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Abstract

Extrachromosomal DNA (ecDNA) amplification is an important driver alteration in cancer. It has 

been observed in most cancer types and is associated with worse patient outcome. The functional 

impact of ecDNA has been linked to its unique properties, such as its circular structure that is 

associated with altered chromatinization and epigenetic regulatory landscape, as well as its ability 

to randomly segregate during cell division, which fuels inter-cellular copy number heterogeneity. 

Recent investigations suggest that ecDNA is structurally more complex than previously anticipated 

and that it localizes to specialized nuclear bodies (hubs) and can act in trans as enhancers for genes 

on other ecDNAs or chromosomes. In this Review, we synthesize what is currently known about 

how ecDNA is generated and how its genetic and epigenetic architecture affects proto-oncogene 

deregulation in cancer. We discuss how recently identified ecDNA functions may on the one hand 

impact oncogenesis, but also serve as new therapeutic vulnerabilities in cancer.

Introduction

Aberrantly high expression of proto-oncogenes is a hallmark of oncogenesis and can 

be caused by structural or numerical chromosome anomalies1. Somatic copy-number 
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alterations are the most common drivers of variations in oncogene expression2. 

Extrachromosomal DNA (ecDNA) is a type of circular DNA element that has emerged 

as one of the most important forms of somatic copy-number amplification3–5. Since its 

discovery in 1965 in neuroblastoma cell lines6, re-evaluation of ecDNA in large-scale 

DNA sequencing data sets has revealed that it is present in a subset of tumours across 

most cancer types (Figure 1a)7–10. Patients with tumours containing ecDNA have worse 

clinical outcomes compared to those with other types of focal amplification, corroborating 

the functional importance of ecDNA elements9,11. Two commonly accepted features make 

ecDNA a unique and extraordinarily potent vehicle of proto-oncogene amplification. 

First, their circular structure has been associated with elevated transcription, resulting in 

increased proto-oncogene expression compared to linear amplifications12. Second, relieved 

from chromosomal positional constraints and lacking centromeres, ecDNAs are unequally 

segregated into daughter cells, which can quickly increase ecDNA copy number and drive 

intratumoral heterogeneity (Figure 1b)4,13,14. Thus, ecDNA represents an important vehicle 

for oncogene amplification in cancer with distinct molecular features, most of which are 

currently not fully understood.

Other types of extrachromosomal DNAs have been described15–19. These include a class 

of extrachromosomal circular DNA elements often referred to as eccDNA and which 

are present in similar low copy numbers in non-neoplastic and cancer cells (2–3 copies 

of each small extrachromosomal circular DNA element per nucleus on average)18,20. By 

contrast, dozens of ecDNA copies can accumulate in cancer cells9,12. EccDNAs are mostly 

shorter than 1kb, compared to the much larger size of ecDNAs (50kb–5Mb size range for 

ecDNAs based on the latest analyses of patient tumour samples)7–10. Although we refer 

here to eccDNAs as small circular elements, we note that nomenclature for circular DNA 

elements is not fully standardized, hence ‘eccDNA’ has also been used more broadly to 

describe Eukaryotic covalently closed circular DNAs of any size29. The majority of small 

extrachromosomal circular DNAs do not contain full-length genes or regulatory elements. 

The role of eccDNAs in cellular homeostasis will not be discussed in this Review.

When cancer cells contain ecDNAs, these ecDNAs can drive dosage-dependent increases 

of cargo gene expression. However, recent reports have described unique aspects of ecDNA 

biology, which challenge the view that ecDNA only affects oncogene expression levels 

through increased copy number dosage. EcDNA chromatinization, the co-amplification and 

resulting structural proximity of enhancer elements, and ecDNA clustering in specialized 

nuclear bodies (ecDNA hubs) jointly create conditions for increased cargo gene transcription 

efficiency. Moreover, ecDNAs and ecDNA hubs may serve a double role as ectopic 

enhancers in trans for genes on other ecDNAs or chromosomes13,21–23. These and other 

discoveries of the unique properties of ecDNAs are resulting in the development of new 

methods to detect, sequence and track ecDNA in cancer cells, and are fuelling a new 

revolution in cancer genetics.

In this Review, we discuss our current understanding of how ecDNA is structured and how 

it contributes to oncogene expression, including properties related to ecDNA chromatin 

organization and nuclear positioning13,21,23. We describe the development of new tools 

for the detection and sequencing of ecDNA (Box 1) and their use for the characterization 
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of the structure and abundance of ecDNAs in cancers. We discuss the altered chromatin 

organization of ecDNA and its impact on oncogene regulation, the spatial organization and 

movement of ecDNA in the nucleus and its clustering in specialized hubs. We also discuss 

the ability of ecDNAs to interact with other chromosomes, and the implications for genome-

wide transcriptional regulation. We argue that unanticipated oncogenic functions may 

arise from these new ecDNA properties which may provide opportunities for therapeutic 

intervention, and conclude by reflecting on the most pressing open biological questions 

related to ecDNA biology.

Structural ecDNA properties

Composition and amplification.

Focal DNA amplifications in cancer are observable in linear intrachromosomal or circular 

extrachromosomal forms, cytogenetically appearing as homogeneously staining regions 

(HSRs) and double minutes, respectively6,24. The term ‘double minutes’ was derived from 

their appearance in doublets during metaphase6. Comprehensive genomic characterization 

across cancer types and cancer models9,25–27 have since provided extensive catalogues 

of chromosomal rearrangements and have demonstrated that there is substantial diversity 

in focal chromosomal and extrachromosomal amplifications between and within tumour 

types. Focal DNA amplifications vary greatly in amplification structure, genomic content, 

amplicon size and copy number level. These genomic analyses are consistent with the earlier 

cytogenetic studies in that, in broad terms, amplifications can be classified in two groups: 

linear intrachromosomal increases in DNA copies (HSRs) and ecDNA.

When the resulting chromosomal abnormalities contain a proto-oncogene and/or an 

oncogenic regulatory element that provides the cell with a proliferative or survival 

advantage, clonal selection occurs. At least 70 genomic regions have been reported as 

recurrently amplified in cancer, including loci containing proto-oncogenes such as EGFR, 

MYC, MYCN and CCND228. The majority of genes that are focally amplified at high 

copy number levels in cancer are extrachromosomally amplified in a subset of tumours, 

with ecDNAs detected in 14% of all newly diagnosed and untreated cancers9 (Figure 1a). 

EcDNAs frequently harbour functional enhancer elements juxtaposed to cargo genes, i.e. 

enhancer hijacking, which contributes to the very high level of expression observed for 

ecDNA-residing genes. Some ecDNAs contain only enhancers and no genes, suggesting 

that selection of ecDNA-containing tumour cells can be based on roles of ecDNA beyond 

activating cargo oncogene expression11,21.

Focal amplifications are likely to arise as a result of DNA damage at random locations 

across the genome followed by erroneous repair17,29,30. In its simplest form, an ecDNA 

element consists of a single chromosomal DNA segment created by two DNA double-strand 

breaks that have been circularized through end-to-end ligation (Figure 2). Such simple 

amplicons can be observed, for example, in leukaemias31. More commonly, ecDNAs consist 

of tens to hundreds geographically separated DNA segments from different chromosomes, 

recombined into a single element4,12,23 (Figure 2). Focal DNA copy number amplifications 

are created in cells in vitro during, for example, methotrexate treatment32–37. Resistant 

cells outgrow sensitive cells through focal amplification of the DFHR gene, which drives 
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resistance to methotrexate. The resulting amplicon structure ranges from single-segment 

linear or extrachromosomal amplifications to arrangements consisting of many DNA 

segments from different chromosomes with variable transcriptional orientations38. The 

diversity of amplification observed under controlled circumstances suggests that amplicon 

formation is subject to different directives. Complex ecDNA structure formation has been 

linked to at least two mechanisms: first, chromosome shattering (chromothripsis), creating 

clustered rearrangements and leading to ecDNA formation, as evidenced by footprints of 

chromothripsis in approximately 36% of ecDNAs detected across primary cancers9; and 

second, breakage-fusion-bridge cycles (BFBs), as evidenced by head-to-head fold-back 

inversions found on some ecDNAs (Figure 2)39. BFBs result in arrays of genomic segments. 

The existence of near-identical amplicons existing in parallel as either an HSR or as 

an ecDNA indicates that some BFB amplicons may circularize to terminate the cyclic 

process, resulting in ecDNAs39,40. The presence of multiple co-existing amplicons in the 

same specimen may also suggest a multi-step process whereby simple ecDNAs evolve into 

complex multi-fragment structures over time, or structural evolution of ecDNAs through 

subsequent rounds of chromothripsis and incorporation of damaged DNA38,41–44. These 

dynamic processes may however present a chicken-and-egg problem as ecDNAs have been 

observed to re-insert into the genome, especially when under selective pressure and when 

DNA damage repair occurs10,27,38,45–47. Following re-insertion, ecDNAs may subsequently 

reform when the selective pressure is removed, reflecting that ecDNAs are not static 

structures but undergo evolution (Figure 2)38,45.

More evidence of ecDNA sequence evolution was derived from recent discoveries of 

kataegis (clusters of mutations), which was detected on 30% of ecDNAs in primary 

tumours48. In this pan-cancer analysis, ecDNA-associated kataegis — named kyklonas — 

occurred relatively distant from ecDNA breakpoints implicating that kyklonas probably 

occurred after ecDNA formation and as part of an adaptive process. Kyklonas carried 

features of mutagenesis by activation-induced deaminase (AID) and APOBEC3 deaminase, 

which are enzymes that are part of the endogenous response to viral DNA in the 

nucleus. Whether this response mechanism actively targets ecDNA, deriving mutation 

clusters as a result, or whether this is a passive process requires additional research. By 

contrast, APOBEC-mediated kataegis was found to occur near breakpoints in neuroblastoma 

ecDNAs, suggesting these mutations were induced during ecDNA formation49, and 

implicating that kyklonas can be derived through different mechanisms.

We do not yet fully understand the rules that govern clonal selection and spur the 

evolutionary process to an equilibrium of ecDNA element frequencies across the tumour. 

We speculate that the ecDNA cell-to-cell copy number distribution is determined by the 

cost of reproducing and maintaining the copy number levels of single or parallel HSRs and 

ecDNAs, as well as by the growth advantages provided by the increased oncogenic signals 

created by the amplification.

Distribution.

The number of ecDNA molecules varies from cell to cell, which implies uneven segregation 

of ecDNAs during mitosis (Figure 1b)3–5. The absence of centromeres in ecDNAs prevents 
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even mitotic distribution through spindle-complex forces during metaphase–anaphase stages 

of the cell cycle50. If ecDNA elements are not included in a daughter cell’s nucleus after 

mitosis, however, they become entrapped in micronuclei51–54. Thus, mechanisms ensuring 

mitotic ecDNA distribution need to exist. EcDNAs replicate early in S-phase, a property 

often associated with active transcription55,56 (Figure 3). EcDNA molecules relocate from 

the nuclear periphery into the centre of the nucleus upon initiation of DNA replication, 

which may imply the existence ecDNA-specific replication machinery57. In M-phase and 

during segregation, ecDNAs appear to ‘hitchhike’ by binding preferentially to the telomeric 

regions of linear chromosomes50,54,58. Sister ecDNA molecules migrate into the same 

daughter cell during mitosis, which may indicate that physical post-replication bonds such as 

ecDNA concatenation exist50,58.

The frequency of ecDNA molecules across cells can fluctuate rapidly and in response to 

changing circumstances13,22,57,59. Uneven segregation in combination with the competitive 

advantage provided by oncogene overexpression can result in accelerated expansion of 

ecDNA-containing clones and the sometimes hundreds of ecDNA copies observed inside 

a single nucleus4,5,40,45. Adaptive responses have been observed in patient tumours, where 

ecDNA-containing subclones rapidly shrink under targeted treatment, but re-emerge when 

the therapeutic stress is removed45,60. The dynamic ability to decrease and increase ecDNA 

levels may be particularly effective under stress conditions, which may include hypoxia 

and high acidity encountered in tumour microenvironments46,61. Epigenetic states have 

been associated with responses to stress and can promote transient site-specific copy 

number gains of the EGFR locus, specifically when extrachromosomal62,63. EcDNA may 

provide less advantage under stable circumstances, such as cell culture where ecDNAs are 

often lost44. Lastly, ecDNAs are more prone to acquiring activating mutations relative to 

chromosomal regions64, which further aids positive selection. Thus, even though ecDNA 

replicates once per cell cycle, it does not follow most rules of mitotic inheritance, enabling 

tumours to rapidly evolve and maintain high genetic intra-tumour heterogeneity.

Transcriptional regulation of ecDNA

Chromatin organization.

Until recently, increased proto-oncogene copy number was believed to be the predominant 

mechanism through which DNA amplification altered proto-oncogene expression2. 

However, several recent reports demonstrating a crucial role for chromatin organization, 

and the presence of regulatory sequences for oncogene expression on ecDNA, indicate key 

roles for factors other than dosage. Human chromosomes are composed of DNA wound 

around nucleosomes that tightly control access of transcriptional regulators to the DNA65. 

This arrangement regulates associations between genes and proteins and their response to 

intra- and extracellular regulatory stimuli, and provides a control mechanism that prevents 

incorrect interactions. Changes in chromatin organization are associated with cancer66.

Recent evidence suggests that ecDNA harbours increased chromatin accessibility and less 

compact nucleosomal organization compared to chromosomal DNA (Figure 4a)7,11,12,21. 

A significantly higher signal from assay for transposase-accessible chromatin sequencing 

(ATAC-seq) was observed in extrachromosomal circular amplicons compared to linear 
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amplicons across tumour samples and after normalizing for DNA copy number12. A similar 

contrast was observed in isogenic cell lines, in which the ecDNA amplicon displays an 

increased chromatin accessibility compared to the identical locus amplified chromosomally 

as an HSR12. This increased density of ATAC-seq signal within the circularized and 

amplified loci was confirmed in medulloblastoma tumours7. Using a recently developed 

method, ‘sequencing of enzyme-accessible chromatin in circular DNA’ (CCDA-seq) that 

combines the use of methylases for soft-labelling of open chromatin without DNA 

fragmentation, and exonuclease digestion to enrich for ecDNA, Chen and colleagues were 

able to use long-read nanopore sequencing to assess chromatin state on ecDNA at single-

molecule resolution67. They observed that chromatin on ecDNA is on average two-fold 

more accessible compared to chromatin of homologous linear DNA, and 80% of ecDNA 

areas were highly accessible. These highly accessible areas not only included genic regions 

but also, and mostly, introns and intergenic regions. Overall, genic regions on ecDNA 

were 62% more accessible than their linear counterparts67. The increase in chromatin 

accessibility contributed to the increase in expression levels of ecDNA cargo genes, which 

were significantly higher than expected based on ecDNA copy number9,12. The mechanisms 

driving increased chromatin accessibility on ecDNA are currently unknown, as is whether 

accessibility precedes ecDNA formation or is a consequence thereof.

Enhancer co-amplification.

The circular structure of ecDNA results in three-dimensional re-orientation of chromatin 

elements, which enables local and distal enhancer–gene contacts (Figure 4b)11,12,21,62,68. 

In addition to past reports suggesting that amplicon borders were shaped by DNA 

fragile sites69, recent studies have provided evidence that co-amplified neighbouring 

enhancer elements active in the cancer cell type of origin play a major role in shaping 

amplicon borders11,68. Many of the co-amplified enhancers represent lineage-specific super-

enhancers, characterized by large domains of high-intensity peaks of H3K27 acetylation 

(H3K27ac) and H3K4 methylation (H3K4me1)21. In neuroblastoma, a prototypical ecDNA-

harbouring cancer type in which the MYCN oncogene is commonly extrachromosomally 

amplified, two distinct classes of amplicons were described based on the presence or 

absence of local enhancers68. Class I amplicons incorporated local enhancer elements, 

were simple in structure and only rarely incorporated additional distal DNA segments 

from other chromosomes. The rare subset of Class I cases where both local and distal 

enhancers can be found on the same ecDNA was also observed in glioblastoma11; in 

these cases, local and distal enhancers for EGFR were preserved on the ecDNA, thereby 

expanding 3D contacts within the boundaries of the canonical topologically associating 

domains (TADs) regulating EGFR expression. By contrast, Class II amplicons lacked local 

enhancer co-amplification, but compensated through ligation of DNA segments from distant 

sites, such as from other chromosomes. Co-amplified distant DNA segments harboured 

lineage-specific enhancer elements as well as insulators, forming highly complex, multi-

fragment amplicons with new spatially interacting regulatory neighbourhoods (neo-TADs) 

and resulting in enhancer hijacking68. Enhancer hijacking on ecDNA has also been detected 

in medulloblastoma7,11. Co-amplified regulatory elements and their contacts with the 

oncogene promoter are not just preserved on ecDNA, but actively contribute to oncogene 

expression and cancer cell fitness11. Thus, multiple layers of ecDNA chromatin are altered: 
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nucleosomal organization and compaction; enhancer–oncogene contacts, including enhancer 

hijacking; and 3D conformation, such as through changes to TAD structures. All of these 

chromatin features contribute to high oncogene expression from ecDNAs.

Together, these recent reports raise the fascinating possibility that oncogene expression from 

ecDNA is only partly determined by increased oncogene dosage on ecDNA. It is tempting to 

integrate these new insights into a unifying model of ecDNA-driven oncogene deregulation 

determined by the law of mass action. The model would comprise an interplay between 

local and distant enhancer strengths, the extent of chromatin compaction and accessibility, 

transcription factor affinity at enhancer binding sites, and DNA copy number, that together 

determine the transcriptional output from ecDNA.

EcDNA hubs.

The smaller size and circular nature of ecDNA enables functional properties that are 

physically restrictive to linear chromosomes22,50,54,56–58. For example, ecDNA molecules 

were reported to cluster in hubs during interphase51,57 and mitosis54. Moreover, enabled 

by the development of sequencing and CRISPR-mediated live-cell ecDNA imaging 

technologies (Box 1), ecDNA hubs have been established as transcriptional hot spots in 

interphase13,23. EcDNA clustering is a dynamic process and does not happen continuously. 

A not-yet peer reviewed preprint study70 suggests that hubs do not form in all cell types, 

suggesting that yet unknown factors may be required for hub formation. Detection of 

ecDNA hub formation requires extended imaging windows13, and shorter exposure times 

may be an alternative explanation for the observed absence of ecDNA clustering70.

The nucleus during interphase is spatially organized into a compartmentalized structure 

with congregation of transcriptionally active sites towards the nuclear interior71–73. Nuclear 

compartments that are enriched in RNA polymerase II (RNAPII) serve as transcription 

factories73. The transcriptionally activated state of ecDNAs may contribute to the formation 

of ecDNA clusters and suggests that ecDNAs leverage similar principles to form nuclear 

aggregates and may share transcriptional machineries with other ecDNAs (Figure 5a).

The bromodomain and extraterminal domain 4 (BRD4) protein, which accumulates on 

transcriptionally active regulatory elements to promote gene expression, plays an important 

role in ecDNA hub formation23. BRD4 inhibition is being explored as a therapeutic 

strategy in cancers dependent on the oncogene MYC, a gene frequently extrachromosomally 

amplified, as BRD4 and MYC are often found to be co-bound on active promoters74. 

Intriguingly, BRD4 inhibition in ecDNA-positive cells led to dispersion of both MYC-

harbouring ecDNA and hubs with ecDNAs encoding for other genes, as well as reduced 

cargo gene expression23. Although both single ecDNA molecules and ecDNA hubs are 

preferentially associated with RNAPII relative to the linear genome, RNAPII molecules 

are relatively more abundant in ecDNA hubs, further substantiating the role of ecDNA 

hubs in transcriptional regulation13,21. Inhibition of RNAPII does not disrupt ecDNA hubs, 

indicating that RNAPII may be recruited into ecDNA hubs after their formation23. Cancer 

cells in which ecDNAs are aggregated into hubs transcribe increased levels of the cargo 

oncogene compared to cancer cells in which ecDNAs do not form hubs, to an extent where 

ecDNA hubs determine the level of oncogene transcription over the number of ecDNA 
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copies (Figure 5a)13. Taken together, these results suggest that ecDNA hubs are biologically 

relevant nuclear bodies with roles in transcriptional regulation of oncogenes, and hence are 

likely to influence the maintenance and progression of cancer.

Transcriptional regulation in trans.

The detachment of ecDNAs from their chromosome of origin enables ecDNA elements 

to move around the nucleus with fewer constraints, and provides opportunity for physical 

interactions with other ecDNAs and linear chromosomes. Although chromosomal tethering 

of ecDNA during cell division has been reported, the extent and biological function of 

the ecDNA–chromosome interactions has remained unclear50,54,58. Genome-wide profiling 

studies using chromosome conformation capture approaches (such as Hi-C) and chromatin 

interaction analysis by paired-end tag sequencing (ChIA-PET) have demonstrated that 

ecDNAs make contacts with other ecDNAs at high frequencies that are not seen for any 

other chromosomal loci11,12,21. This high interaction frequency may reflect ecDNA hubs, as 

well as connections made between individual ecDNAs outside of such hubs.

EcDNAs are also in physical contact with the linear genome, and in particular with 

chromosomal regions that are transcriptionally active, reflected by enrichment of RNAPII 

and H3K27 acetylation signals in ecDNA–chromosome interactomes21. Accordingly, there 

is an increase in gene expression at regions with high ecDNA–chromosome contact 

frequency, in comparison to those not tethered to ecDNA (Figure 5b). Thus, the regulatory 

function of co-amplified ecDNA enhancers to regulate oncogenes on the same ecDNA may 

extend to chromosomal genes and oncogenes in particular. This intriguing emerging function 

of ecDNAs as mobile enhancers creates a synthetic aneuploidy effect of transcription, 

comparable to how copy number gains of whole chromosomes or chromosome arms 

increase expression levels of all resident genes. It also provides additional explanation 

for why ecDNAs often contain non-coding chromosomal DNA and may explain the trans-

regulatory function of ecDNAs that only contain regulatory elements and no genes11,68. 

Moreover, this trans-activator model provides a secondary but potentially important 

mechanism by which ecDNA may rapidly promote intratumour heterogeneity at the 

level of chromosomal transcription. However, the affinity of ecDNA tethering to specific 

chromosomal regions and the detailed processes of ecDNA–chromosome interactome 

formation remain to be discovered.

Conclusions and perspectives

Our understanding of the role of extrachromosomal DNA elements in cancer is rapidly 

improving, aided by technological advances such as sequencing for ecDNA characterization 

and CRISPR for live-cell studies and targeted analysis (Box 1). We now know that ecDNA 

can play a dominant role in driving intratumoral heterogeneity and tumour evolution, 

and that unique regulatory mechanisms exist that govern the transcription of resident 

oncogenes. Recent discoveries uncovering regulatory functions of ecDNA in chromosomal 

gene transcription further expand on the unique biology provided by this class of cancer-

associated chromosomal rearrangement.
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Opportunities for therapeutic targeting.

Many cancer-driving oncogenes are activated by amplifications, including on ecDNAs 

exclusively found in cancer cells. A major therapeutic strategy is to directly inhibit 

the protein products of these amplified oncogenes. This approach has been particularly 

successful for oncogenes encoding protein kinases. Examples include the anti-HER2 

monoclonal antibody trastuzumab used to treat HER2-positive breast cancers, and the small 

molecule afatinib which is approved for treatment of non-small cell lung cancers carrying 

EGFR amplifications. Beyond these examples, as of 2021 there were 62 small-molecule 

protein kinase inhibitors approved by the US Food and Drug Administration (FDA)75 that 

provide substantial survival benefits to patients with cancer. However, most oncogenes 

activated through focal amplification, including on ecDNA, are not kinases28. Targeting 

frequently amplified genes such as MYC, TERT and MCL1 has been long considered out 

of reach. Perturbing ecDNA maintenance, propagation, structures or function may provide 

an orthogonal opportunity to inhibit oncogene activation and may even prevent ecDNA-

mediated targeted therapy resistance45,60. The excitement over therapeutic strategies that 

target ecDNA is derived from the concept of blocking the vehicle of oncogene amplification 

rather than the oncogene product. In an ideal scenario, a single drug would have the potential 

to improve outcomes across many cancer types and regardless of the amplified oncogene as 

long as the structure is extrachromosomal.

The unique features of ecDNA — their replication, segregation, clustering into hubs, 

genesis, and expulsion in micronuclei — provide at least five potential strategies for therapy, 

as discussed next and outlined in Figure 6.

Strategy 1: targeting ecDNA replication.

DNA replication starts with the unwinding of the double helix by helicases. There are 95 

human DNA helicases, each with DNA or RNA structure specificity76. EcDNA replication 

may be subject to unique helicase activity, as occurs for mitochondrial DNA replication 

by specific helicases77. Another option includes interfering with de novo synthesis of the 

deoxyribonucleotide triphosphate DNA building blocks, to limit nucleotide production. 

Ribonucleotide reductase is the rate limiting enzyme for chromosomal DNA replication 

and can be targeted using for example gemcitabine or hydroxyurea37,78. Whether ecDNA-

specific replication enzymes exist is currently unknown.

Strategy 2: targeting ecDNA segregation.

Following replication, ecDNAs may segregate to daughter cells through hitchhiking on 

chromosomal DNA54. It is unclear what enables ecDNA to attach to chromosomes and 

what molecular glue may exist. A better understanding of ecDNA segregation may present 

opportunities to modulate the process.

Strategy 3: targeting ecDNA clustering into hubs.

Specific ecDNA functions such as ecDNA hub formation may be pharmacologically 

perturbed and thereby decrease the transcription and activity of the ecDNA cargo, for 

example by targeting the BET protein BRD4 which may be critical in ecDNA tethering13,23.
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Strategy 4: targeting ecDNA genesis.

DNA repair following chromothripsis and other DNA breakage events results in 

ecDNA formation. Perturbation of DNA damage repair processes such as homologous 

recombination (by PARP inhibitors), and non-homologous end joining (by DNA-PKcs 

inhibitors) may disadvantage tumours that benefit from ecDNA amplifications38 and may be 

most effective in combination with other DNA damaging treatments, such as radiotherapy.

Strategy 5: targeting ecDNA micronucleation.

Finally, through yet unknown molecular mechanisms, ecDNA is more prone to micronuclear 

expulsion and elimination than chromosomal DNA, a process also facilitated by 

hydroxyurea37,79. Micronucleation may prevent DNA repair of entrapped ecDNAs, thus 

rendering ecDNA vulnerable to DNA damaging strategies through for example ionizing 

radiation. An in-depth analysis of the molecular pathways involved in micronuclear 

expulsion may reveal new therapeutic targets.

Challenges of therapeutic ecDNA targeting.

Despite these promising opportunities for ecDNA-directed drug development, several 

complicating factors remain. First, it is clear that the term ‘ecDNA’ represents a diverse 

group of focal amplifications, which vary in various properties such as size and structural 

complexity9,27. This molecular heterogeneity may mean that different strategies are needed 

for targeting distinct subclasses of ecDNA. A second potentially complicating factor is that 

we have limited data on the clonality of ecDNA. Like tyrosine kinase inhibitors, targeting 

a subclonal ecDNA may create a growth advantage of cells lacking ecDNA and drive rapid 

clonal selection and treatment resistance. Thirdly, we currently lack understanding of the 

ability of ecDNAs to re-integrate into the genome39. Integration may occur randomly in 

locations of DNA damage38, and this provides another trajectory that may limit treatment 

efficacy, as ecDNAs might re-integrate as a mechanism of drug resistance and then re-

emerge extrachromosomally once treatment is removed45. Finally, targeting a molecule 

that resides in the nucleus requires an ability to pass through multiple cellular membranes 

and endosome escape, adding additional chemical biology complexity80–82. Filling these 

knowledge gaps will be paramount for maximizing the chances of achieving successful 

anti-ecDNA therapy. As multiple mechanisms are likely to contribute to ecDNA generation, 

maintenance, and evolution, targeting a single mechanism amongst those discussed in this 

Review may not be enough to successfully treat ecDNA-harbouring cancer. Moreover, 

given the heterogeneity of cancer, it is likely that a one-size-fits-all approach will not 

work, and that subcategories of ecDNA-driven cancers exist with differential sensitivity 

to the therapeutic approaches outlined above. However, we believe that lowering ecDNA 

frequency, which could reduce the risk of ecDNA-driven therapy resistance, would improve 

therapy efficacy, and eventually provide prolonged patient survival.

Outlook.

As pointed out in this Review, important progress has been made in characterizing the 

unique sequence and chromatin composition of ecDNAs. Many questions regarding these 

features still remain unanswered. For example, the molecular mechanisms leading to altered 
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chromatin compaction on ecDNA remain unknown, so does how ecDNA interactions with 

other ecDNAs (hubs) and chromosomal DNA are formed. Future investigations into these 

mechanisms not only have the potential to reveal new biology, but may also uncover factors 

that may serve as therapeutic targets. Furthermore, forthcoming studies using new single-

cell-based methods are expected to yield important new insights into ecDNA intercellular 

heterogeneity and structure–function relationships. A seemingly basic challenge for future 

research may lie in the quantification of ecDNA properties in such datasets. Lastly, many 

other organisms such as yeast and others also contain circular DNAs, which may in part 

resemble ecDNA with regards to properties such as maintenance, chromatin regulation and 

replication, suggesting that some of the outstanding questions about ecDNA in cancer 

may only be solvable through interdisciplinary research approaches in multiple model 

systems. Thus, to fully deliver the potential of ecDNAs to improve the treatment and 

diagnosis of patients suffering from ecDNA-driven cancer, sustained academic and industrial 

investigations in ecDNA-related research will be needed.
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Glossary

Proto-oncogenes
Genes involved in normal cell growth that, when abnormally activated, lead or contribute to 

cancer development

Focal amplification
A DNA region that only spans a subchromosomal-arm proportion of the chromosome and is 

amplified at high level, i.e. more than eight copies

Intratumour heterogeneity
The differences among cancer cells within the same tumour

Cargo gene
Any gene (or genes) harboured on the sequence of an extrachromosomal DNA (ecDNA) 

element

Homogeneously staining regions
(HSRs). Chromosomal regions with DNA amplification presenting a uniformed staining 

pattern with Giemsa nucleic acid stain

Enhancer hijacking
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A process in which a somatic structural genomic rearrangement brings an enhancer into 

physical proximity of a gene it does not normally interact with, and activates it ectopically

Chromothripsis
A massive chromosomal rearrangement resulting from a chromosome shattering event, 

characterized by more than 20 DNA fragments stitched together in an abnormal order

Breakage-fusion-bridge cycles
(BFBs). A mechanism of chromosomal instability caused by a cycle of telomere breaks and 

dicentric chromosome formation

Mitosis
A cellular process in which replicated genetic information in a single cell is divided into two 

identical nuclei

Micronuclei
The small nuclear structures that reside in the cytoplasm and contain damaged DNA 

fragments which were not incorporated into the main nucleus after mitosis

EcDNA concatenation
A structure in which two or more closed circular DNAs are interlinked

Chromatin accessibility
The extent to which proteins are able to interact with chromatinized DNA, which is 

regulated through nucleosome occupancy and other factors occluding access to DNA

Transcription factories
Molecular complexes consisting of extrachromosomal DNAs (ecDNAs) and transcription 

machinery components, with high transcriptional activity of ecDNA sequences

Synthetic aneuploidy effect
Increased transcriptional activity of regions of the genome where extrachromosomal DNAs 

(ecDNAs) make a physical connection, similar to the effect of aneuploidy

Hemizygous
The type of zygosity in which only one allele contains a gene or mutation

Phasing
The process of inferring haplotype information of a sequence from genomic data
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Box 1.

Methods for ecDNA detection.

Accurate and sensitive methods for extrachromosomal DNA (ecDNA) characterization 

are imperative to understand ecDNA biology. Traditionally, cytogenetics methods have 

been used for ecDNA detection, which include DAPI (4’,6-diamidino-2-phenylindole) 

staining, which reveals the presence of an ecDNA element, and fluorescence in situ 

hybridization (FISH), a highly targeted approach detecting and quantifying ecDNA 

elements of interest4,5. As ecDNAs are present at high copy-number, this facilitates 

detection through sequencing-based approaches, as the number of copies scales linearly 

with the number of derived sequencing reads. Sequencing and cytogenetic methods rely 

on several unique properties of ecDNAs: circularity12; high average number of ecDNA 

elements, often greater than ten copies per cell across a specimen; and high level of 

variability between individual cells.

Whole-genome sequencing can be used to assemble ecDNA structures in silico9,27. 

However, it remains a major computational challenge to accurately distinguish 

chromosomal breakage-fusion-bridge (BFB) structures from ecDNAs, co-existing 

homogeneously staining regions (HSRs) and HSRs that have circularized, and ecDNAs 

in samples where some ecDNAs have reinserted into the genome. Nonetheless, 

software tools such as AmpliconArchitect47, AmpliconReconstructor83, Circle_Finder 

and circMap84 are used to infer ecDNA structures from whole-genome sequencing data 

(see the table). These methods start by identifying regions of the genome with elevated 

copy number, and use those loci as a seed to construct a circular graph. If circularity 

can be achieved, this supports the presence of an ecDNA while enabling resolution of 

the structure and gene or regulatory element cargo content. The specificity of sequencing-

based ecDNA detection is over 80% when validated using cytogenetics, although 

quantifying sensitivity is challenging owing to the lack of golden truth data4,5,47,83–85.

New and ecDNA-specific developments for ecDNA characterization include Circle-

Seq, a sequencing library enrichment method which uses exonuclease digestion 

of linear DNA to isolate circular DNA prior to sequencing and, combined with 

short-read or long-read sequencing, provides a powerful platform for comprehensive 

ecDNA characterization10,20. Another powerful method for targeted profiling of ecDNA 

(CRISPR-CATCH), uses CRISPR–Cas9-mediated enrichment of ecDNA fragments 

followed by sequencing, which allows sequence reconstructions at base-pair resolution86. 

Chromatin accessibility and chromosomal conformation sequencing approaches have 

demonstrated unique ecDNA patterns and hold promise in combination with single-cell 

methods11,12,21,87. Tagging ecDNA-specific sequences using guide RNAs combined with 

fluorescent tags, such as the ecTag method, enables ecDNA visualization in live cells13.

The interpretation of ecDNA composition from sequencing data should account for allele 

specificity and the status of the chromosomal segments from which the ecDNA arose, 

and whether there are confounding factors when deletions are hemizygous. Long-read 

sequencing holds promise as a method for phasing as well as ecDNA characterization, for 

example in combination with ecDNA library enrichment methods23,86.
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Table for box 1.

Extrachromosomal DNA detection and 

characterization methods.
Method Input data Output Refs

AmpliconArchitect Whole-genome sequencing Unsupervised 47 

AmpliconReconstructor Optical mapping with whole-
genome sequencing

Unsupervised 83 

ecSeg DAPI stain or FISH images Unsupervised 
(DAPI), targeted 
(FISH)

88 

circMap Whole-genome sequencing Unsupervised 84 

CRISPR-CATCH Circular DNA sequencing Targeted 86 

CircleSeq Circular DNA sequencing Unsupervised 20 

Circle_Finder ATAC-seq Unsupervised 87 

ecTag Confocal microscopy of cells 
transduced with guide RNAs 
specific for ecDNA breakpoint 
sequences

Targeted 13 

ATAC-seq, assay for transposase-accessible chromatin sequencing.
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Figure 1. Oncogene amplification on ecDNA is a frequent event in cancer and promotes tumour 
heterogeneity.
a | The frequency of extrachromosomal DNA (ecDNA) amplification across newly 

diagnosed cancer7–10. b | EcDNA elements are replicated in S-phase and due to the absence 

of centromeres, segregate unevenly to daughter cells during mitosis. Clonal selection of 

tumour cells with an ecDNA-endowed proliferative advantage enables rapid intercellular 

diversification of ecDNA copy number and increases intratumoral heterogeneity.
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Figure 2. EcDNA life cycle.
Following DNA breakage, extrachromosomal DNA (ecDNA) structures are formed through 

end-to-end ligation. Chromothripsis creates massive rearrangements and, like breakage-

fusion-bridge (BFB) cycles, can result in complex ecDNA structures. EcDNA structures may 

evolve by acquiring new genome segments following additional breakage events, including 

through merging of co-existing ecDNAs. Selective pressure and linear DNA damage may 

cause ecDNA molecules to reintegrate into the linear genome and generate homogeneously 

staining regions (HSRs). Upon removal of selection pressure or changing circumstances, 

reintegrated ecDNAs may re-emerge.
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Figure 3. EcDNA movement and location during the cell cycle.
During S-phase, extrachromosomal DNA (ecDNA) molecules relocate from the periphery 

to the centre of the nucleus. Replication occurs, resulting in double-minute shaped sister 

ecDNA chromatids, prior to the initiation of mitosis. During mitosis, ecDNAs randomly 

bind to chromosome ends and divide unequally to daughter cells. During anaphase, ecDNAs 

that are not tethered to chromosomal ends are clustered, are not carried into the newly 

forming daughter nuclei and remain in one daughter cell in micronuclei.
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Figure 4. Chromatin organization on ecDNA.
a Extrachromosomal DNA (ecDNA) contains more accessible chromatin compared to linear 

chromosomal DNA, reflected by the increased read density and number of peaks in assay for 

transposase-accessible chromatin sequencing (ATAC-seq) profiles. b | The re-arrangement 

of distal chromosomal fragments into ecDNAs results in three-dimensional reorientation of 

chromatin elements and enables the ‘hijacking’ of distal enhancers.
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Figure 5. The role of ecDNA and ecDNA hubs in transcriptional regulation.
a | Representative examples of extrachromosomal DNA (ecDNA) hubs. Example 1: an 

ecDNA hub comprising different ecDNA species containing cargo oncogene and cargo 

enhancers. Example 2: an ecDNA hub including some enhancer-only ecDNAs without cargo 

genes. EcDNAs are glued together by BRD4 and recruit RNA polymerase II (RNAPII). 

Co-amplified enhancer elements regulate gene transcription of ecDNA hub partners. b | 

EcDNAs that are in contact with chromosomes recruit RNAPII. Co-amplified enhancers 

regulate transcription of linear chromosome genes in proximity to contact regions.
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Figure 6. Opportunities for development of ecDNA targeting therapeutic strategies.
New therapeutic approaches may be designed to target the amplification vehicle rather 

than amplified cargo genes, for improved outcomes of patients with extrachromosomal 

DNA (ecDNA)-containing cancer. At least five potential strategies for therapy are under 

consideration, including: blocking ecDNA replication (1); perturbing ecDNA segregation 

(2); disrupting ecDNA clustering into hubs (3); preventing new ecDNA formation (4); and 

promoting ecDNA expulsion in micronuclei (5).
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