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Abstract

Oncogene amplification on extrachromosomal DNA (ecDNA) provides a mechanism by
which cancer cells can rapidly adapt to changes in the tumour microenvironment. These
circular structures contain oncogenes and their regulatory elements, and, lacking
centromeres, they are subject to unequal segregation during mitosis. This non-Mendelian
mechanism of inheritance results in increased tumour heterogeneity with daughter cells
that can contain increasingly amplified oncogene copy number. These structures also
contain favourable epigenetic modifications including transcriptionally active chromatin,
further fuelling positive selection. ecDNA drives aggressive tumour behaviour, is related to
poorer survival outcomes and provides mechanisms of drug resistance. Recent evidence
suggests one in four solid tumours contain cells with ecDNA structures. The concept of
tumour evolution is one in which cancer cells compete to survive in a diverse tumour
microenvironment under the Darwinian principles of variation and fitness heritability.
Unconstrained by conventional segregation constraints, ecDNA can accelerate
intratumoural heterogeneity and cellular fitness. In this review, we highlight some of the

recent discoveries underpinning this process.



Introduction

Extrachromosomal DNA (ecDNA) as a feature of cancer was first described over 50
years ago, but only recently is evidence emerging of its prevalence amongst tumour types
and the crucial role it plays in oncogene amplification and tumour evolution®. ecDNAs have
also been traditionally known as extrachromosomal double-minutes (DM), so called due to
their original description as paired structures”. Spriggs and colleagues first described these
double-minute chromatin bodies in 1965 whilst examining metaphase spreads of a
bronchial carcinoma and 5 neuroblastoma samplesz. In 1981, Schimke and colleagues
reported that methotrexate resistance can occur as a consequence of dihydrofolate
reductase gene amplification on double-minutes and homogenous staining regions (HSR) in
the 3T6 mouse fibroblast cell line3, and in 1983, Alt et al described the amplification of
MYCN sequences in ecDNA in neuroblastoma cell lines®. This, alongside the observation of
MYC amplification as homogenous staining regions in neuroendocrine cell tumour lines by

Alitalo et al®, were the first descriptions of ecDNA and HSR oncogene amplification.

Until the development of high throughput sequencing, ecDNA was traditionally
detected through cytogenetic methods. In 1984, Gebhart et al. examined over 4,000
metaphase spreads of 22 primary breast cancers and 55 malignant effusions, identifying
double-minutes in over 73% of samples®, and in 1991, Benner et al. conducted cytogenetic
analysis of 200 primary tumour samples, identifying DMs in 93.5% of samples’. Aggregating
the studies conducted at the time, Gebhart found that DMs were identified in
approximately 30% of ovarian cancers and 20% of gliomas, osteosarcomas, lung and breast
cancers®. With the advent of high throughput sequencing, further characterisation of these
structures has been facilitated through bioinformatic analysis. This has confirmed that
oncogene amplification on ecDNA is a common event, accelerating intratumoural
heterogeneity and causing extreme copy number amplification due to the unequal
segregation of circular amplicons™®. This complex inheritance pattern is coupled with a
favourable transcriptional profile to drive massive oncogene expressionlo. Furthermore, it is
becoming increasingly clear that ecDNA promotes aggressive tumour behaviour, is related
to poorer survival outcomes, and can lead to drug resistance®!. Consequently, there is an

urgent need to better detect and describe evolutionary processes in the context of ecDNA.



In this review, we highlight the recent discoveries that have contributed to this emerging

field.

ecDNA and homogenous staining regions

ecDNAs are a class of circular DNA structures found outside the normal chromosome
architecture (they are also commonly referred under the umbrella term of

extrachromosomal circular DNA, or echNA)lz’13

. They are distinguished from other DNA
structures by their size and constituents; ranging between 0.2-5 Mb in length’®*** and
frequently contain one or more oncogenes and regulatory elements™® (fig. 1). Typically,
circular structures as large as ecDNA are rarely detected in healthy human cells'!; however,
smaller eccDNAs, structures that range from 100bp to 100kb, can be detected in both
healthy and cancer cells (such as in Hela cells and myeloproliferative neoplasms)>*°.
Nevertheless, the repertoire of these eccDNAs is determined by cell-type and pathology™.
Additionally, topological constraints of very small eccDNAs (<1Kb) (or microDNAs), allow for
transcription of regulatory RNAs off the circular template, providing a pathway to regulation
of gene expression”. Neochromosomes, which can be circular or linear, are also seen in the
context of cancer. They can form as a result of chromothripsis and occasionally exceed 600

Mb in size'®. Unlike ecDNAs, neochromosomes contain centromeres and therefore have a

very different impact on heterogeneity and copy number.

Oncogenes expressed on ecDNA significantly amplify copy number through random
segregation of amplicons during mitosis (fig. 2). This is due to a lack of centromeres, a
phenomenon described by Levan and Levan in 1978%. Pichugin et al constructed a robust
theoretical model of the evolutionary dynamics of ecDNA, demonstrating patterns of
intratumour heterogeneity and cellular fitness under neutral and positive selection
pressures’. Validating this model with experiments involving EGFRvIII ecDNA inheritance in
the GBM39 cell line, they demonstrate that cells develop a 300% fitness increase where

ecDNA is presentzo.

The numbers of amplicons per cell can vary from 1 to over 100™. Koche et al

reported that amongst a cohort of 93 neuroblastoma tumour samples and 12 cell lines, the



mean ecDNA count per cell was 0.82. Kim et al analysed whole genome sequencing data
from 34 cancer cell lines; amongst these samples, the median ecDNA count per cell was
14.5™. Using TCGA (The Cancer Genome Atlas) whole genome sequencing data from 1,979
patients across 25 cancer types, the same group reported that ecDNA was present in 26% of
all cancer samples and was most commonly found in glioblastoma, oesophageal carcinoma
and squamous cell lung cancer. EGFR, MYC, CCND1, CDK4 and MDM?2 were the most

commonly amplified oncogenes™.

ecDNA have been shown to dynamically re-integrate onto aberrant genomic

2124 These are highly

locations known as homogenous staining regions (HSR, fig. 2)
duplicated intrachromosomal regions that stain uniformly on cytogenetic giemsa-banding®.
Consequently, gene amplification has been classically divided by these cytogenetic
techniques; intrachromosomal HSRs and extrachromosomal DMs®®. HSRs also form as
consequence of complex genomic rearrangements such tandem duplications and

2728 The reversible relocation of EGFR mutant ecDNA

chromosome breakage fusion cycles
onto a HSR was demonstrated by Nathanson et al to be a mechanism of drug resistance in
GBM39 cell lines®. Koche et al recently demonstrated in neuroblastoma samples that circle
reintegration contributes not only to oncogene amplification as HSRs, but also general

oncogenic genome modelling™.

The biology of ecDNA

The biological causes underpinning ecDNA origin and evolution are yet to be fully
elucidated. ecDNA and HSR formation are traditionally characterised as distinct mechanisms
of gene amplification, yet they both originate as a consequence of multiple double-stranded
breaks (DSB)**>L. It has been shown that specific DSB repair pathways are implicated in the
formation of ecDNA over HSRs. For example, Cai et al demonstrated that inhibition of
homologous recombination through BRCAL1 silencing of MTX-resistant HT-29 colon cancer
cells resulted in decreased numbers of ecDNA, but no effect on HSR formation was
detected.*” The authors had previously shown in the same cell line increased expression of
non-homologous end joining (NHEJ) proteins and reduction of ecDNA formation with

inhibition of the key DNA-PKcs protein33. Vogt et al. resolved the structure of a co-amplified



MYC and EGFR ecDNA amplicon, present in successive passages of a xenografted human
oligodendrogliomazs. The structure comprised of both large and small fragments from
chromosomes 7 and 8, with the smaller fragments originating from clusters of breakpoints
at distal genomic locations®®. The ecDNA relocated as an HSR in successive passages with
additional breakpoint clusters accumulated during this transition. The data suggest a
coordinated process of repair involving a complex that brings together distal genomic
segments, not unlike that seen in V(D)J recombination®*. Moreover, the junctions contained

microhomologies suggestive of NHEJ or microhomologous end joining (MMEJ)%.

It is still unknown how ecDNA forms; however, the range of structural complexities
suggests multiple processes, including chromothripsis and episome formation, can result in
their genesis. Chromothripsis is characterised by multiple rearrangements of one or a few
chromosomes as a result of a shattering event®™. The “episome model” is one where

2228 |’ Abatte et al.

extrachromosomal DNA segments from an otherwise intact chromosome
characterised the structure and function of MYC-containing amplicons in acute myeloid
leukaemia with 8q24 amplificationsas. ecDNA formation in leukaemia is rare, but correlates
with age and is associated with a poor prognosis’’. They were able to determine that
heterogeneous amplicon structures co-existed within the same leukemic cell population and
the organisation of genomic segments within these structures favoured a model whereby
amplicons were formed as precursors of episomes and not as a consequence of
chromothripsis®. By inducing chromosomal segregation errors in the DLD-1 cell line, Ly et al
were able to observe a range of simple and complex inter- and intrachromosomal genomic
rearrangementsag. In this study, there were examples of ecDNA formation as direct
consequence of chromothripsis, resulting in amplification of the genes contained on the
circular ecDNA®. Therefore, formation of ecDNA amplicons are likely to originate from a
range of mechanisms, including those related to the generation of chromosomal instability
and deficiencies in DNA repair. By introducing a plasmid that contains a mammalian
replication and initiation region (IR) and a nuclear matrix attachment region (MAR), Shimizu
et al were able to successfully amplify genes as DMs or HSRs>°. They describe the process of
DM formation whereby IR/MAR plasmids that initially replicate as small extrachromosomal

circles multimerise to form larger structures, and HSR formation whereby a collision



between replication and transcription machinery due to the MAR sequences result in

strand-breaks that initiate breakage-fusion-bridge cycIe526’4°.

The loss of amplified oncogenes through ecDNA elimination has also been
observed®®. Shimizu et al noted that the spontaneous differentiation of the human
promyelocytic leukaemia cell line HL-60 was a consequence of an active elimination process
leading to c-MYC copy number loss™. It was demonstrated that DM loss was accelerated in
the presence of hydroxyurea®, and that this elimination had occurred following the
formation of DM-enriched micronuclei after mitosis*’. This demonstration of copy number
loss further highlights the ability of tumour cells containing ecDNA to rapidly adjust to

changing environments.

There are a number of mechanisms that underlie the means by which cells with
oncogene-containing eDNA amplicons gain a competitive advantage. The TCGA work by Kim
et al. explored the genomic locations of ecDNA'. Not only was there a significant
enrichment for oncogenes in the constructed amplicons of 1,979 patients, but breakpoints
were randomly distributed proximal to the oncogene locus, suggesting that ecDNA forms at
random loci. A selective advantage is gained in those loci that contain oncogenes and
regulatory elements. Further selective advantages are gained through unequal segregation
of the circular amplicons that consequently increase daughter cell copy-number, and
through increased expression of ecDNA independent of gene dosage; consequently,
selective advantages are gained in cells through increased oncogene expression and copy
number. Further selective advantages may be gained through circle re-integration. Koche et
al reported an example of re-integration of amplicon sequences into the DCLK1 gene locus,
resulting in loss of heterozygosity, and subsequent loss of tumour suppressor function.
Determining where and whether ecDNA relocates as HSRs will be essential if we are to

target this phenomenon.

The epigenomic landscape

The role of chromatin modifying enzymes and epigenetic states in ecDNA oncogene

copy number amplification is becoming apparent (fig. 3). Clarke et al. have elegantly



demonstrated the role of histone lysine methyltransferases (KMT) and demethylases (KDM)
in modulating histone methylation balance and subsequent transient site-specific EGFR copy
gains including high-level EGFR amplification®®. In this work, combining public datasets with
functional work in cell lines, including immortalised retinal pigment epithelial cells, they
demonstrate that interference of H3K9 and H3K27 methylation states result in site-specific
EGFR amplification and expression. The role of modulating H3K9 methylation was
demonstrated through overexpression of KDM4A and knockdowns of K9 KMTs resulting in
EGFR copy gains. The KDM4A-driven, EGFR-driven copy gains were dependent on the
opposing balance of H3K4 and H3K27 methylation states. Specifically, H3K27 interference
through KDM6A/B overexpression and EZH2 inhibition requires H3K4 methylation (fig. 3).
This process demonstrated by overexpression of the H3K4 KMTs (KMT2A, SETD1A and
SETD1B), and inhibition of KDMS5A*. Furthermore, they build on previous work to
demonstrate that hypoxia and EGF promote transient site-specific EGFR copy gains through

445 These data suggest that

targeting H3K4 methylation via different epigenetic means
pharmacological targeting of epigenetic modifiers may attenuate extrachromosomal

amplification of EGFR.

The chromatin topology of ecDNA can contribute towards positive selection and cell
fitness through proximity to regulatory elements and accessibility to transcription
machinery. Morton et al. demonstrated in glioblastoma cell lines that oncogenes are not
only amplified with endogenous enhancers on ecDNA, but they can co-opt regulatory
elements from other topologically-associated domains®. In this study ecDNA EGFR
amplicons undergo enhancer rewiring, whereby the endogenous and ectopic enhancers that
are incorporated into the amplicon each contribute to cellular fitness (fig. 3). They found
further evidence for this phenomenon interrogating public datasets in other tumour types,
including MYC in group 3 medulloblastoma and MYCN in neuroblastoma and Wilms
tumours”®. Interestingly, functional endogenous enhancer activity was maintained across all
samples tested. This is in contrast to Helmsauer’s et al characterisation of MYCN amplicons
in neuroblastoma cell lines*’. They describe a structurally complex subset that lacks
endogenous enhancers and thus hijack ectopic enhancers from distal regions of the same
chromosome into the ecDNA structure. Along with their comprehensive structural analysis

of ecDNA amplicons, Wu et al. demonstrated that the nucleosomal organisation of ecDNA is



less compacted compared with linear DNA, allowing for highly accessible chromatin that
remains organised10 (fig 3). Furthermore, they show ecDNA enables ultra-long-range
chromatin contacts, permitting distant interactions with regulatory elements'®. Taken
together, these studies indicate that the circular structure of ecDNA allows the oncogene to

utilise additional enhancers on the amplicon and increase its transcriptional capacity.

It is becoming apparent is that the chromatin landscape of ecDNA is dramatically
altered compared with homologous regions on linear DNA. This process of co-opting
regulatory elements is a mechanism by which tumour cells can exploit epigenomic
regulatory control. This enhancement of oncogenic drive is likely to further fuel positive

selection.
Tools to identify and explore ecDNA

ecDNA contributes to focal amplification of oncogene copy number and is comprised
of multiple breakpoints and genomic segments. This unique structural variant poses a
mechanistic challenge beyond the conventional difficulties of detecting complex structural

variants*®%

. Conventional tools can infer copy number through sequence read density and
de-lineate paths and cycles by connecting potential breakpoints from chimeric reads;
however, it is very difficult to infer circularity. Moreover, breakpoints occur far more
commonly in intergenic regions and, as such, whole genome sequencing has been the basis
by which these amplicons are constructed. Bioinformatic tools such as Amplicon Architect

use short-read whole genome sequencing data to detect breakpoints and use chimeric

reads to infer circularity.

Due to the complexity and uncertainty of computational methods, a combined
approach to detection, incorporating circle enrichment, new sequencing methods and
cytogenetics, has been essential. In 2012, Shibata et. al described a method of purifying
eccDNAs from mouse tissues using alkaline lysis followed by circular DNA enrichment
through exonuclease depletion of linear DNA®'. In 2015, Moller and colleagues described a
similar method of purifying eccDNAs from the Saccharomyces cerevisiae genome, whereby
circular DNA was also enriched through exonuclease depletion of linear DNA>% Following
this, in both methods, samples are subjected to rolling circle amplification and high

throughput sequencing. The method was adapted by Koche et al in 2019, who incorporated



magnetic bead separation of high molecular weight DNA, enriching both ecDNA and smaller
eccDNA structures in neuroblastoma samples™. This was compared with computational
reconstruction using whole genome short-read sequencing data, and demonstrated 100%
concordance with ecDNA and 30% concordance with eccDNA. Combining this approach with
long-read sequencing provided a detailed genomic structural map of the ecDNA
amplicons'®. In 2017, Shoura et al developed circulome-seq, which incorporated two
(biophysical and biochemical) enrichment methods to characterise the landscape of small
eccDNAs in C. elegans and human fibroblasts and granulocytes. Their method uses
centrifugation in CsCl/ethidium-bromide gradients and exonuclease V digestion of linear
DNA, enriching for circular DNAs up to 100Kb. Avoiding rolling circle amplification, they
utilised a Tn5 transposition-based fragmentation and tagging system to directly target the
circular DNAs, preserving copy number and providing a bioinformatic signature for
identifying full assemblies of eccDNA™. In addition, Tn5-based ATAC-seq has been used to
identify circular DNA structures, including both the small, non-coding eccDNAs in normal

and cancer cells> and in cancer-specific ecDNA™.

Homogenously staining regions and ecDNA have been conventionally described
using cytogenetic methods such as karyotyping and fluorescence in-situ hybridization (FISH).
More recently, electron microscopy has been used further understand ecDNA structure. In
2019, Wu et al. integrated super-resolution three-dimensional structured illumination
microscopy (3D-SIM) with scanning and transmission electron microscopy to confirm
circularitym. Moreover, visualisation tools have been developed to quantify ecDNA from
DAPI (4',6-diamidino-2-phenylindole) stained metaphases®. This exciting development will

aid understanding into how and where ecDNA relocates as HSR.
Clinical implications and drug resistance

The mechanisms underpinning drug resistance in tumours are yet to be fully
described’. Despite examples of ecDNA-derived drug resistance, it is not a mechanism that
has not been fully explored. Turner et al performed fine structure analysis of EGFRVvIII
amplification in GBM39 cells, proving that in response to erlotinib treatment, the ecDNA
reintegrated as HSRs’. On removal of treatment, the ecDNA amplicons re-emerged,

confirming previous work carried out in the same lab in 2014%°. Schimke’s work in the 1980s



showed that methotrexate resistance can be a consequence of ecDNA-derived
dihydrofolate reductase gene amplifications. It must also be considered that accelerated
intratumoural heterogeneity through ecDNA may in itself increase the likelihood of tumour
cells developing drug resistance by increasing the diversity of genetically distinct

subclones’®.

ecDNA-driven copy number amplification provides a mechanism by which tumours
can accelerate intratumoural genetic heterogeneity, generating cellular diversity through
unequal segregation of ecDNA to daughter cells®. This heterogeneity provides the substrate
for which tumours can adapt quickly to environmental and treatment pressures®®. Patients
with ecDNA-based oncogene amplification show increase cell proliferation activity,
increased likelihood of lymph node spread at diagnosis and decreased overall survival'.

Understanding the precise role that ecDNA plays will not only enhance our understanding of

cancer evolution as a whole, but will further inform our treatment strategies.

ecDNA parallels in nature

Circular DNA formation is widespread in nature, with many examples of eukaryotes
and prokaryotes utilising this phenomenon to rapidly generate genetic variation and amplify
copy number. The genome of the yeast Saccharomyces cerevisiae contains 16 chromosomes
and is approximately 12 Mb in length®’. By purifying eccDNA from the yeast Saccharomyces
cerevisiae, Moller et al discovered that up to 23% of the genome was contained on eccDNA
of sizes 1kb to 38kb>%. The eccDNAs contained an abundance of autonomously replicating
consensus sequences, and were enriched for ribosomal genes, transposon remnants and
tandemly repeated genes. Despite the formation of eccDNA throughout the genome, the
increased abundance of certain genes and autonomous replication sequences suggests cell
selection through replicative fitness>%. Interestingly, from the eccDNA sequencing reads,
there was a wide variety of sequence homology with chromosomal loci at eccDNA junctions,
suggesting that circle formation is mediated by homologous recombination, non-

homologous end joining and micro homology-mediated DNA repair52.



Glycophosphate resistance has become a considerable problem for weed control in
major agronomic crops, with confirmation in thirty-eight weed species across thirty-seven
countries reported in 2017°. In 2018, Koo et al. discovered that amplification of the 5-
enolpyruvlyshikimate-3-phosphate synthase (EPSPS) gene can reside on eccDNA as a
mechanism of glycophosphate resistance in Amaranthus palmeri*®. During meiosis, eccDNAs
tether to chromosomes, facilitating transmission to gametophytes. Moreover, the progeny
plants of Amaranthus palmeri crosses (where one parent lacked eccDNA) displayed EPSPS
copy number variation between individual offspring and within different tissues of the same

offspring59.

In bacteria, antibiotic resistance genes can be rapidly amplified on plasmids, circular
double-stranded DNA molecules that replicate autonomously and can be transferred
horizontally across generaso. In 2015, Liu et al reported the emergence of plasmid-mediated
polymyxin E (colistin) resistance gene MCR-1 in Enterobacteriaceae amongst livestock and
humans in China. They demonstrated the horizontal transfer of plasmids between different
Escherichia coli strains and to strains of Klebsiella pneumoniae and Pseudomonas
aeruginosaGl. The subsequent isolation of mcr-1 amongst gram negative strains in Europe

and Africa have worrying implications for the worldwide threat of antibiotic resistance®.

There are examples of circular DNA formation in viral latency. The
gammaherpesviruses Epstein-Barr virus (EBV) and Kaposi’s sarcoma-associated herpesvirus
(KSHV, HHV-8) have linear genomes that are ligated to extrachromosomal circular DNA and

6384 Viral copy number is

maintained in latency as plasmids upon infection of B-lymphocytes
in part maintained through tethering of the viral genome to host chromosomes during
mitosis. It is thought that a similar tethering process occurs in ecDNA during mitosis™®. The
EBV genome is replicated and partitioned in a pairwise association with host sister
chromatids, resulting in non-random segregation of daughter plasmids®, whereas KSHV
genomes cluster at tethering sites resulting in random segregation*®. Human papillomavirus
(HPV) also maintains its genome as extrachromosomal DNA in the basal epithelial layer,
tethering to host chromosomes and enabling the viral DNA to persist in daughter cells®,
During the lytic phase of infection, herpesviridae rapidly amplify their genome through DNA

circularisation and subsequent rolling circle amplification or via a theta structure®”%.



Future perspectives

2020 is likely to be an exciting year in the field of ecDNA biology. There are a number
of areas that can be addressed with current tools. The first centres around basic ecDNA
biology. There is a need to detail the mechanisms generating chromosomal instability in
ecDNA formation, and further describe the role of double strand break and NHEJ pathways
in this process. Furthermore, the role of ecDNA re-integration in genomic remodelling and
its relocation as HSR are still to be determined. It has been shown that HSR formation is

implicated in drug resistance; how, why and where this occurs is still largely unknown.

We are starting to understand the role of ecDNA in tumour evolution. Nevertheless,
there are many areas to address in this field, such as the impact of ecDNA on clonal
competition (or cooperation), the timing of ecDNA formation (in the context, for example,
of whole genome doubling), and whether events such as aneuploidy, or whole genome

doubling predispose to ecDNA formation.

As we develop our understanding of ecDNA biology, we will be able to address some
of the more clinical aspects of ecDNA pathogenesis. The detection of ecDNA in circulating
tumour DNA may yield valuable information towards prognosis and treatment strategy. This
will be further informed if we can describe the landscape of ecDNA-mediated drug
resistance and determine if it is possible to therapeutically target ecDNA formation.
Describing the role ecDNA in neoantigen formation and the immune microenvironment may

also open therapeutic avenues.

Robust detection methods are needed. This includes refining current sequencing and
purification methods to isolate circular amplicons, and the development of computational
tools that utilise technologies such as long-read and single-cell sequencing to better
construct circular amplicons. Using these technologies to address the temporal dimension

of ecDNA formation and integration will prove challenging.

Recent evidence has shown ecDNA as an important player in the field of tumour
evolution. Relieved of hereditary constraints and conventional segregation laws, its

presence leads to rapidly gained selection advantages that enhance aggressive tumour



behaviour. Further understanding of this process can only serve to advance our treatment

strategies.
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