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Oncogenes are commonly amplified on particles of extrachromosomal DNA (ecDNA)
in cancer'?, but our understanding of the structure of ecDNA and its effect on gene
regulationis limited. Here, by integrating ultrastructuralimaging, long-range optical
mapping and computational analysis of whole-genome sequencing, we demonstrate
the structure of circular ecDNA. Pan-cancer analyses reveal that oncogenes encoded
on ecDNA are among the most highly expressed genes in the transcriptome of the
tumours, linking increased copy number with high transcription levels. Quantitative

assessment of the chromatin state reveals that although ecDNA is packaged into
chromatinwith intact domain structure, it lacks higher-order compaction that is
typical of chromosomes and displays significantly enhanced chromatin accessibility.
Furthermore, ecDNA is shown to have a significantly greater number of ultra-long-
range interactions with active chromatin, which provides insight into how the
structure of circular ecDNA affects oncogene function, and connects ecDNA biology
with modern cancer genomics and epigenetics.

DNA encodesinformationnot only inits sequence, butalsoinits shape.
The human genomeis segmented into chromosomes that are made of
chromatin fibres folded into dynamic, hierarchical structures®*. This
spatial architecture, including numerous loops of chromatin, brings
distant elementsinto proximity and organizes transcriptional activities
into distinct compartments, restricting the accessibility of DNA to the
regulatory and transcriptional machinery. In cancer, this chromatin
landscape is markedly altered*¢. ecDNA with amplified oncogenes
was recently shown to be widespread in cancer’, complementing the
diversity of non-chromosomal DNA elements’®. ecDNA differs from
the kilobase-size circular DNA found in healthy somatic tissues?’,
because ecDNAis100-1,000 times larger and highly amplified, raising
challenging questions about ecDNA topology and how it might affect
transcriptional and epigenetic regulation in cancer.

ecDNA iscircular

Tounderstand ecDNA structure, transcription and chromatin organiza-
tion, we studied three human cancer cell lines (Extended Data Fig. 1a)

and clinical tumour samples from The Cancer Genome Atlas (TCGA),
by integrating imaging and sequencing approaches (Fig. 1a). Whole-
genome sequencing (WGS) analysis has previously been used toresolve
ecDNAsstructure, using acomputational tool-AmpliconArchitect*—
that classifies amplicons as circular or linear (Supplementary Table1).
Circular amplicons in GBM39 cells detected by this approach were
confirmed to be extrachromosomal by fluorescence in situ hybridi-
zation (FISH) of tumour cells in metaphase (Fig. 1b, Extended Data
Fig.1b-d). The reconstructed circular amplicon structure was sup-
ported by many paired-end discordant junctional reads and validated
by Sanger sequencing (Extended Data Fig. 1e, f). Genes detected on
linear amplicons were found on chromosomal DNA (chrDNA) (Extended
Data Fig.1g). Reconstruction of 41 circular amplicons from 37 human
cancer celllines' revealed amplicon sizes ranging from168 kb to 5Mb,
with amedian size of 1.26 Mb (Extended Data Fig. 1h).
AmpliconArchitect infers a shape on the basis of computational
reconstruction of short, paired-end reads (100-200 bp), but does
not unambiguously place large duplications in the structure. To
augment our understanding of ecDNA shape based on its sequence,
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Fig.1|ecDNA physical structureis circular. a, Global workflow to characterize
thestructure and function of ecDNA. IF,immunofluorescence.

b, Representative EGFRFISHin GBM39 cells. Scale bar, 5um. ¢, Composite
breakpointgraphgenerated by AmpliconArchitect, insilico digestion map and
the assembled contig from BioNano optical mapping of GBM39 ecDNA. Red
arrowsindicate breakpoints connected by discordant paired-end WGS reads.
d,Double FISH of EGFR and SEPT14 identified fromc. e, Correlated SEM and
confocal light microscopy of chromosomal and ecDNA in COLO320DM cells.
Scalebars, 10 pm (top) and 1um (bottom). f, SEM back-scatter in COLO320DM
cells.Scalebars, 2 pm. Allimaging experiments were repeated at least three
times, with similar results.

we integrated optical mapping of long-range reads (approximately
160,000 bp) of DNA, using the BioNano technology platform, which
permits the development of a physical map based on long contiguous
pieces of DNA®!, We developed a tool, AmpliconReconstructor, to
integrate the optical mapping contigs with AmpliconArchitect-based
WGS reconstructions, resolving a 1.3-Mb circular, contiguous ecDNA
molecule in GBM39 cells (Fig. 1c, Extended Data Fig. 2a). Individual
genes on the amplicon were visualized by super-resolution confocal
microscopy (Fig. 1d, Extended Data Fig. 2b).

To visualize ecDNA architecture directly, we captured images of
human COLO320DM cells containing MYC ecDNA (Extended Data
Fig. 2¢) using super-resolution three-dimensional structured illumi-
nation microscopy (3D-SIM)%, which revealed circular ecDNA par-
ticles (Extended Data Fig. 2d). To obtain more definitive evidence,
we performed scanning and transmission electron microscopy
(SEM and TEM). Correlative light and electron microscopy analysis
of COLO320DM cells—which contain larger-size ecDNA than GBM39
cells, making them advantageous for visualization (Extended Data
Fig. 1h)—demonstrated that ecDNAs stained by the fluorescent dye
4’,6-diamidino-2-phenylindole (DAPI) are circular (Fig.1e, f). TEM analy-
sis of GBM39 cells independently confirmed the presence of circular
ecDNAs, including classical double minutes™* (Extended Data Fig. 2e).
Together, these results combining DNA sequencing, optical mapping,
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super resolution 3D-SIM, SEM and TEM analysis demonstrate that the
ecDNAs studied here are circular.

ecDNA drives massive oncogene expression

To determine the effect on transcription, weintegrated RNA sequenc-
ing (RNA-seq) with WGS from cancer cell lines and from TCGA clinical
tumour samples of diverse histological types, revealing that genes
encoded on ecDNA—particularly bonafide oncogenes—are amongthe
most highly expressed genes in cancer genomes (Fig. 2a, b, Extended
Data Fig. 3a, b). Using our AmpliconArchitect-based approach to
determine whether specific genes are amplified on circular ecDNA, we
found thatincancer celllines and clinical tumour samples, oncogenes
amplified on ecDNA have markedly increased numbers of transcripts
compared with the same genes when they are not amplified by circu-
larization (Fig. 2c, d, Extended Data Fig. 3c-g). We searched for single
nucleotide polymorphismsinthe WGS and RNA-seq data that permitted
ustodistinguish between transcription from genes on ecDNA and their
native chromosomalloci, revealing massively increased transcription
fromgenes encoded on ecDNAs (Fig. 2e). In fact, oncogenes encoded
onecDNA—including EGFR, MYC, CDK4 and MDM2—are among the top
1% of genes expressed in the cancer genomes (Fig. 2b, Supplementary
Table 2).

The amount of RNA transcribed can be related to the amount of avail-
able DNA template. We hypothesized that the massively increased onco-
gene transcription on ecDNA is likely to be driven by their increased
DNA copy number® (Extended DataFig. 3g, h). Accordingly, oncogenes
amplified on ecDNA were shown to achieve far higher copy numbers
than the same genes amplified onlinear structures (Fig. 2f, g). However,
theamount of DNA template is not the only factor that determines gene
transcription. Chromatin organization influences the accessibility of
DNA to the regulatory machinery of transcription*’. In some cases,
oncogenes on ecDNA produced more transcripts, even when normal-
ized to gene copy number (Extended Data Fig. 3g, h). We initiated a
deeper examination of other chromatin structural features that may
contribute to the massively increased expression of oncogenes ampli-
fied on ecDNA.

ecDNA contains highly accessible chromatin

Most of the human genome is not transcribed in a given cell because
itis tightly wound around histone octamers that in turn are packed
into complex hierarchical structures, rendering the DNA inaccessi-
ble to transcription factors and the transcription machinery”, We
used complementary approaches to resolve the ecDNA chromatin
landscape. First, we analysed active and repressive histone marks
by immunofluorescence analysis of cancer cells in metaphase and
also performed H3K4meland H3K27ac chromatinimmunoprecipita-
tion followed by high-throughput sequencing (ChIP-seq) analyses of
actively cycling GBM39 cells, which revealed the presence of active
histone marks on ecDNAY (Extended Data Fig. 4a-c), and a concomi-
tant paucity of repressive histone mark on GBM39 ecDNA (Extended
DataFig.4d, e). Second, we used the assay for transposase-accessible
chromatin using sequencing (ATAC-seq) and micrococcal nuclease
digestion and sequencing (MNase-seq) to assess chromatin acces-
sibility and to map nucleosome positions. Finally, we used the assay
of transposase-accessible chromatin with visualization (ATAC-see) to
visualize accessible chromatin directly?® (Extended Data Fig. 5a). The
periodiclength distributions of DNA fragments generated by ATAC-seq
and MNase-seq demonstrated that ecDNA is packaged into chromatin,
and consists of nucleosome units (Fig. 3a, Extended Data Fig. 5b, c).
However, ecDNA displayed asignificant deficitin the number of long
fragments (more than1,200 bp) from ATAC-seq and MNase-seq, indica-
tive of compacted nucleosomal arrays (Fig. 3a, Extended Data Fig. 5b,
¢), and a significantly increased number of ATAC-seq peaks (Fig. 3b,
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Fig.2|ecDNA drives highlevels of RNA expression. a, Workflow of RNA-seq
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Extended Data Fig. 5d), which suggests that the ecDNA chromatin
landscape is more accessible than chrDNA, because its nucleosomal
organization is less compacted.

Therecentlandmark study deciphering the chromatin accessibility
landscapein primary cancer samples® enabled us to examine chromatin
accessibility in authentic clinical samples. By integrating ATAC-seq
profiles with WGS data analysed by AmpliconArchitect, we found a
significantly higher ATAC-seq signal in the DNA with predicted circu-
lar amplicons in clinical tumour samples, even after normalizing for
DNA copy number (Fig. 3¢, Extended Data Fig. 5e). Even in isogenic
cell lines, ecDNA is more accessible than the same locus amplified as
ahomogeneous staining region (HSR)* on chromosomes (Extended
DataFig. 5f-h). Notably, the HSR region did not show a deficit in the
number of long ATAC-seq fragments as compared to ecDNA (Extended
Data Fig. 5i). We further validated that both the enhanced chromatin
accessibility and active chromatin states are linked to the increased
rates of transcription from the allele contained on highly amplified
ecDNA (Extended Data Fig. 5j).

We then applied the ATAC-see technology to analyse accessible
chromatin in actively cycling cells in interphase by staining
COLO320DM cells with ATAC-see and DAPI to label accessible chro-
matinand DNA, respectively, and to permit the sorting of tumour cells
in early G1 phase®, followed by MYC fluorescence in situ hybridiza-
tion (FISH) to label ecDNAs. A notable positive correlation between
the ecDNA-containing MYC FISH signal and the ATAC-see signal was
seen, which demonstrates highly accessible chromatin of ecDNA at
single-cell resolution (Fig. 3d, e, Extended Data Fig. 6a—c). ecDNA
remained similarly accessible during metaphase (Extended Data
Fig. 7a-d). Together, these data demonstrate that some of the most
accessible chromatininthe genome of cancer cellsresides on ecDNA,
possibly owing to the lower level of chromatin compaction (Fig. 3f).In
fact, ATAC-see enabled us to identify unanticipated MYC ecDNAs in
GBM39 cells because of their high signal, which was subsequently

values duringlog,, transformation. e, Allele-specific gene copy number and
mRNA expression levels in GBM39 cells. Circular amplified region (ecDNA) was
highlighted.f, Gene copy number comparing circular and linear amplifications
(8,068 circularand 6,247 linear amplified (AMP) genes from 77 samples).
Pvalue determined by two-sided Wilcoxon test. g, Depiction of the mechanism
of massive transcriptlevels from ecDNA. Asterisks inb-eindicate key
oncogenes. Violin plots show the overall distribution of data points. Box plots
show median, upper and lower quartiles; whiskersindicate 1.5 times the
interquartile range, and black points are the outliers.

confirmed by ATAC-seq and WGS (Extended Data Fig. 7c, Supplemen-
tary Table1).

To contextualize these genetic, transcriptional and epigenetic fea-
tures, we generated circular maps of ecDNA in cancer cell lines and
primary tumour samples (Fig. 4a, Extended Data Fig. 8). These topo-
logically informed maps highlighted the high DNA copy number, high
levels of transcription particularly of its constituent oncogenes, and
high accessibility of its chromatin, bridging ecDNA circular structure
with biological function. ecDNAs within atumour canalso varyinsize
and composition (thatis, sequence), even when they contain the same
oncogene. In GBM39 cells, the structures of EGFR-containing ecDNAs
areuniform (Extended DataFig. 9). Consequently, the WGS traceinits
circular map is relatively uniform (Fig. 4a). By contrast, COLO320DM
and PC3 cells contain diverse MYC-containing ecDNA populations,
whichresultsinamore heterogenous WGS tracein the circular ecDNA
plots (Extended Data Figs. 8a,band 9).

ecDNA enables ultra-long-range chromatin contacts

We performed proximity ligation-assisted ChIP-seq* (PLAC-seq,
similar to HiChIP?) to map the 3D chromatin interactions genome-
wide anchored at DNA bound by histone with H3K27ac modification
in GBM39 cells. We also conducted circular chromosome conforma-
tion capture combined with high-throughput sequencing (4C-seq) to
provide anindependent assessment of chromatin contacts in GBM39
cells. Together with ChIP-seq of CTCF and cohesin subunit protein
SMC3 to examine the locations of factors that are important for the
organization of chromatin domains?, these data revealed a massive
increase in diagonal corner reads in the GBM39 ecDNA junctional
region (Fig. 4b, Extended Data Fig. 10a), and rebound of the virtual
4Csignal in the distal region (Extended Data Fig. 10b), providing fur-
ther orthogonal evidence that ecDNA is circular (Fig. 4c). In addition,
the binding of CTCF and cohesin demonstrate that ecDNA chromatin
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is well organized, indicative of topologically associating domains
(Fig. 4b). Furthermore, downsampling the PLAC-seq reads from the
GBM39 ecDNA regionto alevel comparable to the same regionin U87
cells that lack ecDNA demonstrated notably increased distal interac-
tions in active chromatin on ecDNA (Fig. 4c, Extended Data Fig. 10a,
b). Using the EGFR promoter as bait, the virtual 4C and actual 4C-seq
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independently demonstrated ultra-long-range chromatin contacts that
canoccuronecDNA (Extended DataFig.10c, d), which could potentially
have some effect on distal gene expression, as suggested by CRISPR
interference targeting catalytically inactive Cas9 (dCas9) fused to the
KRAB transcriptional repressor domain to mask the EGFR promoter
(Extended Data Fig.10e-j).

Amplification of oncogenes on ecDNA is surprisingly prevalentin
cancer'®, and it can markedly increase oncogene copy number and
driveintratumoural genetic heterogeneity becauseitlacks centromeres
andissubject to unequal segregation*. These results demonstrate that
ecDNA promotes massively increased transcription of the oncogenes
studied here, owingtoitsincreased DNA copy numbers and in associa-
tion with enhanced chromatin accessibility, highlighting amechanism
by which ecDNA contributes to cancer pathogenesis by altering the
shape of its chromatin.

Inbacteria, smallcircular plasmids represent a prevalent and power-
fulmechanism for rapidly gaining selective advantage”. We speculate
that oncogene-containing circular ecDNA in human cancers repre-
sents the conceptual equivalent, highlighting crucial gene variants and
mechanisms for oncogenesis and therapeutic resistance?® %,
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ZNF713 GBAS

ChIP-seqdemonstrates CTCF and SMC3 binding toecDNA. Arrow indicates the
increased cornerreadsinecDNA junction.c, Composite view of PLAC-seq,
HiChIP and actual 4C-seq. Virtualand actual 4C-seq viewpoints are highlighted.
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