and cancer. Cancer Lett 194:155–162

Regev A, Cohen S, Cohen E, Bar-Am I, Lavi S (1998) Telomeric 
repeats on small polydisperse circular DNA (spcDNA) and 

genomic instability. Oncogene 17:3455–4346. https:// doi. org/ 10. 
1038/ sj. onc. 12022 50

Röijer E, Nordkvist A, Ström A-K, Ryd W, Behrendt M, Bullerdiek J, 
Mark J, Stenman G (2002) Translocation, deletion/amplification, 
and expression of HMGIC and MDM2 in a carcinoma ex pleo-
morphic adenoma. Am J Pathol 160:433–440

Rosswog C, Bartenhagen C, Welte A et al.(2021) Chromothripsis fol-
lowed by circular recombination drives oncogene amplification in 
human cancer. Nat Genet 53:1673–1685

Sanchez AM, Barrett JT, Schoenlein PV (1998) Fractionated ionizing 
radiation accelerates loss of amplified MDR1 genes harbored by 
extrachromosomal DNA in tumor cells. Cancer Res 58:3845–3854

Sarkaria JN, Yang L, Grogan PT et al.(2007) Identification of molecu-
lar characteristics correlated with glioblastoma sensitivity to 
EGFR kinase inhibition through use of an intracranial xenograft 
test panel. Mol Cancer Ther 6:1167–1174. https:// doi. org/ 10. 
1158/ 1535- 7163. MCT- 06- 0691

Schimke RT (1984) Gene amplification in cultured animal cells. Cell 
37:705–713

Schoenlein PV, Barrett JT, Kulharya A, Dohn MR, Sanchez A, Hou 
D-Y, McCoy J (2003) Radiation therapy depletes extrachromo-
somally amplified drug resistance genes and oncogenes from 
tumor cells via micronuclear capture of episomes and double min-
ute chromosomes. Int J Radiat Oncol Biol Phys 55:1051–1065. 
https:// doi. org/ 10. 1016/ s0360- 3016(02) 04473-5

Shapiro DN, Valentine MB, Rowe ST, Sinclair AE, Sublett JE, Roberts 
WM, Look AT (1993) Detection of N-myc gene amplification by 
fluorescence in situ hybridization. Diagnostic utility for neuro-
blastoma. Am J Pathol 142:1339–1346

Shibata Y, Kumar P, Layer R, Willcox S, Gagan JR, Griffith JD, Dutta 
A (2012) Extrachromosomal microDNAs and chromosomal 
microdeletions in normal tissues. Science 336:82–86. https:// doi. 
org/ 10. 1126/ scien ce. 12133 07

Shimizu N, Misaka N, Utani K-I (2007) Nonselective DNA damage 
induced by a replication inhibitor results in the selective elimi-
nation of extrachromosomal double minutes from human cancer 
cells. Genes Chromosomes Cancer 46:865–874. https:// doi. org/ 
10. 1002/ gcc. 20473

Shoshani O, Brunner SF, Yaeger R et al.(2021) Chromothripsis drives 
the evolution of gene amplification in cancer. Nature 591:137–
141. https:// doi. org/ 10. 1038/ s41586- 020- 03064-z

Smith CA, Vinograd J (1972) Small polydisperse circular DNA of 
HeLa cells. J Mol Biol 69:163–178

Song K, Minami JK, Huang A et al.(2021) Plasticity of extrachromo-
somal and intrachromosomal BRAF amplifications in overcoming 
targeted therapy dosage challenges. Cancer Discov 12:1046–1069. 
https:// doi. org/ 10. 1158/ 2159- 8290. CD- 20- 0936

Stephens PJ, Greenman CD, Fu B et al.(2011) Massive genomic rear-
rangement acquired in a single catastrophic event during cancer 
development. Cell 144:27–40. https:// doi. org/ 10. 1016/j. cell. 2010. 
11. 055

Stöber MC, González RC, Brückner L, et al.(2023) Intercellular extra-
chromosomal DNA copy number heterogeneity drives cancer cell 
state diversity. bioRxiv 2023.01.21.525014.

Storlazzi CT, Lonoce A, Guastadisegni MC et al.(2010) Gene ampli-
fication as double minutes or homogeneously staining regions in 
solid tumors: origin and structure. Genome Res 20:1198–1206

Talevich E, Shain AH, Botton T, Bastian BC (2016) CNVkit: genome-
wide copy number detection and visualization from targeted DNA 
sequencing. PLoS Comput Biol 12:e1004873. https:// doi. org/ 10. 
1371/ journ al. pcbi. 10048 73

Turner KM, Deshpande V, Beyter D et al.(2017) Extrachromosomal 
oncogene amplification drives tumor evolution and genetic het-
erogeneity. Nature 543:122–125

van der Hout AH, Kok K, van der Veen AY, Osinga J, de Leij LF, 
Buys CH (1989) Localization of amplified c-myc and n-myc in 

https://doi.org/10.1038/s41586-023-05937-5
https://doi.org/10.1371/journal.pone.0003099
https://doi.org/10.1371/journal.pone.0003099
https://doi.org/10.1101/gad.331520.119
https://doi.org/10.1101/gad.331520.119
https://doi.org/10.1016/j.cell.2019.10.039
https://doi.org/10.1016/j.cell.2019.10.039
https://doi.org/10.1126/science.1241328
https://doi.org/10.1126/science.1241328
https://doi.org/10.1016/j.tig.2022.02.007
https://doi.org/10.1016/j.tig.2022.02.007
https://doi.org/10.1016/j.jmb.2021.167216
https://doi.org/10.1016/j.jmb.2021.167216
https://doi.org/10.7554/eLife.80207
https://doi.org/10.1016/j.isci.2019.10.035
https://doi.org/10.1038/sj.onc.1202250
https://doi.org/10.1038/sj.onc.1202250
https://doi.org/10.1158/1535-7163.MCT-06-0691
https://doi.org/10.1158/1535-7163.MCT-06-0691
https://doi.org/10.1016/s0360-3016(02)04473-5
https://doi.org/10.1126/science.1213307
https://doi.org/10.1126/science.1213307
https://doi.org/10.1002/gcc.20473
https://doi.org/10.1002/gcc.20473
https://doi.org/10.1038/s41586-020-03064-z
https://doi.org/10.1158/2159-8290.CD-20-0936
https://doi.org/10.1016/j.cell.2010.11.055
https://doi.org/10.1016/j.cell.2010.11.055
https://doi.org/10.1371/journal.pcbi.1004873
https://doi.org/10.1371/journal.pcbi.1004873


 Histochemistry and Cell Biology

small cell lung cancer cell lines. Cancer Genet Cytogenet 38:1–8. 
https:// doi. org/ 10. 1016/ 0165- 4608(89) 90158-1

Van Roy N, Vandesompele J, Menten B, Nilsson H, de Smet E, Rocchi 
M, de Paepe A, Påhlmann S, Speleman F (2006) Translocation-
excision-deletion-amplification mechanism leading to nonsyntenic 
coamplification of MYC and ATBF1. Genes Chromosomes Can-
cer 45:107–117

Verhaak RGW, Bafna V, Mischel PS (2019) Extrachromosomal onco-
gene amplification in tumour pathogenesis and evolution. Nat Rev 
Cancer 19:283–288

Vogt N, Lefèvre S-H, Apiou F, Dutrillaux A-M, Cör A, Lauraud P, 
Poupn M-F, Dutrillaux B, Debatisse M, Malfoy B (2004) Molecu-
lar structure of double-minute chromosomes bearing amplified 
copies of the epidermal growth factor receptor gene in gliomas. 
Proc Natl Acad Sci U S A 101:11368–11373

Von Hoff DD, McGill JR, Forseth BJ, Davidson KK, Bradley TP, van 
Devanter DR, Wahl GM (1992) Elimination of extrachromosom-
ally amplified MYC genes from human tumor cells reduces their 
tumorigenicity. Proc Natl Acad Sci U S A 89:8165–8169. https:// 
doi. org/ 10. 1073/ pnas. 89. 17. 8165

Walentynowicz KA, Engelhardt D, Cristea S et al.(2023) Single-cell 
heterogeneity of EGFR and CDK4 co-amplification is linked to 
immune infiltration in glioblastoma. Cell Rep 42:112235. https:// 
doi. org/ 10. 1016/j. celrep. 2023. 112235

Wang T, Zhang H, Zhou Y, Shi J (2021) Extrachromosomal circular 
DNA: a new potential role in cancer progression. J Transl Med 
19:257

Wu S, Turner KM, Nguyen N et al.(2019) Circular ecDNA promotes 
accessible chromatin and high oncogene expression. Nature 
575:699–703. https:// doi. org/ 10. 1038/ s41586- 019- 1763-5

Yi E, Gujar AD, Guthrie M et al.(2021) Live-cell imaging shows 
uneven segregation of extrachromosomal DNA elements and 
transcriptionally active extrachromosomal DNA hubs in cancer. 
Cancer Discov 12:468–483. https:// doi. org/ 10. 1158/ 2159- 8290. 
CD- 21- 1376

Zhu Y, Gujar AD, Wong C-H et al.(2021) Oncogenic extrachromo-
somal DNA functions as mobile enhancers to globally amplify 
chromosomal transcription. Cancer Cell 39:694-707.e7. https:// 
doi. org/ 10. 1016/j. ccell. 2021. 03. 006

Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1016/0165-4608(89)90158-1
https://doi.org/10.1073/pnas.89.17.8165
https://doi.org/10.1073/pnas.89.17.8165
https://doi.org/10.1016/j.celrep.2023.112235
https://doi.org/10.1016/j.celrep.2023.112235
https://doi.org/10.1038/s41586-019-1763-5
https://doi.org/10.1158/2159-8290.CD-21-1376
https://doi.org/10.1158/2159-8290.CD-21-1376
https://doi.org/10.1016/j.ccell.2021.03.006
https://doi.org/10.1016/j.ccell.2021.03.006

	Imaging extrachromosomal DNA (ecDNA) in cancer
	Abstract
	Introduction
	An overview of ecDNA structure
	EcDNA and cancer
	Experimental models for the study of ecDNA
	Established cell lines
	Drug-based cell selection
	Primary patient samples

	Visualising ecDNA
	Cytogenetic tools – DNA fluorescence in situ hybridisation (FISH)
	Live-cell imaging
	Combining DNA and protein imaging

	Image analysis strategies
	Qualitative analysis
	Quantitative analysis
	Two dimensional (2D) analysis
	Three dimensional (3D) analysis


	An overview of bioinformatic tools for analysing ecDNA
	AmpliconArchitect
	AmpliconReconstructor
	Single nucleotide polymorphism (SNP) analysis

	Chromatin accessibility and nuclear organisation
	Single-cell extrachromosomal circular DNA and transcriptome sequencing (scEC&T-seq)
	Conclusions
	Acknowledgements 
	References


