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Introductory paragraph

Extrachromosomal circularization of DNA is an important genomic feature in cancer. The
structure, composition and genome-wide frequency of extrachromosomal circular DNA, however,
have not yet been extensively profiled. Here, we combined genomic and transcriptomic
approaches to describe the landscape of extrachromosomal circular DNA in neuroblastoma, a
tumor arising in childhood from primitive cells of the sympathetic nervous system. Our analysis
identifies and characterizes a wide catalog of somatically acquired and undescribed
extrachromosomal circular DNAs. Moreover, we find that extrachromosomal circular DNASs are an
unanticipated major source of somatic rearrangements, contributing to oncogenic remodeling
through chimeric circularization and reintegration of circular DNA into the linear genome. Cancer-
causing lesions can emerge out of circle-derived rearrangements and are associated with adverse
clinical outcome. It is highly probable that circle-derived rearrangements represent an ongoing
mutagenic process. Thus, extrachromosomal circular DNAs represent a multi-hit mutagenic
process, with important functional and clinical implications for the origins of genomic remodeling
in cancer.

Recent studies have shown that extrachromosomal circular DNA is more prevalent in human
tissues than previously anticipated!—>. Based on size and copy number, at least three classes
of circular DNA exist in human cells: i. small extrachromosomal circular DNA (here
referred to as eccDNA, including microDNASs)3, ii. large, copy number amplified
extrachromosomal ecDNAL, and iii. ring and/or neochromosomes’ 8. It is commonly
accepted that ecDNA can lead to oncogene amplification and is a powerful driver of
intratumoral heterogeneity1-9:10.11.12 \Whether extrachromosomal circular DNA has other
cancer-causing functions is unknown, and the impact circularization has on genome
remodeling is unclear. Neuroblastoma is one of the first tumor entities in which
extrachromosomal oncogene circularization in the form of MYCN proto-oncogene double
minute chromosomes was detected10:13, Since the first descriptions in 19651415, the extent
of DNA circularization has not been accurately quantified in neuroblastoma. We
hypothesized that extrachromosomal circular DNA could represent a genome-wide, driving
mutagenic process in neuroblastoma with functional consequences beyond oncogene
amplification. We set out to systematically describe the spectrum and impact of
extrachromosomal circular DNA in neuroblastoma using different genomic and
transcriptomic approaches (Supplementary Fig. 1).

Since DNA circularity can be computationally inferred from whole-genome sequencing
(WGS) data316:17 we applied an algorithm utilizing paired-end read orientation to detect
circularity to WGS from 93 neuroblastomas paired with normal blood specimens (Fig. 1a,b).
This approach detected a large tumor-specific circular DNA catalog, including MYCN
double minute chromosomes, mitochondrial DNA and many previously undescribed
ecDNAs and eccDNAs (Fig. 1c,d; Supplementary Fig. 2a,b). This suggests a greater
prevalence and complexity of extrachromosomal circular DNA in neuroblastoma than
previously anticipated. To achieve complementary and more sensitive detection and
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characterization of extrachromosomal circular DNA in neuroblastoma, we adapted and
modified the Circle-seq method (Supplementary Fig. 1, 2c, 2d)®. We achieved specific DNA
circle enrichment through >1019-fold depletion of linear genomic DNA (Fig. 1c,
Supplementary Fig. 2c, 3a-c). Applying Circle-seq to endonuclease-treated genomic DNA
significantly reduced reads mapping to circularized genomic regions by 474 fold (P= 7.566
x 10711 Welch’s t-test, Fig. 1c; Supplementary Fig. 3d,e), confirming specific enrichment of
circular DNA. Sequence composition was analyzed and genomic origin inferred combining
massive parallel paired-end sequencing with long-read Nanopore and single molecule real-
time sequencing. Circular head-to-tail junctions predicted computationally were confirmed
by PCR and Sanger sequencing (Supplementary Fig. 3a—c). De novo sequence assembly of
long reads spanning the entirety of circles allowed further physical confirmation of their
circular structure in 60% of cases (Supplementary Fig. 4a—c). Circle-seq confirmed 100% of
ecDNAs and 30% of eccDNAs predicted from WGS and identified on average 0.86 ecDNAS
and 5,673 eccDNAs per neuroblastoma (Fig. 1c-e, Supplementary Fig. 4d—f). Although
ecDNA was accurately predicted from WGS with high sensitivity (100%), our results
highlight the advantages of using additional and more sensitive approaches, such as Circle-
seq, to obtain a comprehensive characterization of extrachromosomal circular DNA in
tumors.

The structure of circularized genomic loci in neuroblastoma varied considerably, with mean
sizes of 680,200 bp (ecDNA) and 2,403 bp (eccDNA) in tumors, reproducing the oscillating
length distribution observed in lymphoma cancer cell lines® (Fig. 1f; Supplementary Fig.
4g-i). Consistent with cytogenetic reports!®, no ring chromosomes were detected in
neuroblastoma. Notably, both ecDNAs and eccDNAs were of mono-allelic origin, as
determined by haplotype phasing (Fig. 1g). Inspection of circle junction sequences (ecDNA
and eccDNA) indicated probable mechanism(s) of generation, since 2.8% contained non-
template insertions indicative of non-homologous end joining repair or replication-
associated mechanisms (Supplementary Fig. 4k). In line with reports in human lymphoma
cell lines1®, 6.3% of circle junctions contained sequence microhomologies (minimally 5 bp),
suggesting the involvement of microhomology-mediated DNA repair (Supplementary Fig.
41). Notably, eccDNA and ecDNA were significantly enriched in genic regions, particularly
in MYCN-amplified neuroblastomas (Fig. 1h, Supplementary Fig. 5a—c). Whereas ecDNAS
regularly contained entire genes (62.5%), eccDNAs mostly included fractions of genes (Fig.
1i). Our genome-wide map of extrachromosomal circular DNA in neuroblastoma shows that
DNA circularization is not restricted to proto-oncogenes but also affects various coding and
noncoding regions with yet unknown functional consequences.

Extrachromosomal circularization and amplification are associated with increased oncogene
expression. It remains unclear whether circularization itself or subsequent circle copy
number amplification drives overexpression. The majority of genomic amplifications
(85.7%) identified using WGS coincided with ecDNAS, as confirmed by Circle-seq,
suggesting that ecDNAs contribute to genomic amplifications. Moreover, haplotype phasing
showed that ecDNAs were exclusively derived from the amplified allele, confirming
extrachromosomal circularization as a potential driver of high-level focal genomic
amplifications (Fig. 2a,b). Notably, circle length was significantly associated with higher
copy number of circularized regions (Supplementary Fig. 5d, A< 1 x 1074), implicating
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circle length as a determining factor for subsequent amplification/propagation of
extrachromosomal circular DNA (Supplementary Fig. 5d—f). Consistent with its prominent
role in neuroblastoma genesis, M YCN was the most recurrently extrachromosomally
amplified and overexpressed gene in our cohort (Fig. 2b-e, Supplementary Fig. 5a—c). Other
cancer-related genes listed in the COSMIC database?°, were also circularized in tumors and
neuroblastoma cell lines, including the JUN and MDM_Z proto-oncogenes and SRY-box 11
(50X11)and TALZtranscription factors (Fig. 2c, Supplementary Fig. 5a—c). Genomic copy
number of oncogenes contained in the majority of eccDNAS, however, was not altered
(Supplementary Fig. 5g,h), suggesting that extrachromosomal circularization may be
required but insufficient for oncogene amplification.

To determine the consequences of DNA circularization for gene expression, we performed
total RNA sequencing on our neuroblastoma cohort. Whereas differences in gene expression
were not observed for most genes affected by circularization in the form of small eccDNA
(Fig. 2d, Supplementary Fig. 5i—j), massive increases in expression occurred for a small
subset of genes entirely incorporated on circularized DNA and amplified as ecDNA (Fig. 2d-
f). For example, neurotrophin 3 (N7F£3), a neurotrophic factor with known importance in
neuroblastoma??, was strongly expressed from amplified ecDNA (Fig. 2f). Allele-specific
MRNA expression (ASE) analysis confirmed that increased gene expression originated from
the circular allele (Fig. 2a,b). In contrast, ASE from copy number neutral extrachromosomal
circles did not differ from non-circular counterparts (Supplementary Fig. 5g,i,j, binomial test
for equal probability, P=0.24), suggesting that extrachromosomal DNA circularization was
insufficient to induce high-level gene expression. Thus, even though extrachromosomal
DNA circularization is a major route to gene amplification, it appears insufficient alone
(without combined amplification) to increase gene expression. Given this observation, we
hypothesized that extrachromosomal circular DNA may have additional, cancer-relevant
functions.

The genome-wide frequency and functional impact of circle-derived structural
rearrangements, such as chimeric circle formation (circular DNAs including parts from
different chromosomes)1722, and circular DNA re-integration23, in neuroblastomas are
currently unknown. We hypothesized that beyond their ability to drive gene amplification,
extrachromosomal circular DNA may serve as substrates for oncogenic genome remodeling.
We sought evidence of genomic rearrangements at circularization loci (ecDNA and
eccDNA) in WGS data (Supplementary Fig. 1). Strikingly, most intra- and inter-
chromosomal rearrangements detected in neuroblastoma genomes coincided with regions of
extrachromosomal circularization, supporting the idea of circle-mediated genome
remodeling (Supplementary Fig. 6a,b). Visual inspection of Circos plots from each tumor
showed that inter-chromosomal rearrangements at circularization loci often formed a tree-
shaped pattern, defined as clusters of at least three inter-chromosomal rearrangements with
the same origin and branches reaching other distant genomic regions (Fig. 3a,b;
Supplementary Fig. 7a—i). Tree-shaped rearrangement cluster origins significantly
overlapped with ecDNAs, with hot spots on chromosomes 2 (including MYCN)and 12 (Fig.
3¢, Supplementary Fig. 7i). Only 10.5% of MYCN-amplified neuroblastomas displayed
homogenously staining regions (HSRs, Supplementary Table 1), consistent with their rarity
in neuroblastomas#24.25, Thus, the majority of MYCN-derived tree-shaped rearrangements
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did not represent HSRs. Tree-shaped rearrangement patterns indicative of circle-derived
rearrangements were detected in 9% of pediatric tumors in the analysis of an independent
dataset of structural rearrangements in 546 pediatric cancer genomes28, confirming this
pattern is neither entity-specific nor dependent on variant detection methods (Supplementary
Fig. 7j). Our data reveal an unanticipated association between extrachromosomal circular
DNA and somatic genomic rearrangements in neuroblastoma.

We reasoned that circle-derived tree-shaped rearrangements could either represent
chromosomal circle integrations or formation of chimeric circles, incorporating different
chromosomal parts. To test this, we inspected the rearrangement recipient sites for signs of
extrachromosomal circularization and integration and performed de novo assembly of
circular DNAs (ecDNA and eccDNA). Extrachromosomal circular DNAs (identified using
Circle-seq) appeared in 5.5% of rearrangement recipient sites (tree branch intercepts),
indicating chimeric circle formation (Supplementary Fig. 6). This was confirmed by long-
read Nanopore sequencing and assembly-based circle reconstruction, determining chimeric
structures in 2.1% of eccDNAs and 84% of ecDNAs with on average 2.2 and 4.8 chimeric
segments, respectively. Chromosomal circle integration was defined as inter-chromosomal
rearrangements connecting extrachromosomal circles with intrachromosomal sites (i.e. not
detected by Circle-seq). The majority of rearrangement recipient sites (83.3%) were
classified as circle integrations (Fig. 3d, Supplementary Fig. 6), which were validated by
visual inspection of split reads, allele-specific PCR and Sanger sequencing (Fig. 3d,
Supplementary Fig. 8). Phased heterozygous SNPs near integration breakpoints further
confirmed extrachromosomal DNA circles as the origin of integrations (Fig. 3d). Thus,
circle-derived tree-shaped rearrangement clusters represent i. formation of chimeric circles
and ii. chromosomal circle integrations.

To test the functional impact of circle-derived, tree-shaped rearrangements in
neuroblastoma, we inspected rearrangement recipient sites for the presence of cancer-
relevant genes and changes in gene expression (Fig. 4a). Circle integration sites and sites
included in chimeric circles were significantly enriched for cancer relevant genes (P =
0.033) and particularly for tumor suppressor genes (£ = 0.033), whose expression varied
from tumors where the same gene was not involved in circle-derived rearrangements (Fig.
4b,c; Supplementary Fig. 9). For example, integration of an extrachromosomal circle
fragment into the DCL K1 gene (shown in Fig. 3d) led to loss of heterozygosity and was
associated with significant repression of DCLK1 expression (Fig. 4b). Consistent with a
tumor suppressor function in neuroblastoma, low DCLK1 expression was associated with
adverse patient prognosis and sShRNA-mediated DCLK1 knock-down significantly increased
clonogenicity in neuroblastoma cell lines (Supplementary Fig. 10a—i). Notably, circle
integration also occurred in proximity to the telomerase reverse transcriptase gene (7ERT)
and was associated with enhanced TERT expression (Fig. 4c). It is tempting to speculate that
enhancer hijacking?’ or disruption of other cis-regulatory elements could explain such
expression changes. Chimeric circle formation, on the other hand, often resulted in
simultaneous amplification of multiple proto-oncogenes and aberrant circle-specific fusion
transcript expression in a subset of cases (Supplementary Fig. 11). Thus, circle-derived
rearrangements can contribute to aberrant expression of cellular tumor suppressors and
proto-oncogenes.
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Seemingly genetically identical MYCN-amplified neuroblastomas can produce strong
clinical heterogeneity, representing a conundrum in the field. We hypothesized that circle-
derived oncogenic lesions could functionally cooperate with extrachromosomal circular
MYCN amplification, explaining some of the clinical heterogeneity observed. Indeed, the
presence of circle-derived rearrangements was associated with adverse patient outcome (Fig.
4d). In line with our hypothesis, patients with MYCN-amplified neuroblastomas and circle-
derived rearrangement clusters involving MYCN had significantly worse overall survival
compared to patients with A/ YCN-amplified tumors lacking such rearrangements (Fig. 4e).
Contrastingly, the number of rearrangements in MYCN-amplified tumors did not correlate
with survival (Supplementary Fig. 12a—c). This implicates circle-derived rearrangements as
clinically relevant genomic alterations in neuroblastoma.

Our work provides a comprehensive map of extrachromosomal DNA circularization in
neuroblastoma, revealing this mutagenic process to be more frequent than previously
anticipated. We demonstrate that the majority of genomic rearrangements in neuroblastoma
involve extrachromosomal circular DNA, challenging our current understanding about
cancer genome remodeling. Such rearrangements have previously gone largely undetected or
underestimated in WGS analyses because integrative, sequencing-based methods identifying
extrachromosomal circular DNA in tumor samples were lacking. In contrast to previous
cytogenetic reports describing HSR-based circle integration and chimeric circle formation as
a means of stable gene amplification, we conclude that extrachromosomally circularized
DNA can actively contribute to genome remodeling with important functional and clinical
consequences (Fig. 4f). It is tempting to speculate that factors exist, such as recently
described oncogenic transposases?8-30, that could induce a mutator phenotype in the
presence of extrachromosomal circular DNA, driving circle-mediated genome remodeling.
We envision that our findings extend to other cancers and that further detailed analyzes of
circle-derived rearrangements will shed new insights into our understanding of cancer
genome remodeling.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. A genome-wide map of extrachromosomal circular DNAsin neuroblastoma.
a, Schematic representation of sequencing reads as predicted for circular genomic regions

(bg = background/non-circular genome). b, Schematic representation of sequencing read
positions on extrachromosomal circular DNA. ¢, Genome tracks comparing sequencing read
densities on an ecDNA as detected via WGS (only circle-specific head-to-tail reads are
depicted), Circle-seq followed by paired-end sequencing (ILM) and single molecule real-
time sequencing (SMRT) in neuroblastoma cells. DNA digestion with an exonuclease and/or
endonuclease is indicated (+/-). Dotted blue line indicates predicted circle junction.
Interruption of read density profile is due to lack of read alignment. (y - axis: 0-30 reads). d,
Chromosome ideogram with genome-wide somatic extrachromosomal circular DNA density
as inferred from WGS (blue) compared to Circle-seq (red; M, circular mitochondrial DNA).
e, Number of ecDNAs and eccDNASs per neuroblastoma (A=21 tumors, N=96,436
eccDNAs, NM=14 ecDNAS). f, Size distribution of ecDNAs and eccDNAs identified using
Circle-seq in neuroblastomas (A=21 tumors, AV=96,436 eccDNAS, AV=14 ecDNAS). g,
Alternative-B-allele frequencies (BAF) in sequencing reads from Circle-Seq (A=21 tumors)
and WGS (A=93 tumors). h, Density of extrachromosomal circular DNA detected using
Circle-seq over genic compared to gene-surrounding regions in MYCN-amplified and non-
amplified neuroblastomas (N=7 MYCN-amplified tumors, A=14 non-amplified tumors,
lines represent mean signal and the shaded area represents the standard error of the mean). i,
Fraction of genomic regions affected by eccDNA compared to ecDNA (A=21 tumors). TSS,
transcription start site; TES, transcription end site.
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Fig. 2. Mono-all€elic lar ge extrachromosomal circular DNA arean origin of oncogene
amplification and overexpression in neuroblastoma.

a, B-allele frequency of all extrachromosomal circular DNAs involving genes (both ecDNA
and eccDNA) detected using Circle-seq (blue) compared to the corresponding genomic loci
in whole-genome sequencing (red) and mRNA expressed from genes affected by DNA
circularization measured using RNA sequencing (green, grey lines indicate corresponding
measurements from Circle-seq, WGS and RNAseq, =18 tumors). b, Genome track with
phased reads from whole-genome sequencing of NB2013 (WGS), Circle-seq and RNA
sequencing (RNA-seq) at the region of extrachromosomal circularization on chromosome 2
affecting MYCN. (BAF= B-allele frequency, blue and red colored dots represent reads from
different haplotypes) ¢, Genes (rows) affected by circularization in neuroblastoma samples
(columns) as detected using Circle-seq (V=21 tumors). d, Relative mMRNA expression (z-
scores) of genes affected by extrachromosomal DNA circularization in the form of eccDNA
(NV=1,696) compared to ecDNA (A=24) as measured using total RNA sequencing (A=21
tumors). Normalized gene expression (MRNA) for MYCN proto-oncogene, bHLH

transcription factor (MYCN, €) and neurotrophin 3 (N7F3, f) in neuroblastomas. The degree

of gene circularization is indicated in red (see color scale).
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Fig. 3. Themajority of structural rearrangementsinvolve sites of extrachromosomal DNA
circularization and form clustered rearrangement patternsin neuroblastoma.

a, Circos plot of inter-chromosomal rearrangements identified using five variant detection
algorithms in one neuroblastoma genome (CB2013), shown exemplarily. Tree-shaped
clustered rearrangement pattern (red), originating at a region of MY CAN circularization
(asterisk) is highlighted. b, Detailed view of genomic breakpoint localizations (black) at the
base of the tree-shaped rearrangement cluster for the neuroblastoma shown in (a) define a
region of clustered breakpoints (yellow) and overlaps with the region of extrachromosomal
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DNA circularization, as detected using Circle-seq (pink) and whole-genome sequencing
(WGS, green). Copy number changes are highlighted in red. ¢, Genome-wide frequency of
tree-shaped clusters of rearrangements in 93 primary neuroblastoma samples. The pattern is
recurrently identified on chr2 (at the MYCN locus), chrll and chrl2 (at the MDMZ locus).
d, Schematic representation of circle integration in one exemplary neuroblastoma (CB2013).
Genomic region, including MYCN (blue), is circularized, and parts of the extrachromosomal
circle are integrated (red) into chromosome 13 (pink) leading to a disruption of DCLK1.
Sequencing reads supporting a circle-specific SNP as well as split reads supporting circle
integration are shown below. Sanger sequencing of integration breakpoints are shown in
boxes.
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Fig. 4. Rearrangement of extrachromosomal circular DNAs drivestranscriptional deregulation

and dismal prognosisin neuroblastoma.

a, Heatmap showing differential expression of up to 10 genes located both up- and

downstream or a maximal distance of 2 Mb from each circle-derived rearrangement
breakpoint (AM=259 breakpoints, =24 tumors). Madified z-scores for the expression of
cancer-relevant genes DCLKI (b) and 7ERT (c) affected by circle-derived rearrangements
are shown for two representative genomic loci (in two neuroblastomas). d, Kaplan Meier
analysis comparing neuroblastoma patient survival of patients with neuroblastomas affected
by circle-derived clustered rearrangements (A=22 patients) to patients with tumors lacking
such rearrangements (/=59 patients, A=0.00033 two-sided log-rank test). e, Kaplan Meier
analysis comparing neuroblastoma patient survival with MYCN-amplified tumors affected
by MYCN-circle-derived clustered rearrangements (/A=10) to patients with tumors lacking
such rearrangements (AV=7, P=0.043 two-sided log-rank test). f, Schematic diagram of the
proposed mechanism of circle-mediated genome remodeling.
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