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Abstract 

 

MYCN amplification drives half of all high-risk neuroblastomas and confers dismal prognosis. It 

occurs when MYCN and other chromosomal fragments are joined together to form an amplicon 

sequence that can be found tens to hundreds of times per cell. In most cases, these copies come as 

extrachromosomal DNA (ecDNA) in addition to chromosomes. The sequence and chromatin 

landscape of the MYCN amplicon has not been systematically mapped, gene regulation in the 

context of amplification has not been explored, and the consequences of extrachromosomal 

amplification are incompletely understood. Here, we analyze Illumina and Nanopore whole-

genome sequencing, RNA-seq, ATAC-seq, ChIP-seq, and Hi-C data of primary neuroblastomas 

and neuroblastoma cell lines. We map MYCN-driving enhancers in neuroblastoma and identify co-

amplification of local enhancers as the main principle governing the non-coding contents of MYCN 

amplification. We find that loss of local enhancers can be compensated for by the incorporation of 

distal enhancers and the formation of new chromatin domains through structural variation on the 

amplicon. We show that MYCN amplification in neuroblastoma is associated with clusters of 

interchromosomal rearrangements at the MYCN locus indicative of complex amplicon structure or 

re-integration of ecDNA into chromosomes. This can affect gene expression and is prognostically 

relevant. Finally, we describe heterogeneous ecDNA populations and show that ecDNA can 

engage in in trans interactions forming transcriptionally active hubs of individual amplicon copies. 

Our results demonstrate how non-coding elements shape amplification structure and function. 

Together, they suggest a model of amplification as building blocks for genome remodeling and 

nuclear reorganization.   
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Zusammenfassung 

 

MYCN Amplifikation charakterisiert etwa jedes zweite Hochrisiko-Neuroblastom und geht mit 

besonders aggressivem klinischem Verhalten einher. In solchen Tumoren sind MYCN und andere 

chromosomale Fragmente zu einer Amplikonsequenz zusammengefügt, die dann meist viele 

dutzendmal kopiert pro Zelle vorliegt. Typischerweise liegen die Amplikonkopien als ringförmige 

extrachromosomale DNA (ecDNA) zusätzlich zu den Chromosomen vor. Wie Sequenz und 

Epigenetik des MYCN-Amplikons zur Genregulation im Kontext von Amplifikation beitragen, 

wurde bisher noch nicht systematisch untersucht. Auch die Auswirkungen extrachromosomaler 

Amplifikation auf das chromosomale Genom und dessen Organisation im Zellkern sind nur 

unvollständig bekannt. In der vorliegenden Arbeit analysieren wir Illumina und Nanopore Whole 

Genome Sequencing, RNA-seq, ATAC-seq, ChIP-seq und Hi-C-Daten von primären 

Neuroblastomen und Zelllinien. Wir lokalisieren MYCN-regulierende Enhancer und identifizieren 

die Ko-Amplifikation von lokalen Enhancern als Prinzip, das die Sequenz von MYCN 

Amplifikation entscheidend mitbestimmt. Wir stellen fest, dass der Verlust lokaler Enhancer durch 

den Einbau distaler Enhancer und die Bildung neuer Chromatindomänen durch strukturelle 

Veränderungen auf dem Amplikon kompensiert werden kann. Außerdem zeigen wir, dass MYCN-

Amplifikation mit Clustern von interchromosomalen Bruchpunkten am MYCN-Lokus einhergeht, 

die auf komplexe ecDNA-Strukturen oder die Re-Integration von ecDNA in Chromosomen 

hinweisen. Dies kann die Genexpression in der Bruchpunktumgebung beeinflussen und wird als 

klinisch prognostischer Faktor identifiziert. Zuletzt beschreiben wir heterogene ecDNA-

Populationen, die Organisation von ecDNA in transkriptionell aktiven ‚ecDNA hubs‘ im Zellkern 

und zeigen, dass ecDNA in trans interagieren kann. Unsere Ergebnisse zeigen, wie nicht-

kodierende DNA-Elemente die Struktur und Funktion von Genamplifikationen mitbestimmen. 

Davon ausgehend schlagen wir ein Modell von Genamplifikationen als Bausteine zur Umordnung 

des Genoms und der Zellkernorganisation vor.  
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1 Introduction 

 

Neuroblastoma is an embryonal tumor arising from the developing sympathetic nervous system. 

It occurs primarily in infants and toddlers with a median age at diagnosis of 1.5 years (1). Its 

clinical course is highly variable: Low-risk tumors require minimal treatment. Some may even 

regress spontaneously. High-risk neuroblastomas, in contrast, have a dismal prognosis despite 

aggressive multimodal therapy and account for around 10% of childhood cancer deaths (2). To 

this day, high-risk neuroblastoma remains one of the major challenges in pediatric oncology.  

 

44% of high-risk neuroblastomas are characterized by MYCN amplification, where cells harbor 

tens to hundreds of copies of the MYCN gene, a developmental transcription factor and member 

of the MYC family of proto-oncogenes (3-6). With a 5-year-survival rate of 55% (6), this is a 

clinically relevant marker of poor prognosis. MYCN amplification is central to establishing and 

maintaining neuroblastoma cell identity: MYCN overexpression initiates neuroblastoma 

tumorigenesis in mice (7, 8). Once MYCN-amplified, neuroblastoma cells depend on sustained 

MYCN expression and differentiate or become apoptotic upon MYCN loss (9, 10). As a 

transcription factor, MYCN forms heterodimers with MAX and preferentially binds at E-box 

motifs (CACGTG) throughout the genome, driving several aspects of malignancy at once, e.g. 

increased proliferation and cell cycle progression, replicative immortality, invasion, metastasis, 

and immune escape (as reviewed in (11) and (12)). At oncogenic expression levels, it also serves 

as a global transcriptional amplifier by invading pre-established developmental enhancers (13). In 

neuroblastoma, MYCN has been proposed as a member of the noradrenergic core regulatory 

circuit (CRC), a positive feedback loop of transcription factors including MYCN, PHOX2B, 

HAND2, GATA3, ISL1, TBX2, and ASCL1 (14-17). These factors drive each other’s expression 

and together establish noradrenergic neuroblastoma cell identity, which has originally been 

defined by its specific enhancer landscape (14, 15). Beyond neuroblastoma, MYCN amplification 

is among the most common copy number aberrations in pediatric cancer in general (18). It is 

particularly prevalent in Wilms’ tumor, medulloblastoma, glioblastoma, and rhabdomyosarcoma 

and is often associated with particularly aggressive clinical behavior (18-22). 

 

Focal amplifications are a distinctive feature of cancer genomes and affect 52% of cases in a recent 

pan-cancer study (23). The amplicon, i.e. the amplified DNA sequence, usually comprises a proto-

oncogene and up to a few megabases of surrounding sequence (24). Structurally, there are two 
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canonical forms of amplification: As extrachromosomal DNA (ecDNA; also termed double minute 

chromosomes, dmin), copies of the amplicon sequence are found on chromatin circles in addition 

to the chromosomal genome. Alternatively, amplification can occur intrachromosomally as 

homogeneously staining regions (HSRs), repetitive arrays of individual copies integrated into a 

chromosome. The origins of ecDNA and HSRs are incompletely understood. In cell lines, ecDNA 

formation has been observed when chromothripsis shatters a chromosome and some of the 

resulting fragments fuse in a circular fashion (25, 26). This can explain why focal amplifications 

are often structurally complex, containing distant parts of the genome, and are often associated 

with chromothripsis in primary tumors (27). In primary neuroblastomas, MYCN amplification 

usually occurs through ecDNA (28) but most MYCN-amplified neuroblastomas show no signs of 

chromothripsis at all (29), which suggests that other mechanisms likely contribute to ecDNA 

generation in neuroblastoma. HSRs, in turn, can form through breakage-fusion bridge cycles 

where telomere crisis leads to repeated sister chromatid fusion followed by chromosome breakage 

(26). Alternatively, HSRs can arise when ecDNA re-integrates into chromosomes (26, 30-32). 

Vice versa, HSRs can also give rise to new ecDNA (26), and both HSRs and ecDNA can coexist 

in individual cells (31, 33), raising the question how the form of amplification impacts tumor 

biology. 

 

Amplification as ecDNA offers unique advantages during tumor evolution. ecDNA gets replicated 

during the cell cycle but does not harbor a centromere. During mitosis, it is therefore randomly 

distributed among daughter cells which may inherit vastly different numbers of ecDNA copies. 

This way, extrachromosomal amplification drives copy number heterogeneity in the cell 

population and enables fast copy number changes during tumor evolution (33, 34). Indeed, 

extrachromosomal amplification is selected for in experimental setups requiring particularly high 

or variable gene expression (26, 31). HSRs are commonly seen as a more stable form of 

amplification. Although intrachromosomal copy number can also evolve over time, HSRs seem to 

be the preferred form of amplification in stable environments (31). Beyond copy number plasticity, 

both ecDNA and HSRs are prone to further mutations and rearrangements (23, 26). Emerging 

amplification, changes to amplicon sequence, or amplicon copy number have repeatedly been 

linked to the acquisition of drug resistance (31, 34-36). This illustrates that amplified loci likely 

are among the most plastic parts of a cancer genome and play a key role during tumor evolution.  

 

Much of the genetics and epigenetics of oncogene amplification, however, is yet to be understood: 

the functional relevance of amplicon sequence, gene regulation in the context of 
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extrachromosomal and intrachromosomal amplification, and the effects of amplification on 

genome architecture and nuclear organization. Here, we present three publications that address 

parts of these questions. In Helmsauer et al. (37), we map the content and structure of the MYCN 

amplicon and the enhancer landscape around MYCN in neuroblastoma. We characterize how the 

epigenetics of MYCN regulation shape the structure of amplification. This reveals that specific 

enhancers are systematically included on the amplicon, how enhancer hijacking contributes to the 

structure of amplification, and how new chromatin domains can emerge on extrachromosomal and 

intrachromosomal amplicons. In Koche et al. (38), we explore whole-genome sequencing and 

RNA-seq data of primary neuroblastomas. We identify clusters of rearrangements connecting 

ecDNA with distant genomic loci, representing complex ecDNA structures or re-integration into 

chromosomal loci. Such rearrangements can disrupt tumor suppressor genes or increase oncogene 

expression nearby. Clinically, we find that this pattern of structural variation defines a novel 

subgroup of ultra-high risk neuroblastomas. This leads us to propose ecDNA as a driver of genome 

remodeling. Finally, in Hung et al. (39), we show that ecDNA spatially clusters together in the 

nucleus. This allows for in trans interaction between individual ecDNA elements suggesting a 

novel mechanism for oncogene activation in cancer.  
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2 Materials & Methods 

 

The following section summarizes the Materials & Methods of the presented publications (37-39) 

relevant to the scope of this thesis. We refer to the respective publications for a detailed account 

of all Materials & Methods. 

 

2.1 Helmsauer et al. Enhancer hijacking determines extrachromosomal circular MYCN 

amplicon architecture in neuroblastoma 

 

2.1.1 Cell lines 

We obtained neuroblastoma cell lines CHP-212, IMR-5/75, NGP, and Kelly as a gift from Carol 

J. Thiele, from the German Collection of Microorganisms and Cell Cultures or the American Type 

Culture Collection. Cell line identification was performed using short tandem repeat genotyping 

(Genetica DNA Laboratories, Burlington, NC, USA, and IDEXX BioResearch, Westbrook, ME, 

USA), and Mycoplasma sp. contamination was ruled out by the Lonza MycoAlert assay (Lonza 

Group Ltd., Basel, Switzerland). We cultured cells in Roswell Park Memorial Institute 1640 

medium (RPMI-1640; Thermo Fisher Scientific Inc., Waltham, MA, USA) with 1% 

Penicillin/Streptomycin (Thermo Fisher Scientific Inc., Waltham, MA, USA) and 10% Fetal Calf 

Serum (Thermo Fisher Scientific Inc., Waltham, MA, USA). 

 

2.1.2 Fluorescence in situ hybridization 

Metaphase-arrested cells were prepared using Colcemid (20 μl/2 ml; Roche AG, Basel, 

Switzerland). Cells were suspended in 5ml 0.4% potassium chloride for 10min, fixed in 1ml 

potassium chloride and 1ml methanol/acetic acid 3:1, and washed three times (2ml, 5ml, and 5ml 

methanol/acetic acid followed by 200g/10min centrifugation each). Metaphase spreads were 

prepared by dropping the cell suspension on slides. Slides were washed in PBS buffer, pepsin-

digested (0.04% pepsin in 0.001M hydrochloric acid, 10min), washed again in 0.5x saline sodium 

citrate wash buffer, dehydrated in ascending ethanol solutions (70%, 80%, 100%; 3min each), and 

dried. 10µl Vysis LSI N-MYC probe (Abbott Laboratories, Abbott Park, IL, USA) was added. 

Samples were denatured at 75°C for 10min and hybridized at 37°C overnight. After washing with 

0.4x saline sodium citrate buffer / 0.3% IGEPAL CA-630 (Sigma-Aldrich, Inc., St. Louis, MO, 

USA) for 3min at 60 °C and 2x saline sodium citrate buffer / 0.1% IGEPAL CA-630 for 3min at 
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room temperature, 5µl 4',6-Diamidino-2-phenylindol (DAPI; Vector Laboratories, Inc., Newark, 

CA, USA) were added. 

 

2.1.3 RNA-seq data analysis 

We downloaded RNA-seq data for neuroblastoma cell lines from Gene Expression Omnibus 

(GSE90683) (14). We used FASTQC 0.11.8 for quality control. We trimmed adapters with 

BBMap 38.58, aligned reads to GRCh37 using STAR 2.7.1 (40) with default parameters, used 

featureCounts from Subread 1.6.4 (41) to obtain read counts for genes as defined in Ensembl 

release 75, and accounted for library size and composition using sizeFactor-normalization 

(DESeq2 1.22.2) (42).  

 

2.1.4 ChIP-seq data analysis 

We refer to the enclosed publication for details on chromatin immunoprecipitation sequencing  

(ChIP-seq) library preparation and sequencing (37). Additional ChIP-seq data were obtained from 

Gene Expression Omnibus (GSE90683, GSE24447, and GSE28874) (14, 43). Data were quality 

controlled with FASTQC 0.11.8, adapters were trimmed with BBMap 38.58, and reads were 

aligned to hg19 with BWA-MEM 0.7.15 (default parameters) (44). Duplicate reads were removed 

using Picard 2.20.4. We considered RSC and NSC metrics using Phantompeakqualtools 1.2.1 (45) 

as metrics for ChIP-seq data quality. We used deepTools 3.3.0 (46) to extend reads to 200bp for 

single-end libraries and to fragment size for paired-end libraries, to discard reads mapping to 

ENCODE DAC blacklisted regions (47), and obtain read counts per million reads in all 10bp bins.  

ChIP-seq peaks were identified with MACS2 2.1.2 using default parameters (48). Super enhancers 

were defined by LILY (https://github.com/BoevaLab/LILY) (14) based on histone H3 lysine 

residue 27 acetylation (H3K27ac) ChIP-seq signal using default parameters.  

 

2.1.5 ATAC-seq data analysis 

We refer to the enclosed publication for details on library preparation and sequencing for assay 

for transposase-accessible chromatin using sequencing (ATAC-seq) experiments (37). We 

downloaded additional ATAC-seq data from Gene Expression Omnibus (GSE80154) (13). Read 

trimming, mapping, and duplicate removal was performed as described above for ChIP-seq data. 

We extended reads to fragment size and discarded reads that mapped to ENCODE DAC 

blacklisted regions (47). ATAC-seq signal was then quantified as read counts per million reads in 
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10bp bins using deepTools 3.3.0 (46).  Peaks were identified with MACS2 2.1.2 using default 

parameters (48).  

 

2.1.6 4C-seq and Hi-C data analysis 

We refer to the enclosed publication for details on Chromosome conformation capture circular 

sequencing (4C-seq) and Hi-C library preparation and sequencing (37). 4C-seq reads were 

processed and mapped to GRCh37 as described before (49). Coverage was normalized as read 

counts per million mapped reads in a sliding window of 10 fragments. For Hi-C data analysis, we 

used Juicer 1.5.6 (50) with BWA 0.7.17 (44) to map and process Hi-C data. We used an adapted 

version of hg19 as the reference genome, with haplotype sequences discarded and the Epstein- 

Barr virus genome (NC_007605.1) added. Reads were mapped and filtered per replicate and 

merged afterward. We chose MAPQ≥30 to discard multi-mapping reads. Hi-C maps were 

normalized using the Knight-Ruiz method. A virtual 4C-seq track for the MYCN promoter was 

created by calculating the mean Knight-Ruiz-normalized Hi-C signal across three 5kb bins around 

the MYCN promoter (chr2:16,075,000-16,090,000). 

 

2.1.7 Illumina whole-genome sequencing 

DNA was obtained from harvested cells using the NucleoSpin Tissue kit (Macherey-Nagel GmbH 

& Co. KG, Düren, Germany). We then used the NEBNext Ultra II FS DNA Library Prep Kit for 

Illumina (New England BioLabs Inc., Ipswich, MA, USA) to prepare the sample for sequencing 

on a NovaSeq S1 flow cell (2x150bp paired-end mode; Illumina Inc., San Diego, CA, USA). We 

performed adapter trimming, alignment, and duplicate removal as described above for ChIP-seq 

experiments. We called copy number variants with Control-FREEC 11.4 (51) using its default 

settings and identified structural variants using SvABA 1.1.1 (52) in germline mode as no normal 

control was available for cell lines. Variants mapping to blacklisted regions provided on 

https://data.broadinstitute.org/snowman/svaba_exclusions.bed were discarded. We used the 

unfiltered call set for further analysis. 

 

2.1.8 Nanopore whole-genome sequencing  

High molecular weight DNA was obtained from harvested cells using the MagAttract HMW DNA 

Kit (Qiagen N.V., Venlo, Netherlands). Additionally, we enriched the sample for fragments >10kb 

with the Circulomics SRE kit (Circulomics Inc., Baltimore, MD, USA). We used the Ligation 

Sequencing Kit (SQK-LSK109, Oxford Nanopore Technologies Ltd., Oxford, UK) to create 
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sequencing libraries which were then sequenced on the R9.4.1 MinION platform (FLO-MIN106, 

Oxford Nanopore Technologies Ltd., Oxford, UK). For the NGP cell line, we used the NucleoSpin 

Tissue kit (Macherey-Nagel GmbH & Co. KG, Düren, Germany) for DNA extraction and the ONT 

Rapid Kit for library preparation (SQK-RBK004, Oxford Nanopore Technologies Ltd., Oxford, 

UK). The quality of raw data was assessed using NanoPlot 1.0.0 (53). We created FASTQ files 

from signal-level data using Guppy 2.3.7 (Oxford Nanopore Technologies Ltd., Oxford, UK) with 

default settings. Methylated CpG sites were identified using Megalodon 0.1.0 (Oxford Nanopore 

Technologies Ltd., Oxford, UK). We used Flye 2.4.2 (54) for de novo assembly of amplicons 

(metagenomics mode, genome size 1Gb) and mapped contigs to hg19 using minimap2 2.16 

(parameter settings:  -ax asm5) (55).  

 

2.1.9 Enhancer identification 

Based on the assessment of the overall distribution of MYCN expression across non-MYCN-

amplified neuroblastoma cell lines, we chose a sizeFactor-normalized expression of 100 to 

distinguish MYCN-expressing from non-MYCN-expressing cell lines. We then inspected a ±500kb 

window around MYCN and identified all regions with an H3K27ac peak in more than half of 

MYCN-expressing-non-amplified cell lines. Regions less than 2kb apart were joined. We 

computed the maximum difference in H3K27ac signal fold change between MYCN-expressing-

non-amplified, and non-expressing cell lines for each region to estimate its potential contribution 

to MYCN expression. Based on this computation, we chose the five regions with the highest 

maximum difference fold change as candidate MYCN-driving enhancers.  We used the 

JASPAR2018 (56) and JASPAR2020 (57) databases and TFBSTools 1.20.0 (matchPWM function 

with min.score=’85%’) (58) to identify potential transcription factor binding sites in candidate 

enhancers. To identify CRC-driven super enhancers, we merged super enhancer calls across 

MYCN-expressing-non-amplified cell lines and filtered for those that overlapped with a GATA3, 

HAND2, or PHOX2B ChIP-seq peak in the neuroblastoma cell line CLB-GA.  

 

2.1.10 Copy number data analysis 

We obtained a compilation of array-based copy number datasets for high-risk neuroblastomas 

from https://github.com/padpuydt/copynumber_HR_NB/ (59) and considered all samples 

annotated as MYCN-amplified that showed signs of MYCN amplification in the copy number track. 

To create co-amplification profiles, we counted the number of samples with amplifications in 10kb 

bins across the genome. Co-amplification was statistically assessed by deriving empirical one-
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sided P-values from 10,000 synthetic datasets under a null hypothesis of random positioning of 

the MYCN amplicon. To this end, we randomly shifted each patient’s copy number profile on 

chromosome 2 such that MYCN was still fully amplified. This allowed us to randomize positioning 

and retain relevant copy number statistics including patient-specific fragment counts, sizes, and 

local correlations. P-values were Benjamini-Hochberg-corrected for multiple comparisons.  

 

2.1.11 Amplicon reconstruction  

Starting with short read-based structural rearrangements from SvABA, we discarded small 

rearrangements (≤1kb) and rearrangements in ENCODE blacklisted regions (47). To discard 

rearrangements that were only present on a subset of amplicon copies, we filtered for breakpoints 

with more than 50 variant-supporting reads. We represented these data as a genome graph using 

gGnome 0.1 (60) with genomic segments as nodes that were connected either by a rearrangement 

(alternate edge) or by adjacency in the reference genome (reference edge). To focus on 

amplifications, only nodes with a mean coverage of 10 times the median coverage of chromosome 

2 or higher were considered. To make sure that highly amplified breakpoints must be taken into 

account during amplicon reconstruction, we removed reference edges if the alternate edge was 

among the highest allele-depth quartile of edges. After pruning the graph like this, we searched 

for circular walks starting at MYCN and chose the walk with the most nodes without traversing 

any node twice. We used gTrack (https://github.com/mskilab/gTrack) to graphically display 

genome graphs. 

 

2.1.12 Data and code availability 

Sequencing data were submitted to the Sequencing Read Archive (Accession PRJNA622577). 

Additional data were downloaded from Gene Expression Omnibus (Accessions GSE90683, 

GSE80152, GSE24447, and GSE28874) and from https://github.com/padpuydt/ 

copynumber_HR_NB/. Processed ChIP-seq and ATAC-seq have been made available through 

CyVerse (https://data.cyverse.org/dav-anon/iplant/home/konstantin/helmsaueretal/). We provide 

a custom UCSC genome browser track hub (https://de.cyverse.org/dl/d/27AA17DA-F24C-4BF4-

904C-62B539A47DCC/hub.txt). Code is available at https://github.com/henssenlab/ 

MYCNAmplicon. 
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2.2 Koche et al. Extrachromosomal circular DNA drives oncogenic genome remodeling in 

neuroblastoma 

 

2.2.1 Patient samples 

We obtained primary tumor and blood samples of patients diagnosed with neuroblastoma between 

1991 and 2016 who participated in the clinical trials NB97, NB2004, and NB2004-HR of the 

German Society of Pediatric Oncology and Hematology. Data collection and use were approved 

by the ethics committees of Charité – Universitätsmedizin Berlin and of the medical faculty of 

Universität zu Köln. Informed consent was obtained from all patients or their legal guardians. 

MYCN status (copy number, dmin vs. HSR) was obtained from FISH staining during routine 

pathological workup. Only material with at least 60% pathologist-determined tumor cell content 

was used for sample preparation. 

 

2.2.2 RNA interference experiments 

The neuroblastoma cell line Kelly was obtained and cultured as described above. pLKO.1 vectors 

for shRNA-targeting of DCLK1 (TRCN0000002145, TRCN0000002146) and GFP RNA were 

obtained from the RNAi Consortium (Broad Institute, Cambridge, MA, USA) and transduction 

was performed as described in Henssen et al. (61). Transduced cells were counted using a TC20 

Automated Cell Counter (Bio-Rad Laboratories, Inc., Hercules, CA, USA) and seeded in 24-well 

plates (5000 cells per well). After 7 days, wells were imaged and surface coverage was assessed 

using the ImageJ plugin ColonyArea (62). Experiments were performed in biological triplicates, 

we tested for differences between experimental conditions using Student’s t-test. 

 

2.2.3 PCR and Sanger sequencing 

For PCR experiments, we used 50–100 ng of genomic DNA, 0.4U Phusion Hot Start II High-

Fidelity DNA Polymerase (Thermo Fisher Scientific, Inc., Waltham, MA, USA), 0.5 μM forward 

and reverse primers (see attached publication for primer sequences), 200 μM deoxyribonucleotide 

triphosphates (Bio-Budget Technologies GmbH, Krefeld, Germany) and 4 μl 5x Phusion Green 

buffer (Thermo Fisher Scientific, Inc., Waltham, MA, USA). PCR products were run on 1% 

agarose gel and purified using the PureLink PCR Purification Kit (Thermo Fisher Scientific, Inc., 

Waltham, MA, USA). Capillary Sanger sequencing was performed externally (Eurofins Scientific 

SE, Luxemburg, Luxemburg).  
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2.2.4 Whole-genome sequencing and structural variant detection  

We refer to the enclosed publication for a detailed description of whole-genome sequencing data 

generation and processing (38). In brief, we acquired tumor-normal whole-genome sequencing 

data for 37 patients using the HiSeq X Ten system (2x150bp paired-end mode; Illumina Inc., San 

Diego, CA, USA). In addition, paired tumor-normal whole-genome sequencing data for 56 

patients were downloaded from the European Genome-phenome Archive (Accession 

EGAS00001001308) (63). Reads were aligned to hg19 using BWA-MEM 0.7.15 and BWA-ALN 

0.5.9 (44). Duplicate reads were marked using Biobambam 2.0.79 (64). Copy number variation 

was called using Control-FREEC 10.6 (51) and ASCAT 4.0.1 (65). Amplification was defined as 

a total copy number of 9 or higher. Structural rearrangements were called using Novobreak 1.1.3 

(66), SvABA 1.1.1 (52), Delly2 0.7.7 (67), BRASS 6.0.5 (https://github.com/cancerit/BRASS) 

and SMuFin 0.9.4 (68). Variant calls were filtered (BRASS BAS score 99 or higher; at least 6 

supporting reads with MAPQ score higher than 60 at each breakpoint). Structural variant calls 

from at least four different callers were obtained. Variants were merged if breakpoints were located 

within 500bp of each other. Six samples were discarded due to their high number of 

rearrangements. One region (chr2:33,000,000-34,000,000) was excluded due to its high number 

of false-positive breakpoints upon visual inspection. 

Structural variant data from a whole-genome sequencing dataset of 546 pediatric cancer samples 

(18) were downloaded from https://hgserver1.amc.nl/cgi-bin/r2/main.cgi?&dscope=DKFZ_PED 

&option=about_dscope.  

 

2.2.5 RNA-seq  

RNA was extracted from 37 primary neuroblastoma samples (matching the whole-genome 

sequenced samples) using the TRIzol reagent (Thermo Fisher Scientific Inc., Waltham, MA, 

USA). We assessed RNA purity using a NanoDrop 2000 spectrometer (Thermo Fisher Scientific 

Inc., Waltham, MA, USA) and RNA integrity using the 2100 Bioanalyzer system (Agilent 

Technologies Inc., Santa Clara, CA, USA) or the 4200 TapeStation instrument (Agilent 

Technologies Inc., Santa Clara, CA, USA). An RNA integrity number of 8 or above was required 

for further processing. Depletion of ribosomal RNA was performed as described previously (69). 

Libraries were prepared using the TruSeq Stranded mRNA kit (Illumina Inc., San Diego, CA, 

USA) and sequenced on the HiSeq 4000 platform (2x150bp paired-end mode; Illumina Inc., San 

Diego, CA, USA). In addition, RNA-seq data for 54 primary neuroblastomas were downloaded 

from the European Genome-phenome Archive (Accession EGAS00001001308) (63), matching 

almost all samples in the downloaded whole-genome sequencing data. We used STAR 2.7.0 (40) 
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for alignment using transcript annotations from Gencode 27, obtained read counts using 

featureCounts 1.6.1 (41), and normalized read counts to transcripts per million. 

 

2.2.6 Circle-seq 

We refer to the enclosed publication (38) and a protocol deposited online (70) for details on Circle-

seq library preparation and sequencing. In brief, high-molecular weight DNA was extracted using 

the MagAttract HMW DNA Kit (Qiagen N.V., Venlo, Netherlands). To enrich for 

extrachromosomal circular DNA, the sample was treated with an exonuclease (Plasmid-Safe ATP-

Dependent DNAse; Epicentre, Madison, WI, USA). The remaining DNA was then amplified by 

rolling-circle amplification (REPLI-g Mini Kit7; Qiagen N.V., Venlo, Netherlands). Libraries 

were prepared using the NEBNext Ultra II FS DNA Library Prep Kit for Illumina (New England 

BioLabs, Inc., Ipswich, MA, USA) and sequenced on the MiSeq platform (2x150bp paired-end 

mode; Illumina, Inc., San Diego, CA, USA), HiSeq 4000 platform (2x125bp paired-end mode; 

Illumina, Inc., San Diego, CA, USA) or NextSeq 500 platform (2x150 bp paired-end mode; 

Illumina, Inc., San Diego, CA, USA). Reads were aligned to hg19 (BWA 0.7.15) (44). Duplicate 

reads were removed (Picard 2.16.0). High-coverage regions were called using findPeaks from 

Homer 4.11 (71). For the edges of each of these regions, the number of outward-facing split reads 

or read pairs was counted to determine the number of circle-supporting reads. Based on a 

background distribution of outward-facing split reads and read pairs in whole-genome sequencing 

data, only those high-coverage regions with a significantly enriched number of outward-facing 

split reads or read pairs (empirical P=0.01) at their edges were considered as putative circle regions 

for further analysis. The same circle-calling algorithm was run on whole-genome sequencing data 

to screen for circular DNA in whole-genome sequencing libraries. EccDNA and EcDNA was 

defined by non-overlap and overlap with amplification respectively.  

 

2.2.7 Clusters of interchromosomal rearrangements 

Clusters of interchromosomal rearrangements were defined as all genomic regions harboring at 

least three interchromosomal rearrangement breakpoints in a 4 Mb sliding window. If two 

chromosomes were connected by more than four rearrangements, these rearrangements were 

discarded during cluster detection. Rearrangements between two 10Mb regions were merged for 

cluster detection. We discarded chromosomes with more than 25 inter-chromosomal 

rearrangements. We evaluated this method using 500 synthetic datasets with randomized 
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breakpoints across the mappable genome. For a threshold of three rearrangements within 4Mb, we 

estimated a false discovery rate of 0.13.  

We tested for an association of clusters of interchromosomal rearrangements (based on the union 

set of rearrangement calls by all structural variant callers) and circularized regions. The relative 

overlap of all clusters with circularized regions was computed for each sample. To test this overlap 

for statistical significance, we created 2000 synthetic datasets with random cluster positioning in 

the genome (excluding poorly or non-assembled regions and the ENCODE DAC blacklist (47)) 

and computed their relative overlap with circular DNA in matching patients. Comparing the real 

overlap to the overlap distribution for randomly positioned clusters, we derived one-sided 

empirical P-values. As this was performed for different circle classes (amplified ecDNA vs. non-

amplified eccDNA) and circle calling methods (Circle-seq, whole-genome sequencing) separately, 

we accounted for multiple comparisons by Benjamini-Hochberg correction. 

We then investigated whether breakpoint partners of breakpoints in clusters of rearrangements 

were enriched in the vicinity of specific types of cancer-related genes as defined by the COSMIC 

data base (all COSMIC genes, COSMIC oncogenes, and COSMIC tumor suppressor genes (72)). 

We calculated the median distance to the closest member of the respective gene set. We tested 

against the null hypothesis of independent positioning of breakpoints and genes and derived an 

empirical P-value from the distribution of median distances in 500 synthetic datasets with 

breakpoint positions randomly distributed across the non-blacklisted genome. We used Benjamini-

Hochberg correction to account for individually testing the null hypothesis for the three types of 

genes.  

Gene expression was quantified relative to other samples in the cohort using the modified z-score 

(the distance to the median normalized by the median absolute deviation from the median) of  

expression in transcripts per million. To screen for breakpoint-associated differential expression, 

we focused on protein-coding genes within 2Mb of each breakpoint. 

We compared the survival of different subgroups using the log-rank test. To define MYCN-

associated clusters, we considered all clusters within ±1Mb around MYCN.  

 

2.2.8 Data and Code Availability 

Sequencing data are available at the European Genome-phenome Archive (Accession numbers 

EGAS00001001308 and EGAS00001004022). We provide visualized somatic structural variation 

data at https://kons.shinyapps.io/trees/. Code and further data are available at https://github.com/ 

henssenlab/TreeShapedRearrangements.  
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2.3 Hung et al. ecDNA hubs drive cooperative intermolecular oncogene expression 

 

2.3.1 TR-14 cell line 

The neuroblastoma cell line TR-14 was a gift from J. J. Molenaar (Princess Máxima Center for 

Pediatric Oncology, Utrecht, Netherlands). Cells were maintained in Roswell Park Memorial 

Institute 1640 medium (RPMI-1640; Thermo Fisher Scientific Inc., Waltham, MA, USA) with 1% 

Penicillin/Streptomycin (Thermo Fisher Scientific Inc., Waltham, MA, USA) and 10% Fetal Calf 

Serum (Thermo Fisher Scientific Inc., Waltham, MA, USA). We used short tandem repeat 

genotyping (IDEXX BioResearch, Westbrook, ME, USA) to confirm cell line identity. 

Contamination with Mycoplasma sp. was ruled out using the Lonza MycoAlert system (Lonza 

Group Ltd., Basel, Switzerland). 
 

2.3.2 Illumina whole-genome sequencing 

Illumina whole-genome sequencing libraries were prepared from DNA extracted with the 

NucleoSpin Tissue kit (Macherey-Nagel GmbH & Co. KG, Düren, Germany) using the NEBNext 

Ultra II FS DNA Library Prep Kit for Illumina (New England BioLabs, Inc., Ipswich, MA, USA). 

Libraries were sequenced on the NovaSeq 6000 platform (2x150bp reads; Illumina, Inc., San 

Diego, CA, USA). We trimmed adapters (BBMap 38.58), aligned reads to hg19 (BWA-MEM 

0.7.15 with default parameters) (44) and removed duplicate reads (Picard 2.20.4). We computed 

coverage as read counts per million reads in 20bp bins (deepTools 3.3.0) (46). Copy number 

variation profiles were created with QDNAseq 1.22.0 (73) by binning primary alignments of  

MAPQ≥20 in 10kb bins, default filtering, additional filtering of bins with more than 5% undefined 

bases, GC-correction, and normalization. Then, copy number segments were called with the 

circular binary segmentation method implemented in QDNAseq (no transformation of the binned 

signal, parameter alpha=0.05). 

 

2.3.3 Nanopore whole-genome sequencing 

For Nanopore whole-genome sequencing, high-molecular DNA was extracted using the 

MagAttract HMW DNA Kit (Qiagen N.V., Venlo, Netherlands) and enriched for molecules >10kb 

(Circulomics SRE kit, Circulomics Inc., Baltimore, MD, USA). A sequencing library was created 

with the Ligation Sequencing Kit (SQK-LSK109, Oxford Nanopore Technologies Ltd., Oxford, 

UK) and then sequenced on an R9.4.1 MinION flowcell (FLO-MIN106; Oxford Nanopore 

Technologies Ltd., Oxford, UK). We used Guppy 2.3.7 (Oxford Nanopore Technologies Ltd., 
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Oxford, UK) with default parameters for basecalling. We mapped reads to hg19 using NGMLR 

0.2.7 (74) and called structural variants using Sniffles 1.0.11 (74) with parameters --min_length 

15 --genotype --min_support 3 --report_seq. 

 

2.3.4 Reconstruction of amplicon repertoire 

To reconstruct the structure of all amplicons, we filtered Nanopore structural variants for size 

(>10kb) and variant read support (≥15). From this set, we created a genome graph using gGnome 

0.1 (60). This graph treated genomic regions as nodes and structural variants as edges.  We filtered 

non-amplified regions (mean short-read whole-genome sequencing coverage less than ten times 

the median chromosome 2 coverage) and partitioned the graph into clusters of regions that were 

mutually connected by a path in the graph. We identified which clusters contained the amplified 

oncogenes MYCN, CDK4, MDM2, and ODC1. Then, we selected circular paths traversing the 

regions in those clusters that could account for the observed copy number profile. gTrack (no 

version number available; https://github.com/mskilab/gTrack) was used to display genome graphs.  

 

2.3.5 Hi-C and ChIP-seq data analysis 

Hi-C libraries were prepared as described in Helmsauer et al. (37) and sequenced on the Illumina 

Hi-Seq platform (2x100bp paired-end mode; Illumina, Inc., San Diego, CA, USA) at a depth of 

433.7 million read pairs. We used Juicer 1.19.02 (50) with BWA 0.7.17 (44), mapping short reads 

to hg19 (with haplotype sequences removed and the Epstein-Barr virus genome (NC_007605.1) 

added). Replicates were independently mapped, filtered by MAPQ≥30, and then merged. Per-

chromosome Knight-Ruiz normalization was performed. 

We obtained TR-14 H3K27ac ChIP-seq data from Gene Expression Omnibus (GSE90683) (14). 

We trimmed adapters using BBMap 38.58. Reads were mapped to hg19 with BWA-MEM 0.7.15 

(44) using default parameters. We used deepTools 3.3.0 (46) to compute ChIP-seq coverage by 

extending reads to 200bp, removing reads mapping to ENCODE DAC blacklisted regions (47), 

and normalizing read counts to counts per million in 10bp bins. We used LILY (14) with default 

parameters to call enhancers and super-enhancers. We chose LILY-defined enhancers as 

boundaries to define the extent of the HPCAL1 gene- und enhancer-rich region (chr2:10424449-

10533951).  

To investigate the overall effect of the H3K27ac signal on in trans interaction strength, all 5kb bin 

pairs on different amplicons were inspected for their Knight-Ruiz-normalized Hi-C signal. We 

used a threshold of mean ChIP-seq fold change over input larger than 3 to define low-H3K27ac 
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and high-H3K27ac bins. We used the Welch two-sample t-test to compare interaction of bin pairs 

of high-H3K27ac+high-H3K27ac signal against all other pairs of bins.  
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3 Results  

 

In the following, key results of the publications presented in this thesis (37-39) are summarized, 

focusing on the structure, sequence, and epigenetics of MYCN amplification in neuroblastoma.  

 

3.1 Helmsauer et al. Enhancer hijacking determines extrachromosomal circular MYCN 

amplicon architecture in neuroblastoma 

 

In Helmsauer et al. (37), we characterized the chromatin landscape around MYCN in neuro-

blastoma. We first catalogued MYCN-driving enhancers in non-MYCN-amplified neuroblastoma, 

comparing H3K27ac ChIP-seq data for five MYCN-expressing and seven non-MYCN-expressing 

neuroblastoma cell lines (Fig. 1a). Computing the difference in mean H3K27ac fold change 

between the two groups, we identified five intergenic regions, e1-e5, whose H3K27ac status 

correlated with MYCN expression (Fig. 1b). Consistent with their role as potential enhancers, four 

of these regions were bound by the noradrenergic CRC transcription factors PHOX2B, GATA3, 

and HAND2 in ChIP-seq data for the neuroblastoma cell line CLB-GA (Fig. 1b). To investigate 

the role of these enhancers in the context of MYCN amplification, we mapped the extent of the  

Figure 1 Mapping MYCN-driving enhancers in neuroblastoma a H3K27ac ChIP-seq signal (FC, fold 
change over input) and RNA-seq based MYCN expression (size-factor normalized read counts) for 
neuroblastoma cell lines without MYCN amplification. b Top: Difference in mean H3K27ac ChIP-seq fold 
change over input between MYCN-expressing and non-MYCN-expressing cell lines (D Mean FC). The MYCN 
promotor (MYCNp) and five expression-associated enhancers (e1-e5) are marked. Bottom: CRC transcription 
factor ChIP-seq (PHOX2B, GATA3, and HAND2) in the neuroblastoma cell line CLB-GA. Adapted from 
Helmsauer et al. (37). 
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Figure 2 Systematic inclusion of the e4 enhancer on the MYCN amplicon a Co-amplification profile around 
MYCN for 240 MYCN-amplified neuroblastomas (solid line) and expected profile for random MYCN amplicon 
boundaries (dashed line). b Upset plot summarizing co-amplification patterns of local enhancers. c-g Co-
amplification profile by experimental platform, age, long-term survival, 17q gain, and 1p loss. h Co-
amplification profile and chromosomal fragile sites proximal to the MYCN locus. Adapted from Helmsauer et 
al. (37).   
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MYCN amplicon in a copy-number dataset of 240 MYCN-amplified neuroblastomas. This revealed 

a highly asymmetric co-amplification pattern where a 290kb region downstream of MYCN was 

co-amplified with MYCN in 90% of cases (Fig. 2a). This pattern was robust across different 

experimental platforms (Affymetrix SNP array, Agilent aCGH platform, Illumina SNP array, 

NimbleGen aCGH platform), clinical variables (age, long-term survival), and genetic subtypes 

(17q gain, 1p loss; Fig. 2c-g). The amplification boundaries could not be accounted for by genomic 

fragile sites (Fig. 2h). However, taking the local enhancer landscape into consideration showed 

that the e4 enhancer was co-amplified with MYCN in 90% of cases (Fig. 2a,b), accounting for the 

asymmetric co-amplification pattern. Randomization analysis confirmed that this was 1.3-fold 

more than expected by a random distribution of amplicon boundaries around MYCN, establishing 

statistically significant co-amplification (empirical P=0.0003). This suggests a selective pressure 

to include certain enhancers, particularly e4, on the MYCN amplicon. 

 

We then examined the epigenetic characteristics of the e4 locus when it is co-amplified with 

MYCN using the neuroblastoma cell lines Kelly and NGP. ATAC-seq and ChIP-seq experiments 

showed that e4 was characterized by open chromatin and enhancer histone marks H3K27ac 

(histone H3 lysine residue 27 acetylation) and H3K4me1 (histone H3 lysine residue 4 

monomethylation) in this context (Fig. 3). Additionally, the locus spatially interacted with the 

MYCN gene as measured by MYCN promotor-anchored 4C-seq (Fig. 3), substantiating that e4 

retains the characteristics of an active enhancer in the context of amplification.  

 

With the vast majority but not all MYCN amplicons containing e4, we asked how the selective 

pressure to co-amplify this enhancer could be evaded in some cases. Analyzing copy number data 

showed that samples without e4 co-amplification were almost twice as likely to harbor additional 

non-contiguous amplified segments than samples with e4 co-amplification (66.7% vs. 35.7%, 

Fisher’s exact test P=0.003; Fig. 4), indicating more complex amplicon structures when the 

amplicon lacked the local enhancer. This led us to hypothesize that e4 loss can only result in a 

functional amplicon if other genomic regions are co-amplified and contribute distal enhancers to 

the amplicon. 

 

We, therefore, inspected the amplicon structure in two MYCN-amplified neuroblastoma cell lines 

that did not co-amplify the e4 enhancer. One of them, CHP-212, contained MYCN-ecDNA as 
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Figure 3 e4 is an active enhancer on the MYCN amplicon Copy number variation, ATAC-seq, H3K27ac 
and H3K4me1 ChIP-seq, and MYCN promoter-anchored 4C-seq signal for the neuroblastoma cell lines Kelly 
and NGP around the MYCN locus. Adapted from Helmsauer et al. (37).  

Figure 4 e4 loss is associated with more complex amplification Number of non-contiguously amplified 
genomic fragments depending on e4 coamplification status in a copy number dataset of 240 MYCN-amplfied 
neuroblastomas. Adapted from Helmsauer et al. (37). 
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indicated by FISH (Fig. 5a). The other one, IMR-5/75, contained MYCN-HSRs (Fig. 5b,c). We 

reconstructed the structures of both MYCN amplicons using structural variant and copy number 

analysis based on short-read whole-genome sequencing data (Fig. 6a, e). We also resolved both 

loci using de novo assembly of long-read Nanopore sequencing reads, validating our 

reconstructions (Fig. 6d, h). In IMR-5/75, we identified one complex amplicon structure common 

to all HSRs. It consisted of five distal fragments fused to the MYCN locus (Fig. 6a,b). This included 

a segment of the ALK gene containing a super-enhancer in MYCN-expressing cell lines which, like 

e4, was bound by CRC transcription factors in CLB-GA (Fig. 7a). In CHP-212, we also found that 

distal CRC-driven super-enhancers were juxtaposed with MYCN by structural variation on the 

amplicon (Fig. 6e,f). ATAC-seq and ChIP-seq showed that the super enhancers were highly 

accessible and marked by H3K27ac on both amplicons (Fig. 7a,b). Taken together, this suggests 

that enhancer hijacking can compensate for the loss of key local enhancers and underscores the 

relevance of CRC-driven enhancers in the formation of a functional MYCN amplicon. 

 

To examine the three-dimensional conformation of the CHP-212 and IMR-5/75 amplicons, we 

performed Hi-C and mapped Hi-C reads to the reconstructed amplicons (Fig. 6c, g). This validated 

the proposed amplicon structures showing no strong off-diagonal signal indicative of major 

structural rearrangements missing from the reconstructions. Corner signals supported circularity 

in CHP-212 and tandem duplication-like structure in IMR-5/75. Hi-C also revealed that 

topologically associated domains (TADs) formed both on ecDNA in CHP-212 and the HSRs in 

IMR-5/75. In particular, structural rearrangements led to the formation of new chromatin domains 

(neo-TADs) that brought the hijacked enhancers in close spatial proximity with the MYCN 

Figure 5 MYCN ecDNA and HSRs in CHP-212 and IMR-5/75 FISH for CHP-212 (a) and IMR-5/75 (b-c) 
metaphase spreads. MYCN probe in green, chromosome 2 centromere probe in red. Scale bars indicate 10µm. 
Adapted from Helmsauer et al. (37). 
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Figure 6 Reconstruction, epigenetic landscape and three-dimensional conformation of structurally 
complex amplicons a,e Reconstruction of the MYCN amplicon for IMR-5/75 (a) and CHP-212 (e) with Hi-C 
signal, virtual 4C-seq signal anchored at the MYCN locus (v4C), CTCF and H3K27ac ChIP-seq signal, copy 
number profile, and CRC-driven superenhancers (SE) for the genomic fragments forming the amplicon. b,f 
Schematics illustrating amplicon architectures in IMR-5/75 (b) and CHP-212 (f). c,g Mapping of Hi-C reads to 
the reconstructed IMR-5/75 (c) and CHP-212 (g) amplicons. d,h Mapping of de novo assembled IMR-5/75 (d) 
and CHP-212 (h) amplicons to the reference genome. Adapted from Helmsauer et al. (37).      
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Figure 7 New gene-regulatory neighborhoods on the MYCN amplicon Fragments forming neo-TADs 
around MYCN in IMR-5/75 (a) and CHP-212 (b) are depicted. Top to bottom: copy number variation, ATAC-
seq signal, H3K27ac, and H3K4me1, and CTCF ChIP-seq signal, CTCF binding motifs, Rad21 ChIP-seq 
signal, MYCN-anchored virtual 4C-seq signal (i.e. mean Knight-Ruiz normalized read counts anchored at 
chr2:16,075,000-16,085,000), aggregate H2K27ac ChIP-seq signal in MYCN-expressing non-amplified 
neuroblastoma cell lines, and ChIP-seq signal for three CRC transcription factors (GATA3, PHOX2B, and 
HAND2) in CLB-GA. Neo-TAD insulators are marked by an asterisk. Adapted from Helmsauer et al. (37).   
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promoter. The boundaries of these chromatin domains were marked by CTCF ChIP-seq peaks 

(Fig. 7a, b). Notably, these insulator elements originated from distal parts of the genome, different 

from the MYCN locus and the super enhancer loci. This illustrated that not only enhancers but also 

other gene regulatory elements were hijacked to form new oncogene-driving chromatin domains. 

More generally, both ecDNA and HSRs adhered to basic rules of chromatin topology likely 

contributing to MYCN expression in the context of amplification.  

 
Finally, we explored the clinical relevance of the contents of MYCN amplification in 

neuroblastoma. In line with previous analyses (75), we found that complex amplification, i.e. more 

than one contiguous amplified fragment in the reference genome, was associated with worse 

prognosis within MYCN-amplified neuroblastoma (Hazard Ratio 1.5, 95%-confidence interval 

[1.1-2], Log-Rank Test P=0.02; Fig. 8a). We did not find evidence that the presence or absence of 

e4 on the amplicon affected survival (Hazard Ratio 1.3, 95%-confidence interval [0.78-2.1], Log-

Rank Test P=0.34; Fig. 8d). However, some of the prognostic relevance of complex amplification 

likely stems from the co-amplification of specific oncogenes that define prognostic subgroups. 

ODC1 co-amplification, for instance, occurred in 9% of MYCN-amplified neuroblastomas and was 

significantly associated with worse prognosis within this group (Hazard Ratio 2.3, 95%-

confidence interval [1.4-3.7], Log-Rank Test P=0.0013; Fig. 8b). A similar, albeit not statistically 

significant, trend was observed for ALK co-amplification (5% of cases; Hazard Ratio 1.8, 95%-

confidence interval [0.94-3.4], Log-Rank Test P=0.073; Fig. 8c). Taken together, amplicon gene 

content correlated with clinical prognosis. Whether local or distal enhancers drove the amplified 

MYCN gene, however, was not clinically relevant. 

 

Figure 8 Prognostic relevance of amplicon architecture in MYCN-amplfied neuroblastoma Kaplan Meier 
plots for overall survival depending on a single- vs. multi-fragment amplification, b e4 enhancer co-
amplification, c ODC1 co-amplification, and d ALK co-amplification. P-values are based on the Log-Rank 
Test. Adapted from Helmsauer et al. (37).  
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3.2 Koche et al. Extrachromosomal circular DNA drives oncogenic genome remodeling in 

neuroblastoma 

 

In Koche et al. (38), we inspected whole-genome sequencing data for a cohort of 91 primary 

neuroblastomas to characterize genomic changes related to ecDNA. Here, structural variant 

analysis revealed a novel pattern of structural rearrangements defined by clusters of 

interchromosomal rearrangements. Each of these clusters connected one genomic region with loci 

on several other chromosomes (Fig. 9a). We identified this pattern in 28.5% (26/91) of 

neuroblastomas and also found clusters of interchromosomal rearrangements in 8.9% (49/546) of 

cases in an independently processed pediatric pan-cancer dataset (18), showing that the pattern 

can be found across pediatric cancers and is not specific to our method of structural variant 

analysis.  

Figure 9 Clusters of interchromosomal rearrangements a Exemplary Circos plot depicting 
interchromosomal structural rearrangements in one primary neuroblastoma (CB2013). A cluster of 
interchromosomal rearrangements at the MYCN locus with its associated rearrangements is marked in red. b 
Breakpoint distribution, cluster region, Circle-seq ecDNA calls, whole-genome sequencing ecDNA calls and 
copy number profile for the cluster of interchromosomal rearrangements in CB2013. c Genome-wide 
recurrence of clusters of interchromosomal rearrangements in 91 primary neuroblastomas. Adapted from 
Koche et al. (38).   



 32 

The clusters recurrently originated in the vicinity of amplified oncogenes like MYCN or MDM2 

(Fig. 9b,c), raising the question whether they were associated with ecDNA. We therefore 

integrated clusters of interchromosomal rearrangements with Circle-seq data, a method to enrich 

for extrachromosomal circular DNA using exonuclease treatment and rolling circle amplification 

before sequencing (Fig. 9b). 5 out of 6 clusters in patients, for which matching Circle-seq data was 

available, overlapped with Circle-seq-defined ecDNA. The proportional overlap of clusters and 

Circle-seq defined ecDNA was significantly higher than expected by chance (empirical P=9.995e-

4). HSRs are rare in primary neuroblastoma, with FISH indicating that 89.5% (17/19) of MYCN 

amplification occurred as ecDNA in our cohort. Therefore, we also called potential ecDNA from 

whole-genome sequencing data for the whole cohort. Again, we found significant overlap between 

ecDNA and clusters of interchromosomal rearrangements (empirical P=9.995e-4). With ecDNA 

as the origin of many clusters of interchromosomal rearrangements, some of the rearrangements 

might represent ecDNA containing fragments from different parts of the genome. Other 

rearrangements could arise from the integration of ecDNA into chromosomal loci, raising the 

question of the functional consequences of cluster-associated rearrangements.  

 

We therefore investigated the partner sites of clustered rearrangements, i.e. the breakpoint partners 

distal to the cluster region. Across the whole cohort, we found that partner sites were significantly 

enriched in the vicinity of cancer-relevant genes (empirical P=0.033) and tumor suppressor genes 

(empirical P=0.033) as defined by the COSMIC gene census (72). In one tumor, for instance, we 

identified a potential integration of MYCN-containing ecDNA into the chromosomal DCLK1 

locus. We validated this integration using PCR, Sanger sequencing, and visual inspection of 

breakpoint-spanning reads (Fig. 10a). Matching RNA-seq data showed that the integration went 

along with the disruption of DCLK1 expression in this tumor (Fig. 10b). With DCLK1-knockdown 

increasing clonogenicity of the Kelly neuroblastoma cell line in at least one RNA interference 

experiment (Fig. 10c), ecDNA integration could have been a cancer-driving event in this tumor. 

In addition to gene disruption, we also found upregulation of gene expression in the vicinity of 

rearrangement target sites, in some cases affecting oncogenes like TERT (Fig. 10d), which could 

be due to co-amplification of genes on complex ecDNA or ecDNA-derived enhancers driving 

chromosomal genes in the vicinity of an integration site. 
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Figure 10 Clusters of interchromosomal rearrangements are associated with altered gene expression       
a A case of ecDNA re-integration in one primary neuroblastoma (CB2013). Parts of a MYCN ecDNA (red) 
have been integrated into the DCLK1 locus on chromosome 13 (purple). Split-read support of the re-integration 
and its validation through Sanger sequencing are depicted below. b Expression of DCLK1 and other genes 
around the re-integration site (dashed line) for CB2013 relative to the other neuroblastomas in the cohort.           
c Clonogenicity, quantified as percent surface coverage of the cell culture plate, after experimental knockdown 
of DCLK1 using RNA interference in the Kelly cell line. P-values based on Student’s t-test. d Gene expression 
in the vicinity of another partner site of a clustered rearrangement distal to the cluster region in another primary 
neuroblastoma. The expression of nearby genes, including TERT, is quantified relative to other neuroblastomas 
in the cohort. Adapted from Koche et al. (38).   
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Tumors whose ecDNA is involved in genome remodeling through clusters of interchromosomal 

rearrangements, might possess an additional mechanism of genome remodeling and might 

therefore be able to adapt more readily to changing environments, resulting in worse clinical 

outcomes. Indeed, across our entire cohort, clusters of interchromosomal rearrangements were 

associated with clearly worse clinical prognosis (Fig. 11a). Crucially, this prognostic relevance 

also holds within MYCN-amplified neuroblastoma (Fig. 11b) providing one possible explanation 

for clinical heterogeneity within this subgroup which previously could not be genetically 

accounted for.  

 

3.3 Hung et al. ecDNA hubs drive cooperative intermolecular oncogene expression 

 

How ecDNA organizes in the nucleus to enable strong and stable expression of oncogenes has 

been hardly understood. In Hung et al. (39), FISH targeting ecDNA in cell lines and primary 

tumors revealed that ecDNA is not uniformly distributed in the nucleus but clusters together in 

ecDNA hubs. Hub formation shown to drive oncogene expression and could be disrupted by 

treatment with the bromodomain inhibitor JQ1. In SNU16, a gastric cancer cell line that harbors 

independent MYC- and FGFR2-ecDNA, interfering with enhancer activity on FGFR2-ecDNA 

using CRISPR interference led to decreased expression of MYC. Further analysis showed that this 

effect was unlikely to be mediated by decreased FGFR2 expression because experimentally 

lowering FGFR2 expression did not lower MYC expression. This suggests that enhancers on 

FGFR2-ecDNA potentially activate MYC through intermolecular in trans contacts within ecDNA 

hubs. As these experiments were unrelated to the author’s contributions, we refer to the enclosed 

publication (39) for a detailed account of the findings.  

Figure 11 Clusters of interchromosomal rearrangements are associated with poor prognosis Kaplan-Meier 
plots for overall survival depending on a the presence of clusters of interchromosomal rearrangements across 
the entire cohort and b the presence of clusters of interchromosomal rearrangements at the MYCN locus for 
MYCN-amplified neuroblastomas. P-values are based on the log-rank test. Adapted from Koche et al. (38).   
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Figure 12 Four independent amplicons in the TR-14 cell line a Amplicon reconstruction, Nanopore whole 
genome sequencing-based structural variants (size >10kb, >20 supporting reads), short-read copy number 
profile and short-read coverage, and selected genes for the MYCN-amplified neuroblastoma cell line TR-14. b 
Number of variant-supporting reads and c estimated allele frequency for inter-amplicon structural variants 
identified in Nanopore whole-genome sequencing data. Adapted from Hung et al. (39).  
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Figure 13 In trans inter-amplicon interaction a Mapping of Hi-C reads to the reconstructed amplicons. 
Arrows mark a potential spatial in trans interaction between the MYCN and ODC1 amplicon. b Hi-C in trans 
interaction between loci on the MYCN amplicon (vertical) and the ODC1 amplicon (horizontal), see arrow-
marked interaction above. Corresponding H3K27ac ChIP-seq tracks (H3K27ac  FC, H3K27ac ChIP-seq fold-
change over input) are depicted in orange, whole-genome sequencing coverage in gray. c Left: Boxplots of Hi-
C in trans interaction (KR-normalized counts in 5kb bins) depending on the H3K27ac status of both involved 
loci. H3K27ac 3-fold change over input was chosen to dichotomize bins into H3K27ac High vs. Low. 
N=114,636 H3K27ac Low+Low pairs, N=11,990 H3K27ac High+Low pairs, N=296 H3K27ac High+High 
pairs. Right: In trans interaction by H3K27ac status and amplicon pair. Means and 95% confidence intervals 
are depicted. Adapted from Hung et al. (39). 
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Our contribution to Hung et al. (39) consisted of the characterization of such in trans interactions 

in the neuroblastoma cell line TR-14. We acquired short-read and long-read whole-genome 

sequencing to reconstruct the genome-wide landscape of amplification (Fig. 12a). This way, we 

identified four independent circular amplicons harboring the neuroblastoma oncogenes MYCN, 

CDK4, MDM2, and ODC1 (Fig. 12a). Interestingly, we found two different types of MYCN 

amplicons: Most MYCN copies were located on an amplicon joining four fragments from across 

chromosome 2 (“MYCN amplicon”). A minority of MYCN amplicons, however, was structurally 

different: It contained two copies of the MYCN locus and two additional fragments of chromosome 

12, including the CDK4 oncogene (“MYCN/CDK4 amplicon”; Fig. 12a). We then acquired Hi-C 

data which validated the reconstruction and confirmed that both MYCN amplicons are structurally 

independent (Fig. 13a). This demonstrates that diverse populations of amplicons can exist within 

the same cell line, including different types of MYCN amplicons. 

 

With a population of several distinct amplicons, we asked whether small subpopulations of fused 

amplicons existed. To this end, we used long read-based structural variant analysis to search for 

amplicon-connecting rearrangements. Among all pairs of amplicons, we identified only one 

breakpoint connecting the MYCN and the MDM2 amplicon. This breakpoint was supported by the 

minimal number of only three variant-supporting reads, resulting in a locally estimated allele 

frequency of 19% (Fig. 12b,c). We therefore cannot rule out that a small number of MYCN and 

MDM2 copies might be located on fused amplicons. For all other amplicons, however, we did not 

find such evidence for subpopulations of directly fused amplicons through amplicon-connecting 

structural variants.  

 

This allowed us to use TR-14 as a model system to investigate in trans interaction between 

different amplicons. Using Hi-C, we found evidence for in trans interactions between loci on 

different amplicons (Fig. 13a). Integrating H3K27ac ChIP-seq data, we showed that this included 

an interaction between a strong enhancer on the MYCN amplicon and the gene- and enhancer-rich 

HPCAL1/ODC1 locus on the ODC1 amplicon (Fig. 13a,b). Across amplicons, pairs of loci that 

were both characterized by high H3K27ac signal were more prone to interact in trans than other 

pairs of loci (Welch two sample t-test P=7.031e-15; Fig. 13c). Taken together, this suggests that 

individual copies of amplified genomic material organize in localized hubs in the nucleus. This 

creates opportunities for in trans interactions between amplified enhancers and genes, potentially 

contributing to the excessive transcription of oncogenes from ecDNA. 
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4 Discussion  

 

Here, we first describe enhancer co-amplification as a determinant of the non-coding contents of 

MYCN amplification in neuroblastoma. We find that complex amplification structure is in part due 

to enhancer hijacking that drives the amplified oncogene and creates new chromatin domains on 

extrachromosomal and intrachromosomal amplicons. Second, we identify clustered 

interchromosomal rearrangements around amplified oncogenes and propose that these reflect 

complex ecDNA structure or ecDNA re-integration into chromosomal loci, contributing to local 

gene overexpression or disruption. Third, we show that ecDNA organizes as hubs in the nucleus 

contributing to oncogene overexpression. Specifically, we describe how hub formation allows for 

in trans enhancer contacts between ecDNA elements. 

 

Cancer genomes are characterized by highly rearranged haplotypes formed by multiple structural 

variants at once. Until recently, however, cancer genomics has largely been limited to inspecting 

individual chromosomal breakpoints in isolation. This hampered the investigation of the chromatin 

landscape and three-dimensional conformation of complex genomic loci in cancer. In Helmsauer 

et al. (37) and Hung et al. (39), we leverage breakpoint read support and surrounding copy number 

to integrate several breakpoints and resolve the coarse structure of such loci, similar to other recent 

approaches (24, 60, 76-78). Validation using Hi-C showed that our method yields correct 

reconstructions. In parts, such robustness is achieved by adjustment of algorithm parameters to the 

coverage and noise levels of different datasets. Other approaches to amplicon reconstruction, like 

Episomizer (78), have relied on similar sample-level adjustments. As the main limitation, 

however, such tuning does not scale well to high sample numbers. AmpliconArchitect (24) or 

JaBbA (60) address this challenge by statistically inferring haplotypes but can be quickly led astray 

by false-negative or false-positive structural variant calling. In conjunction with orthogonal 

validation using optical mapping (79) or Hi-C, however, we think that such approaches will enable 

large scale characterization of cancer haplotypes in the future. Our work also demonstrates how 

long-read sequencing and de novo assembly can be used to investigate amplicon sequences. This 

does not only avoid the high false positive and false negative rates of short-read sequencing-based 

structural variant analysis. Assembly-based approaches can also be successful where short-read 

sequencing yields ambiguous reconstructions or where amplicons harbor non-reference sequence 

(e.g. co-amplified viral sequences as reported in (24)). We expect that breakpoint-based locus 
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reconstruction and long read-based locus assembly will benefit the investigation of complex loci 

in cancer genomes in the future. 

 

Building on amplicon reconstruction and large-scale copy number data sets, we identify enhancer 

co-amplification as a major principle governing the extent of MYCN amplification. Shortly before 

the publication of our findings, Morton et al. (80) also found asymmetric co-amplification patterns 

across different oncogenes and cancer entities, including EGFR in glioblastoma and MYCN in 

Wilms’ tumor and neuroblastoma. Crucially, Morton et al. (80) provide experimental evidence for 

the role of amplicon enhancers: Repressing co-amplified EGFR enhancers in glioblastoma cell 

lines by CRISPR interference reduced EGFR expression and cell proliferation. Recently, similar 

experimental evidence has been reported for SOX2 amplification in squamous cancers by Liu et 

al. (81). In contrast to Morton et al. (80) and Liu et al. (81), we show that local enhancers are 

sometimes replaced by distal enhancers on the amplicon. In our model, simple amplification must 

include local enhancers whereas the loss of local enhancers requires enhancer hijacking to form 

functioning amplicons. Dubois et al. (82) have just corroborated such a model in pediatric high-

grade glioma showing that amplified MYCN frequently hijacks a strong ID2-associated ectopic 

enhancer, forming a complex amplicon that includes only small parts of the MYCN neighborhood. 

If the ectopic enhancer is not included, however, amplification includes much larger parts of the 

local TAD, including several local enhancers. Overall, these data provide strong evidence for 

enhancer co-amplification as a principle behind the non-coding contents of amplification. 

 

The enhancer content, abundance, and individual redundance of ecDNA made us speculate about 

ecDNA as building blocks for genome remodeling. It is well known that ecDNA integrates into 

chromosomes forming HSRs which is commonly regarded as stabilizing copy number across cells 

in the context of a stable cellular environment (31). However, this cannot explain why amplified 

oncogenes are sometimes found at multiple loci scattered throughout the genome as multiple HSRs 

(32, 83) or as a non-canonical form of amplification termed ‘jumping translocations’ (84). Our 

findings explain such phenomena in terms of tumor evolution: following ecDNA integration, 

genes at the integration sites can be disrupted and genes in the neighborhood can be activated by 

ecDNA-derived gene-regulatory elements. Our work is limited to a single sample per tumor, but 

we hypothesize that future data (e.g. multi-region sequencing or primary vs. relapse samples) will 

demonstrate ongoing ecDNA integration during tumor evolution. We expect that further research 

will also identify the underlying molecular mechanisms of ecDNA integration and its exact genetic 

and epigenetic consequences.  
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In our work, we find that certain basic rules of chromatin topology also apply to ecDNA and HSRs: 

In line with recent work by Wu et al. (85), we confirm that TADs form on ecDNA. In addition, 

we show that this is also true for HSRs, even though HSRs differ from chromosomal chromatin 

by losing territoriality and forming abnormally large intranuclear structures (86). Our work in 

Hung et al. (39), however, uncovers how ecDNA might differ from the chromosomal genome, 

providing evidence that ecDNA enhancers engage in in trans chromatin interactions. 

Simultaneously with our findings, Yi et al. (87) describe ecDNA hubs, independently validating 

this concept using CRISPR-based tagging of ecDNA and live-cell imaging. They then use 

immunostaining to show that ecDNA hubs co-localize with RNA polymerase II and significantly 

overlap with PML and Cajal bodies in the nucleus, indicative of transcriptional activity. This work 

is complemented by Zhu et al. (88) who identify enriched in trans interaction between enhancers 

on ecDNA and chromosomal loci based on ChIA-PET and ChIA-Drop. This leads them to propose 

a model of ecDNA as ‘mobile enhancers’. This way, ecDNA could potentially affect chromosomal 

transcription and drive oncogenic expression programs. Such a model also offers an elegant 

explanation as to why a recent pan-cancer analysis identified amplicons that included enhancer 

regions but lacked any protein-coding genes (88, 89). We think that there is emerging evidence 

for a role of in trans interaction and hub formation in the nuclear organization of ecDNA. 

Understanding the underlying mechanisms might pave the way to ecDNA-directed therapy in the 

future.  

 

Our results in all three publications are based on epigenomic and genomic data of primary tumors 

and cell lines. One shared limitation of these findings is their reliance on correlational evidence. 

This is mainly due to a current lack of experimental models for extra- and intrachromosomal 

amplification, ecDNA integration and complex circle formation. Whereas single-nucleotide 

variants, deletions, inversions, or translocations can be engineered experimentally (90), this is far 

from trivial for amplifications. In specific cell lines, it has been shown that DHFR or BRAF 

amplification can be induced through treatment with methotrexate or vemurafenib/selumetinib 

respectively (26, 31). Although such approaches lead to ecDNA or HSR formation, they remain 

limited to single genes and do not offer experimental control over the copy number, contents, or 

structure of amplification. Recently, it has been shown that chromatin circularization can be 

experimentally induced by simultaneously targeting the boundaries of a chromosomal region using 

CRISPR/Cas9 (91). So far, however, no successful models of oncogene amplification based on 

this method have been reported. Once established, such an experimental strategy can not only 
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benefit the understanding of basic ecDNA biology. It might also allow to engineer more realistic 

cancer models. Genetically engineered mouse models of oncogene amplification typically rely on 

an overexpressed transgene that has been integrated into a chromosomal locus. This is in stark 

contrast to the actual biology of oncogene amplification. Such models do not, for instance, 

recapitulate gene regulatory factors acting upon the overexpressed gene. Furthermore, they do not 

adequately account for copy number heterogeneity, chromosomal integration, or ecDNA hub 

formation. Combining emerging experimental strategies with our findings on the architectural 

principles behind ecDNA structure might allow to engineer ecDNA in the future. This could be 

one step towards more realistic preclinical cancer models. 

 

We hope that a better understanding of amplicon structure and function will also translate into 

diagnostic and therapeutic applications. Recently, it has been reported that complex amplification 

patterns are associated with particularly aggressive MYCN-amplified neuroblastoma (75). Our 

work extends this finding by demonstrating the prognostic relevance of clusters of 

interchromosomal rearrangements and of the co-amplification of specific oncogenes. Both 

findings are based on the explorative analysis of existing data. Validation by independent, larger, 

and prospective cohorts is needed. However, we hope that such genetic markers of ultra-high-risk 

disease can one day help guide differentiated treatment of MYCN-amplified neuroblastoma. 

 

Amplicon architecture might also play a role in disease monitoring. Minimal residual disease 

(MRD) detection based on genomic breakpoints is already an invaluable tool guiding clinical 

decision-making in several hematologic malignancies. Neuroblastoma often relapses in the bone 

marrow which can be surveilled for MRD. Our work illustrates that MYCN amplification is 

structurally complex, with at least one breakpoint at the ecDNA circle junction but often many 

more. We demonstrate how reconstructing the amplicon can identify a set of linked genomic 

breakpoints likely formed during amplicon formation which are therefore shared among most 

copies. As neuroblastoma typically relies on sustained MYCN overexpression (9, 10), the MYCN 

amplicon is unlikely to be lost during tumor evolution although exact data on this is missing. While 

the amplicon could in principle get rearranged over time and acquire additional breakpoints, it is 

also unlikely that all breakpoints get lost through local deletions over time. This makes amplicon 

breakpoints promising targets for MRD detection in neuroblastoma, an approach that our group is 

currently evaluating clinically (Szymansky et al., in preparation). As amplicon breakpoints are one 

to two orders of magnitude more abundant than single-copy genomic mutations, they might also 

be particularly suitable targets for MRD detection from liquid biopsies (blood, cerebrospinal fluid, 
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…). This could extend MRD surveillance to a broad range of non-hematologic malignancies in the 

future. 

 

We and others have shown that ecDNA drives aberrant oncogene expression, can rapidly change 

in copy number, participate in genome remodeling, and transform into intrachromosomal 

amplification forming HSRs. This confers adaptive advantages during tumor evolution. Whether 

and how ecDNA also leads to specific therapeutic vulnerabilities remains one of the major 

questions in the field. Our findings on the sensitivity of ecDNA-containing cells to JQ1 in Hung 

et al. (39) are a first hint that some vulnerabilities might be related to the nuclear organization of 

ecDNA. Other vulnerabilities might result from the specific ecDNA content. Genes that are co-

amplified with the oncogene itself, e.g., because they are close to one of the co-amplified 

enhancers, might confer a phenotype that can be therapeutically exploited as recently proposed by 

our group (92). Other therapeutic opportunities might arise from more general features of ecDNA. 

For instance, it has been found that ecDNA is prone to be included in micronuclei (26, 93, 94) 

which are relatively unstable and have been shown to stimulate cytoplasmic DNA sensing, e.g. by 

the cGAS/STING pathway (95). ecDNA-containing tumors have likely evolved to bypass such 

systems. It is tempting to speculate that this might render them particularly vulnerable to specific 

interventions, e. g. oncolytic virus therapy, or to a re-instantiation of cytoplasmic DNA sensing 

pathways. In parallel to the investigation of mechanistically plausible vulnerabilities, ecDNA- vs. 

HSR-specific vulnerabilities might also be exposed through genetic and pharmacological screens 

of known ecDNA- and HSR-containing cell lines. Screens can be performed in established models 

of intra- and extrachromosomal amplification, but existing pharmacogenomic databases (e.g. (96)) 

can also be leveraged by using metaphase FISH to annotate ecDNA and HSR content in 

pharmacologically characterized cell lines. We envision that such complementary approaches will 

pave the way for ecDNA- and HSR-directed therapeutics in the years to come. 
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Enhancer hijacking determines extrachromosomal
circular MYCN amplicon architecture in
neuroblastoma
Konstantin Helmsauer 1,14, Maria E. Valieva 2,3,14, Salaheddine Ali 2,3,4,14, Rocío Chamorro González 1,
Robert Schöpflin2,3, Claudia Röefzaad5, Yi Bei 1, Heathcliff Dorado Garcia 1, Elias Rodriguez-Fos 6,
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Angelika Eggert1,7,9, Johannes H. Schulte 1,7,9, Stefan Mundlos2,3,4,15, Anton G. Henssen 1,5,7,9,15✉ &

Richard P. Koche 9,13,15✉

MYCN amplification drives one in six cases of neuroblastoma. The supernumerary gene

copies are commonly found on highly rearranged, extrachromosomal circular DNA (ecDNA).

The exact amplicon structure has not been described thus far and the functional relevance of

its rearrangements is unknown. Here, we analyze the MYCN amplicon structure using short-

read and Nanopore sequencing and its chromatin landscape using ChIP-seq, ATAC-seq and

Hi-C. This reveals two distinct classes of amplicons which explain the regulatory require-

ments for MYCN overexpression. The first class always co-amplifies a proximal enhancer

driven by the noradrenergic core regulatory circuit (CRC). The second class of MYCN

amplicons is characterized by high structural complexity, lacks key local enhancers, and

instead contains distal chromosomal fragments harboring CRC-driven enhancers. Thus,

ectopic enhancer hijacking can compensate for the loss of local gene regulatory elements and

explains a large component of the structural diversity observed in MYCN amplification.
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Oncogene amplification is a hallmark of cancer genomes. It
leads to excessive proto-oncogene overexpression and is a
key driver of oncogenesis. The supernumerary gene

copies come in two forms: (i) self-repeating arrays on a chro-
mosome (homogeneously staining regions, HSR) and (ii) many
individual circular DNA molecules (extrachromosomal DNA,
ecDNA, alias double minute chromosomes, dmin)1. EcDNA can
arise during genome reshuffling events like chromothripsis and
are subsequently amplified2,3. This partially explains why ecDNA
can consist of several coding and non-coding distal parts of one
or more chromosomes4. Over time, amplified DNA acquires
additional internal rearrangements as well as coding mutations,
which can confer adaptive advantages such as resistance to tar-
geted therapy5–7. EcDNA reintegration into chromosomes can
lead to intrachromosomal amplification as HSRs8,9 and act as a
general driver of genome remodeling10. Our knowledge of the
functional relevance of non-coding regions co-amplified on
ecDNA, however, is currently limited.

MYCN amplification is a prototypical example of a cancer-
driving amplification. The developmental transcription factor was
identified as the most commonly amplified gene in a recent
pediatric pan-cancer study11. Its most prominent role is in neu-
roblastoma, a pediatric malignancy of the sympathetic nervous
system. MYCN amplification characterizes one in six cases and
confers dismal prognosis12. In contrast to long-term survival of
more than 80% for non-amplified cases, 5-year overall survival is
as low as 32% for MYCN-amplified neuroblastoma12. In these
cases, MYCN amplification is likely an early driver of neuro-
blastoma formation. Indeed, MYCN overexpression is sufficient
to induce neuroblastic tumor formation in mice13,14. Despite its
central role in neuroblastoma biology, the epigenetic regulation of
MYCN is incompletely understood.

Recently, studies have identified a core regulatory circuit
(CRC) including half a dozen transcription factors that drive a
subset of neuroblastomas with noradrenergic cell identity,
including most MYCN-amplified cases15–18. The epigenetic
landscape around MYCN is less well characterized. In part, this is
due to the structural complexity of MYCN amplicons and diffi-
culties in interpreting epigenomic data in the presence of copy-

number variation. Recent evidence has emerged suggesting that
local enhancers may be required for proto-oncogene expression
on amplicons19. Structural rearrangements can also juxtapose
ectopic enhancers to proto-oncogenes and thereby drive aberrant
expression, a phenomenon known as enhancer hijacking in sev-
eral pediatric tumors20–24. Here, we seek out to identify key
regulatory elements near MYCN in neuroblastoma by integrating
short- and long-read genomic and epigenomic data from neu-
roblastoma cell lines and primary tumors. We investigate the
activity of regulatory elements in the context of MYCN amplifi-
cation and characterize the relationship between amplicon
structure and epigenetic regulation. This reveals the retention of
local CRC-driven enhancers on the MYCN amplicon in the
majority of cases. When such local elements are not co-amplified,
however, amplicons are structurally complex and distal elements
are combined to form novel gene-regulatory neighborhoods.

Results
Defining the local enhancer landscape of MYCN. Acetylation at
the 27th lysine residue of the histone H3 protein (H3K27ac)
characterizes active chromatin at promoters and enhancers25. In
order to identify candidate active regulatory elements near
MYCN, we examined public H3K27ac chromatin immunopreci-
pitation and sequencing (ChIP-seq) and RNA sequencing (RNA-
seq) data from 25 neuroblastoma cell lines15. ChIP-seq data for
amplified genomic regions are characterized by a very low signal-
to-noise ratio, which has complicated their interpretation in the
past16. We therefore focused our analysis on 12 cell lines lacking
MYCN amplifications but expressing MYCN at different levels,
allowing for the identification of MYCN-driving enhancers in
neuroblastoma. Comparison of composite H3K27ac signals of
MYCN-expressing vs. non-expressing cell lines identified at least
five putative enhancer elements (e1–e5) that were exclusively
present in the vicinity of MYCN in cells expressing MYCN, thus
likely contributing to MYCN regulation (Fig. 1 and Supplemen-
tary Fig. 1a). Consistent with differential RNA expression, a
strong differential H3K27ac peak was identified spanning the
MYCN promoter and gene body (MYCNp; Fig. 1). The identified
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enhancers were not active in developmental precursor cells such
as embryonic stem cells, neuroectodermal cells, neural crest cells,
or fetal adrenal cells (Supplementary Fig. 1b), suggesting these
enhancers were specific for later stages of sympathetic nervous
system development or neuroblastoma. Transcription factor
ChIP-seq in MYCN-expressing cells confirmed that four of the
enhancers (e1, e2, e4, and e5) were bound by each of three
noradrenergic neuroblastoma core regulatory circuit transcription
factors (PHOX2B, HAND2, GATA3; Fig. 1b). All but enhancer e3
harbored binding motifs for the remaining members of the CRC
(ISL1, TBX2, ASCL1; Supplementary Fig. 1c) for which ChIP-seq
data were unavailable. Additionally, all enhancers contained
binding motifs for TEAD4, a transcription factor implicated in a
positive feedback loop with MYCN in MYCN-amplified neuro-
blastoma26. Two of the enhancers (e1 and e2) also harbored
canonical E-boxes, suggesting binding of MYCN at its own
enhancers (Supplementary Fig. 1c). Taken together, a common
set of CRC-driven enhancers is found uniquely in MYCN-
expressing neuroblastoma cells, indicating that MYCN expression
is regulated by the CRC.

Enhancer selection explains MYCN amplicon boundaries.
MYCN is expressed at the highest levels in neuroblastomas har-
boring MYCN amplifications, with a strong effect of genomic
copy number on expression levels (Supplementary Fig. 1d, e). It is
unclear, however, to what extent enhancers are required for
sustained MYCN expression on MYCN-containing amplicons. To
address this, we mapped amplified genomic regions in a meta-
dataset of copy-number variation in 240 MYCN-amplified neu-
roblastomas27. This revealed an asymmetric pattern of MYCN
amplification (Fig. 2a and Supplementary Fig. 2). Intriguingly, a
290 kb region downstream of MYCN was co-amplified in more
than 90% of neuroblastomas, suggesting that MYCN amplicon
boundaries were not randomly distributed, which is in line with

recent reports using a smaller tumor cohort19. Notably, the
consensus amplicon boundaries did not overlap with common
fragile sites (Supplementary Fig. 2g), challenging a previous
association found in 24 neuroblastoma cell lines and tumors28.
Regions of increased chromosomal instability alone are therefore
unlikely to explain amplicon boundaries. Strikingly, several
MYCN-specific enhancers were found to be commonly co-
amplified (Fig. 2b). The distal MYCN-specific CRC-driven
enhancer, e4, was part of the consensus amplicon region in
90% of cases. Randomizing amplicon boundaries around MYCN
showed that e4 co-amplification was significantly enriched on
MYCN amplicons (empirical P= 0.0003). Co-amplification fre-
quency quickly dropped downstream of e4, suggesting that
MYCN-specific, CRC-driven enhancers are a determinant of
MYCN amplicon structure and may be required for MYCN
expression, even in the context of high-level amplification.

Considering that MYCN is amplified in many pediatric cancer
entities that differ in chromatin landscape, we hypothesized that
MYCN amplicon structure should also differ between cancer
entities. To test this, we inspected the amplicon architecture in a
cohort of sonic hedgehog-driven medulloblastomas (SHH-MB)
and Group 4 medulloblastomas (GROUP4-MB)29, which often
harbor MYCN amplifications and are commonly thought to
originate from different precursor cell types30. In line with our
model of tissue-specific enhancer co-amplification, MYCN
amplicon structure differed between medulloblastomas and
neuroblastomas (Supplementary Fig. 3a). MYCN amplicon
distributions also differed between SHH-MB and GROUP4-MB
(Supplementary Fig. 3b). A SHH-MB-specific super-enhancer
(SE) > 350 kb downstream of MYCN was co-amplified in 8/9
cases, indicating selection. GROUP4-MB lack MYCN-driving SEs
and are characterized by several enhancers close to MYCN. At
least one of these local enhancers was co-amplified in 11/12 cases.
Thus, tissue-specific enhancers are a determinant of MYCN
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amplicon structure and may be required for MYCN expression in
various tumor entities.

Distal super-enhancer co-amplification with MYCN. We and
others have previously described chimeric MYCN amplicons10
containing distal chromosomal fragments. We therefore system-
atically inspected MYCN-distal regions on chromosome 2 for
signs of co-amplification. Distinct regions were statistically enri-
ched for co-amplification with MYCN (Fig. 2c). In line with
previous reports31, significant co-amplification of 19 protein-
coding genes, including known neuroblastoma drivers such as
ODC1, GREB1, and ALK occurred in MYCN-amplified neuro-
blastoma. Notably, co-amplification of distal CRC-driven SEs
occurred in 23.3% of samples. Seven specific CRC-driven SEs
were significantly co-amplified more often than expected by
chance. Most of these SEs were found in gene-rich regions,
making it difficult to discern whether genes or regulatory ele-
ments were driving co-amplification. One significantly co-
amplified CRC-driven SE, however, was found in a gene-poor
region in 2p25.2, where most co-amplified segments did not
overlap protein-coding genes (Fig. 2c). This led us to ask whether
hijacking of such distal regulatory elements could explain co-
amplification with MYCN.

Enhancers remain functional on MYCN amplicons. Based on
our amplicon boundary analysis, two classes of MYCN amplicons
could be distinguished in neuroblastoma: (i) amplicons contain-
ing local MYCN-specific enhancers, including e4 (here referred to
as class I amplicons; Fig. 3a) and (ii) amplicons lacking local
MYCN-specific enhancers, and at least lacking e4 (referred to as
class II amplicons; Fig. 3b). To determine whether co-amplified
enhancers were active, we acquired genomic (long- and short-
read whole-genome sequencing) and epigenomic (Assay for
Transposase-Accessible Chromatin using sequencing, ATAC-seq,
and mono-methylation at the fourth lysine residue of the histone
H3, H3K4me1, and H3K27ac ChIP-seq) data for two neuro-
blastoma cell lines with class I amplicons (Kelly and NGP) and
two neuroblastoma cell lines with class II amplicons (IMR-5/75
and CHP-212). Notably, H3K27ac signal-to-noise ratio was lower
on MYCN amplicons than in non-amplified regions. While the
fraction of reads in peaks was similar across amplicons and
randomly drawn regions, we observed more peaks on the
amplicon than for non-amplified regions (Supplementary Fig. 4).
These peaks were characterized by a lower relative signal com-
pared to the amplicon background signal, indicating a larger
variety of active regulatory regions on differentMYCN amplicons.
Using nanopore long-read-based de novo assembly, we recon-
structed theMYCN neighborhood, confirming thatMYCN and e4
were not only co-amplified in class I amplicons, but also lacked
large rearrangements, which could preclude enhancer–promoter
interaction (Supplementary Figs. 5 and 6). Enhancer e4 was
characterized by increased chromatin accessibility and active
enhancer histone marks as determined by ATAC-seq, H3K4me1,
and H3K27ac ChIP-seq (Fig. 3c). Importantly, 4C chromatin
conformation capture analysis showed that e4 spatially interacted
with the MYCN promoter on the amplicon (Fig. 3c). Thus, e4
presents as a functional enhancer and appears to contribute to
MYCN expression, even in the context of class I MYCN
amplification.

Enhancer hijacking compensates for local enhancer loss. In
contrast to class I amplicons, class II amplicons lacked key local
enhancers and nevertheless expressed relatively high levels of
MYCN per gene copy, raising the possibility of alternative routes
of MYCN regulation (Supplementary Fig. 7). The lack of a strong

local regulatory element on class II amplicons and our observa-
tion of frequent co-amplification of distal SE (Fig. 2c) led us to
hypothesize that ectopic enhancers might be recruited to enable
MYCN expression in class II amplicons. In agreement with our
hypothesis, primary neuroblastomas with class II amplicons were
more likely to harbor complex amplifications containing more
than one amplified fragment in the genome (66.7% vs. 35.7%,
Fisher’s exact test P= 0.003; Fig. 3e). In this largely array-based
dataset, we cannot exclude fragments that are not structurally
fused to the MYCN locus. However, it is unlikely that highly
amplified loci have very similar copy number if they are not part
of a common amplicon. We therefore filtered for fragments with
highly similar copy number as MYCN (log ratio difference ≤0.1)
and again found increased amplicon complexity for class II (class
II 36.0% vs. class I 11.6%, Fisher’s exact test P= 0.003). All but
one class II amplicon co-amplified at least one CRC-driven
enhancer element distal of MYCN. Some of these enhancers were
recurrently found on class II amplicons, including an enhancer
1.2 Mb downstream of MYCN that was co-amplified in 20.8% (5/
24) of MYCN-amplified neuroblastomas, 2.1-fold higher than
expected for randomized amplicons that include MYCN but not
e4 (Fig. 3f). Thus, class II MYCN amplicons are characterized by
high structural complexity, allowing for the replacement of local
enhancers through hijacking of distal CRC-driven enhancers.

To determine the structure and epigenetic regulation of class II
amplicons in detail, we inspected long-read-based de novo
assemblies and short-read-based reconstructions of IMR-5/75
and CHP-212 MYCN amplicons. High-throughput chromosome
conformation capture (Hi-C) was performed and validated the
reconstructions, recapitulating the order and orientation of the
joined fragments. IMR-5/75 was characterized by a linear HSR
class II MYCN amplicon, not including e3–e5 (Fig. 3b).
Inspection of the IMR-5/75 MYCN amplicon structure revealed
that the amplicon consisted of six distant genomic regions, which
were joined together to form a large and complex chimeric
amplicon (Fig. 4a–d). One of the fragments was likely included as
a tandem duplication on the amplicon (Supplementary Fig. 8a).
In line with enhancer hijacking, a segment of ALK containing a
large SE, marked by H3K27ac and chromatin accessibility as
measured using ATAC-seq, was juxtaposed with MYCN on the
chimeric amplicon. Similar to e4, this enhancer was bound by
adrenergic CRC factors in non-amplified cells (Supplementary
Fig. 9a). In CHP-212, MYCN is amplified on ecDNA, as
confirmed by fluorescence in situ hybridization (Supplementary
Fig. 10). Both de novo assembly and short-read-based recon-
struction of the amplicon confirmed the circularMYCN amplicon
structure independently (Fig. 4f–h). Similar to IMR-5/75, distal
fragments containing CRC-driven SEs were joined to the MYCN
neighborhood (Fig. 4e, f and Supplementary Fig. 9b).

Neo-topologically associated domains (TADs) form on chi-
meric MYCN amplicons. To analyze the three-dimensional
conformation of circular and linear amplicons we mapped Hi-C
reads to the reconstructed amplicon (Fig. 4c, g). Notably, high-
frequency interactions in the corners of the maps opposite to the
main diagonal confirmed the circularity of CHP-212 amplicon
and tandem duplication-type amplification in IMR-5/75. On a
more local level, Hi-C can be used to characterize TADs, i.e.
regions of increased spatial interaction which contribute to gene
control and arise through chromatin loops anchored at CTCF-
marked insulator elements32. In IMR-5/75 and CHP-212, we
observed insulated TADs as in the rest of the genome, suggesting
that general rules of chromatin topology are retained on ecDNA
and HSRs. Due to the rearrangements in CHP-212, the MYCN
gene became part of a new chromatin domain (neo-TAD) where
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genes, enhancers, and insulators from distal parts of the genome
form a new spatially interacting neighborhood. MYCN itself was
located at the intersection of two smaller sub-TADs. The first
sub-TAD originated from the wild-type genome as an intact unit.
The second sub-TAD resulted from the fusion of theMYCN locus
with another region from a distal part of chromosome 2
(chr2:12.6–12.8 Mb) containing CRC-driven SEs (Fig. 4g and
Supplementary Fig. 9b). The fused segments were part of one
TAD and not separated by a boundary, which enables the
interaction ofMYCN with the ectopic SEs. A similar situation was
observed for the linear amplicon in IMR-5/75, where frequent
contacts between MYCN and SEs from the genomic regions
juxtaposed to MYCN, containing intronic parts of ALK, were

detected using Hi-C (Fig. 4c and Supplementary Figs. 8b and 9a).
Notably, hijacked SEs covered 46% and 44% of the neo-TAD for
IMR-5/75 and CHP-212, respectively. In both cell lines, addi-
tional fragments of chromosome 2 were fused to the SE-
containing region. These contained neo-TAD boundaries as
determined by Hi-C (Fig. 4d, g). All neo-TAD boundaries were
marked by CTCF ChIP-seq peaks, with canonical
forward–reverse motif orientations in IMR-5/75 (Supplementary
Fig. 9a). In CHP-212, no unambiguous CTCF motif orientations
at the downstream neo-TAD border were identified (Supple-
mentary Fig. 9b). In both cases, however, the new insulators
originated from genomic locations other than the MYCN frag-
ment and the SE-containing fragments. In addition to the
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observed TAD structures, weaker off-diagonal interactions were
visible, suggesting a heterogeneous group of structurally different
variants of the original amplicon. Nevertheless, the TAD struc-
ture, boundaries, and loops were clearly visible on the recon-
structed Hi-C map (Fig. 4c). Thus, hijacking of ectopic enhancers

and insulators can compensate for the loss of endogenous reg-
ulatory elements on intra- and extrachromosomal circular class II
MYCN amplicons via the formation of neo-TADs, which may
explain the higher structural complexity of MYCN amplicons
lacking endogenous enhancers.

b

c

e f

g

MYCN
GREB1

TRIB2
SE

neo-TAD

20

30

40

50

60

70

De novo assembled
sequence (Mb)

C
hr

om
os

om
e 

2 
(M

b)

0 1 2 3

12

13

14

15

16

0 0.5 1 1.5

De novo assembled
sequence (Mb)

C
hr

om
os

om
e 

2 
(M

b)

11
.5 

Mb

13
.0 

Mb

15
.0 

Mb

15
.1 

Mb

15
.6 

Mb

16
.3 

Mb

MYCNTRIB2GREB1

0

200

0

20
0

50
0

0.5

0

8

15

v4C
(MYCN)

CTCF

H3K27ac

Amplicon
reconstruction

Copy number

CRC-driven SE

MYCN

ALK
SE

......

Neo-TAD

Chromosome 2

hsr

Norm.
Read cov. 

Read 
density
Read 
density

Copy
number

Genes

Chromosome 2

Chromosome 2

MYCN

ALK
Genes

e1 e2MYCN enhancers
CRC−driven SE
Fragments

15
.2 

Mb

53
.6 

Mb

29
.9 

Mb

66
.7 

Mb

69
.1 

Mb

14
.7 

Mb

16
.1 

Mb

53
.4 

Mb

29
.7 

Mb

67
.6 

Mb

69
.4 

Mb

15
.2 

Mb

a

v4C
(MYCN)

CTCF

H3K27ac

Amplicon
reconstruction

Copy number

CRC-driven SE

ALK MEIS1MYCNNBAS

DDX1

0
200
400

0

100
0

20
0

5

0

12

24

17
.3 

Mb

17
.4 

Mb

29
.5 

Mb

30
.0 

Mb

53
.3 

Mb

53
.7 

Mb

66
.7 

Mb

67
.8 

Mb

69
.1 

Mb

70
.0 

Mb

14
.5 

Mb

16
.2 

Mb

Chromosome 2

Genes

Norm.
Read cov.

Read 
density
Read 
density

Copy
Number

d

MYCN
Genes

e1 e2e3
MYCN enhancers
CRC-driven SE

15
.7 

Mb

12
.6 

Mb

11
.9 

Mb

11
.7 

Mb

12
.8 

Mb

16
.2 

Mb

12
.8 

Mb

12
.6 

Mb

11
.9 

Mb

12
.9 

Mb
Fragments

Neo-TAD h

LPIN1 DDX1

Fig. 4 Reconstruction and epigenetic markup of class II MYCN amplicons. a, e Short-read-based reconstruction and epigenomic characterization of the
MYCN amplicon in IMR-5/75 (a) and CHP-212 (e) cells. Top to bottom: Hi-C map (color indicating Knight–Ruiz normalized read counts in 25 kb bins),
virtual 4C (MYCN viewpoint, v4C), CTCF ChIP-seq, H3K27Ac ChIP-seq, Amplicon reconstruction, copy-number profile, super-enhancer locations (yellow),
gene positions (blue). b, f Schematic representation of the class II amplicon described in a, e, showing ectopic enhancers and insulator reshuffling leading
to locally disrupted regulatory neighborhoods on the HSR in IMR-5/75 (b) and on ecDNA in CHP-212 (f). c, g Alignment of Hi-C reads to the reconstructed
MYCN amplicon in IMR-5/75 (c) and CHP-212 (g) and positions of genes, local MYCN enhancers and CRC-driven super-enhancers on the amplicon. d, h
Mapping of the long-read sequencing-based de novo assembly of the MYCN amplicon in IMR-5/75 (d) and CHP-212 (h) on chromosome 2. Source data
are provided as a Source Data file.

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-020-19452-y

6 NATURE COMMUNICATIONS | ��������(2020)�11:5823� | https://doi.org/10.1038/s41467-020-19452-y | www.nature.com/naturecommunications



 66 

Nanopore sequencing characterizes amplicon methylation. In
addition to allowing the alignment-free de novo assembly of the
MYCN amplicon in several samples (Fig. 4b–d, f–h and Supple-
mentary Figs. 5 and 6), nanopore sequencing also allows for the
direct measurement of DNA methylation without the need for
bisulfite conversion (Fig. 5a)33. While DNA methylation at reg-
ulatory elements is often associated with repression, a trough in
DNA methylation may indicate a transcription factor-binding
event, a poised or active gene-regulatory element, or a CTCF-
occupied insulator element (Fig. 5b). In theory, nanopore
sequencing and assembly might allow for the simultaneous
inference of both structure and regulatory landscape (Fig. 5b).
Prior to evaluating the MYCN amplicons, the DNA methylation
landscape of highly expressed and inactive genes demonstrated
the expected distribution of decreased methylation at active
promoters and increased methylation within active gene bodies
(Fig. 5c). In order to assess the DNA methylation status of
putative regulatory elements near MYCN, we first used the
amplicon-enriched ATAC-seq peaks to classify relevant motif

signatures (Fig. 5d). While MYCN was surrounded by the
expected CRC-driven regulatory elements at the overlapping core
enhancers as well as some CTCF sites, both their number and
location varied, indicating sample-specific sites of regulation.
Indeed, DNA methylation decreased in accordance with sites
specific to a given sample (Fig. 5e), opening up the possibility of
using these data to infer regulatory elements in patient samples,
when no orthogonal epigenomic data are available.

Class II amplicons clinically phenocopy class I amplicons.
MYCN-amplified neuroblastoma is characterized by significant
clinical heterogeneity, which cannot entirely be explained by
genetic differences. Whether the structure of theMYCN amplicon
itself could account for some of this variation is currently
unknown. In line with previous reports31, higher counts of
amplified fragments were associated with a more malignant
clinical phenotype (Fig. 6a). Co-amplification of ODC1, a gene
located 5.5 Mb upstream of MYCN and co-amplified in 9% (21/
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240) of MYCN-amplified neuroblastomas (Fig. 2c), defined an
ultra-high-risk genetic subgroup of MYCN-amplified neuro-
blastoma (hazard ratio (HR) 2.3 (1.4–3.7), log-rank test P=
0.001; Fig. 6b). Similarly, ALK co-amplification, present in 5%
(12/240) of MYCN-amplified tumors, was also associated with
adverse clinical outcome (HR 1.8 (0.94–3.4), log-rank test P=
0.073; Fig. 6c). In contrast, differences in the MYCN amplicon
enhancer structure, i.e. class I vs. class II amplification, did not
confer prognostic differences (HR 1.3 (0.78–2.1), log-rank test
P= 0.34; Fig. 6d). We therefore conclude that chimeric co-
amplification of proto-oncogenes partly explains the malignant
phenotype of neuroblastomas with complex MYCN amplicons,
whereas enhancer hijacking in class II amplicons does not change
clinical behavior, fully phenocopying class I MYCN amplicons.

Discussion
Here, we show that neuroblastoma-specific CRC-driven enhan-
cers contribute to MYCN amplicon structure in neuroblastoma
and retain the classic features of active enhancers after genomic
amplification. While most MYCN amplicons contain local
enhancers, ectopic enhancers are regularly incorporated into
chimeric amplicons lacking local enhancers, leading to enhancer
hijacking (Fig. 7).

A large subset of neuroblastomas was recently found to be
driven by a small set of transcription factors that form a self-

sustaining CRC, defined by their high expression and presence of
super-enhancers15–18. The extent to whichMYCN itself is directly
regulated by CRC factors was previously unclear, complicated by
the challenge of interpreting epigenomic data on amplicons16.
Our results provide empiric evidence that MYCN is driven by
CRC factors, even in the context of MYCN amplification. This
could mechanistically explain the previous observation that
genetic depletion of CRC factors represses MYCN expression
even in MYCN-amplified cells16. The finding that ectopic
enhancers driven by the CRC are juxtaposed to MYCN on
amplicons that lack local enhancers further strengthens the
relevance of the CRC in MYCN regulation.

In line with our observation of local enhancer co-amplification,
Morton et al.19 recently described that local enhancers are sig-
nificantly co-amplified with other proto-oncogenes in other cancer
entities. They showed that experimentally interfering with local
EGFR enhancers in EGFR-amplified glioblastoma impaired onco-
gene expression and cell viability in EGFR-amplified as well as non-
amplified cases. Consistent with our findings, the authors identified
a region overlapping e4 that was significantly co-amplified in
MYCN-amplified neuroblastomas, corresponding to class I ampli-
cons observed in our cohort. In contrast to Morton et al.19, who
suggest that the inclusion of local enhancers is necessary for proto-
oncogene expression on amplicons, we show that exceptions to this
rule occur in a significant subset of MYCN-amplified neuro-
blastomas. In such cases, amplicons characterized by highly
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complex chimeric structure enable the reshuffling of ectopic
enhancers and insulators to form neo-TADs that can compensate
for disrupted local neighborhoods through enhancer hijacking.

More generally, we show that TADs also form on ecDNA, in
parallel with recent findings by Wu et al.34. We extend this
observation to HSRs, which form extremely expanded stretches of
chromatin in interphase nuclei and lose chromosomal territori-
ality35. Gene activation by enhancer adoption requires the fusion
of distant DNA fragments and the formation of new chromatin
domains, called neo-TADs36. In some cases, this fusion requires a
convergent directionality of CTCF sites in order to form a new
boundary and drive aberrant gene expression37. This has been
explained by a model of blocked loop extrusion at
forward–reverse oriented CTCF sites32. We found convergent
CTCF for the neo-TAD in IMR-5/75 but not necessarily for the
one in CHP-212. However, non-convergent CTCF sites have been
consistently reported before and characterize at least one in ten
CTCF-mediated chromatin loops in the wild-type genome38,39.
Although the exact underpinnings are not yet clear, CTCF con-
vergence is likely not required in some genomic contexts, which
could be the case in CHP-212 and other ecDNA amplicons.

Reconstruction of amplicons has previously relied on combining
structural breakpoint coordinates to infer the underlying structure.
This regularly resulted in ambiguous amplicon reconstructions,
which had to be addressed by secondary data such as chromium
linked reads or optical mapping4,6,34. We demonstrate the feasibility
of long-read de novo assembly for the reconstruction of amplified
genomic neighborhoods. De novo assembly was able to reconstruct
entire ecDNA molecules and confirm the tandem duplicating nat-
ure of HSRs. Integrating de novo assembly with methylation data
from nanopore sequencing reads will likely benefit further studies of
other proto-oncogene-containing amplicons by enabling the char-
acterization of the interplay between structure and regulation in
highly rearranged cancer genomes.

Functional studies have shown that both ODC1 and ALK are
highly relevant in neuroblastoma40,41. Co-amplification with
MYCN has been reported before31, but to our knowledge the
clinical relevance of co-amplification had not been determined so
far. Similar to our previous observations of PTP4A2 co-
amplification on chimeric ecDNA10, we demonstrate here that
proto-oncogenes reside side-by-side on the same ecDNAs,
sometimes even sharing the same regulatory neighborhood. It is
tempting to speculate that this structural coupling of genes could
confer MYCN-independent but MYCN-amplicon-specific, col-
lateral therapeutic vulnerabilities in MYCN-amplified tumors.

We conclude that the structure of genomic amplifications can
be explained by a selective pressure to amplify oncogenes together
with suitable non-coding regulatory elements. CRC-driven
enhancers are required for successful MYCN amplification and
remain functional throughout this process. Even though the
majority of amplicons contain endogenous enhancers, these can
be functionally replaced by ectopic CRC-driven enhancers that
are juxtaposed to the oncogene through complex chimeric
amplicon formation. We envision that our findings also extend to
oncogene amplifications in other cancers and will help identify
functionally relevant loci among the diverse array of complex
aberrations that drive cancer.

Methods
Cell lines. Neuroblastoma cell lines were a gift from F. Speleman (Cancer Research
Institute Ghent, Ghent, Belgium; NGP), F. Westermann (German Cancer Research
Center, Heidelberg, Germany; IMR-5/75), obtained from the German Collection of
Microorganisms and Cell Cultures (DSMZ GmbH, Braunschweig, Germany;
Kelly), or obtained from the American Type Culture Collection (ATCC, Manassas,
VA; CHP-212). Cell line identity was verified by STR genotyping (Genetica DNA
Laboratories, Burlington, NC and IDEXX BioResearch, Westbrook, ME) and
absence of Mycoplasma sp. contamination was determined with a Lonza

MycoAlert system (Lonza Group Ltd, Basel, CH). All cell lines were cultured in
RPMI-1640 medium (Thermo Fisher Scientific, Inc., Waltham, MA) with 1%
Penicillin/Streptomycin and 10% FCS.

RNA-seq. Public RNA-seq data were downloaded from Gene Expression Omnibus
(GSE90683)15. FASTQ files were quality controlled (FASTQC 0.11.8) and adapters
were trimmed (BBMap 38.58). We mapped reads to GRCh37 (STAR 2.7.1 (ref. 42)
with default parameters), counted them per gene (Ensembl release 75, feature-
Counts from Subread package 1.6.4 (ref. 43)), and normalized for library size and
composition (sizeFactors from DESeq2 1.22.2 (ref. 44)).

ChIP-seq. For the cell lines CHP-212, NGP, and Kelly, 5–10 × 106 cells were
digested with Trypsin–EDTA 0.05% (Gibco) for 10 min at 37 °C. The cells were
mixed with 10% FCS–PBS, and a single-cell suspension was obtained using a 40-
µm cell strainer. After centrifugation, cells were resuspended in 10% FCS–PBS
again and fixed in 1% paraformaldehyde (PFA) for 10 min at room temperature.
The reaction was quenched with 2.5 M glycine (Merck) on ice and centrifuged at
400g for 8 min. We resuspended cell pellets in lysis buffer (50 mM Tris, pH 7.5;
150 mM NaCl; 5 mM EDTA; 0.5% NP-40; 1.15% Triton X-100; protease inhibitors
(Roche), 5 mM Na-butarate), and nuclei were pelleted again by centrifugation at
750g for 5 min. For sonication, nuclei were resuspended in sonication buffer
(10 mM Tris–HCl, pH 8.0; 100 mM NaCl; 1 mM EDTA; 0.5 mM EGTA; 0.1% Na-
deoxycholate; 0.5% N-lauroylsarcosine; protease inhibitors (Roche complete),
5 mM Na-butarate). Chromatin was sheared using a Diagenode Bioruptor (35–40
cycles with a 30 s on/off pulse and HI power mode) until reaching a fragment size
of 200–500 base pairs (bp). Lysates were clarified from sonicated nuclei, and
protein–DNA complexes were immunoprecipitated overnight at 4 °C with the
respective antibody. A total of 10–15 μg chromatin was used for each replicate of
histone ChIP and 20–25 µg of transcription factor ChIP. For the immunopreci-
pitation45 in 1200 µl precipitation buffer (10 mM Tris–HCl, pH 8.0; 100 mM NaCl;
1 mM EDTA; 0.5 mM EGTA; 0.1% Na-deoxycholate; 0.5% N-lauroylsarcosine;
protease inhibitors (Roche complete), 5 mM Na-butarate, 1% Triton X-100), Anti-
H3K27ac (Diagenode c15410174; lot A7071-001P; dilution 1:500), anti-H3K4m1
(Abcam; ab8895; lot GR141677-1; dilution 1:1200), anti-RAD21 (Abcam; ab992;
lot GR221348-8; dilution 1:150) and anti-CTCF (Active Motif; 613111; lot
34614003; dilution 1:150) antibodies were used. Sequencing libraries were prepared
using standard Nextera adapters (Illumina) according to the supplier’s recom-
mendations. Twenty-five million reads per sample were sequenced on a HiSeq
4000 sequencer (Illumina) in 75 bp single read mode.

Additional public ChIP-seq FASTQ files were downloaded from Gene
Expression Omnibus (GSE18927, GSE90683, GSE24447, and GSE28874)15,46 and
from ArrayExpress (E-MTAB-6570)17. FASTQ files were quality controlled
(FASTQC 0.11.8) and adapters were trimmed (BBMap 38.58). Reads were then
aligned to hg19 (BWA-MEM 0.7.15 (ref. 47) with default parameters) and duplicate
reads removed (Picard 2.20.4). We generated BigWig tracks by extending reads to
200 bp for single-end libraries and extending to fragment size for paired-end
libraries, filtering by ENCODE DAC blacklist and normalizing to counts per
million in 10 bp bins (deepTools 3.3.0 (ref. 48)). Peaks were called using MACS2
(2.1.2)49 with default parameters. Super-enhancers were called for H3K27ac data
using LILY15 (https://github.com/BoevaLab/LILY) with default parameters. ChIP-
seq data were quality controlled using RSC and NSC (Phantompeakqualtools
1.2.1). CTCF motifs within CTCF ChIP-seq peaks were identified using
JASPAR2018 (ref. 50) and the TFBSTools (1.20.0)51 function matchPWM with
min.score= “75%”. Copy-number ratio was estimated by binning ChIP-seq input
reads (primary alignments of mapping quality 20 or higher) in 1 kb bins, correcting
for GC content, normalization, and segmentation using QDNAseq (1.22.0)52.

ATAC-seq. ATAC-seq samples were processed as reported in Buenrostro et al.53
with some adaptations: After a treatment of 5–10 × 106 cells with Trypsin–EDTA
0.05% (Gibco) for 10 min at 37 °C, a 40-µm cell strainer was used to obtain a
single-cell suspension. 5 × 105 cells were washed with cold 1× PBS and lysed with
freshly prepared lysis buffer (10 mM Tris-Cl pH 7.4, 10 mM NaCl, 3 mM MgCl2,
0.1% (v/v) Igepal CA-630) by pipetting six times up and down and a subsequent
incubation on ice for 1 min. After a centrifugation at 500g for 5 min at 4 °C the
pellet was resuspended with gentle mixing in transposition reaction mix (25 µl 2×
TD, 2.5 µl TDE1 and 22.5 µl H2O, Illumina). Immediately after the transposition
reaction, the DNA was purified using a MinElute PCR Purification Kit (Qiagen).
The transposed DNA was amplified using a Nextera PCR Kit (Illumina) according
to the supplier’s recommendation. The maximum number of cycles was deter-
mined with qPCR to reduce PCR bias. For sequencing, libraries were generated
using Illumina/Nextera adapters and size selected (100–1000 bp) with AMPure
Beads (Beckman Coulter). Approximately 100 million 75 bp paired-end reads were
acquired per sample on the HiSeq 4000 system (Illumina). Additional public
ATAC-seq FASTQ files were downloaded from Gene Expression Omnibus
(GSE80154)54. Adapter trimming, alignment, and duplicate removal as for ChIP-
seq. We generated BigWig tracks by extending paired-end reads to fragment size,
filtering by the ENCODE DAC blacklist and normalizing to counts per million in
10 bp bins (deepTools 3.3.0 (ref. 48)). Peaks were called using MACS2 (2.1.2)49 with
default parameters.
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Hi-C. 3C libraries for Hi-C and 4C were prepared from confluent neuroblastoma
cells according to the cell culture section above. Hi-C experiments were performed
as duplicates. 5–10 × 106 cells were washed twice with PBS and digested with
Trypsin–EDTA 0.05% (Gibco) for 10 min at 37 °C. A 40-µm cell strainer was used
to obtain single cells. The cell suspension was pelleted at 300g for 5 min and
resuspended with cold 10% FCS. Subsequently, the cells were fixed by adding an
equal volume of 4% formaldehyde (Sigma-Aldrich). The suspension was mixed for
10 min while shaking at room temperature in 50 ml tubes. Exactly after 10 min the
fixation was quenched with 500 µl 1.425 M glycine (Merck) on ice. The suspension
was pelleted at 400g for 8 min and resuspended in cold lysis buffer (50 mM Tris,
pH 7.5; 150 mM NaCl; 5 mM EDTA; 0.5% NP-40; 1.15% Triton X-100; protease
inhibitors (Roche)). After a washing step with cold 1× PBS and centrifugation at
750g for 5 min, the pellet was washed with 1× DpnII buffer (NEB) and resuspended
in 50 µl 0.5% SDS and incubated for 10 min at 62 °C. After that 145 µl water and 25
µl 10% Triton (Sigma) was added to quench the SDS followed by a incubation at
37 °C for 30 min. For the restriction enzyme digestion, 25 µl DpnII buffer and 100
U DpnII was added. The digestion reaction was incubated for 2 h at 37 °C, after 1 h
another 10 U were added and then heat inactivated at 65 °C for 20 min.

The digested sticky ends were filled up with 10 mM dNTPs (without dATP) and
0.4 mM biotin-14-dATP (Life Technologies) and 40 U DNA Pol I, Large Klenow
(NEB) at 37 °C for 90 min. Biotinylated blunt ends were then ligated using a
ligation reaction (663 µl water, 120 µl 10× NEB T4 DNA ligase buffer (NEB), 100 µl
10% Triton X-100 (Sigma), 12 µl 10 mg/ml BSA, and 2400 U of T4 DNA ligase
(NEB)) overnight at 16 °C with slow rotation.

For the 3C library preparation, DNA was sheared using a Covaris sonicator
(duty cycle: 10%; intensity: 5; cycles per burst: 200; time: six cycles of 60 s each; set
mode: frequency sweeping; temperature: 4–7 °C). After sonication, religated DNA
was pulled down using 150 µl of 10 mg/ml Dynabeads Streptavidin T1 beads
(Thermo Fisher) according to the supplier’s recommendation. Sheared and pulled
down DNA was treated using a 100 µl end-repair reaction (25 mM dNTPs, 50 U
NEB PNK T4 Enzyme, 12 U NEB T4 DNA polymerase, 5 U NEB DNA pol I, Large
(Klenow) Fragment, 10× NEB T4 DNA ligase buffer with 10 mM ATP) and
incubated for 30 min at 37 °C.

Universal sequencing adaptor were added using the NEBnext Ultra DNA
Library Kit (NEB) according to the supplier’s recommendation. The PCR cycle
number was adjusted to 4–12 based on the initial DNA concentration. The final
libraries were purified using AMPure Beads (Beckman Coulter) and samples were
sequenced with Ilumina Hi-Seq technology according to the standard protocols
and 75 bp (shallow CHP-212 Hi-C, deep IMR-5/75) and 150 bp (shallow IMR-5/75
Hi-C) paired-end mode. Around 100 million reads were generated per IMR-5/75
replicate (deep IMR-5/75 Hi-C) and around 5–25 million reads per replicate were
generated for shallow CHP-212 and shallow IMR-5/75 Hi-C.

FASTQ files were processed using the Juicer pipeline v1.5.6, CPU version55,
which was set up with BWA v0.7.17 (ref. 47) to map short reads to reference
genome hg19, from which haplotype sequences were removed and to which the
sequence of Epstein–Stein–Barr Virus (NC_007605.1) was added. Replicates were
processed individually. Mapped and filtered reads were merged afterwards. A
threshold of MAPQ ≥ 30 was applied for the generation of Hi-C maps with Juicer
tools v1.7.5 (ref. 55). Knight–Ruiz normalization was used for Hi-C maps38,56. In
cases with copy-number variation within the amplicon, we visually compared
unnormalized, Knight–Ruiz-normalized and local iterative correction-
normalized57 maps to confirm the robustness of our conclusions across different
normalization approaches (Supplementary Fig. 8). Virtual 4C signal for the MYCN
locus was generated by the mean Knight–Ruiz-normalized Hi-C signal across three
5 kb bins (chr2: 16,075,000–16,090,000).

4C-seq. For 4C-seq libraries, a starting material of 5 × 106–1 × 107 cells were used.
The fixation and lysis were performed as described in the “Hi-C” section. After the
first digestion with DpnII (NEB), sticky ends were religated in a 50 ml falcon tube
(700 µl 10 ligation buffer (Fermentas), 7 ml H2O, 50 U T4 DNA ligase (Thermo);
overnight at 16 °C) and DNA de-cross linked and cleaned as described in the “HiC”
section. Subsequently, a second digestion (150 µl sample, 50 µl 10× Csp6I buffer
(Thermo), 60 U Csp6I (Thermo) 295 µl H2O; overnight at 37 °C) and another re-
ligation was performed. For the MYCN promoter viewpoint, DNA was purified
using a PCR clean up Kit (Qiagen) and 1.6 µg DNA was amplified by PCR (Primer
1 5′-GCAGAATCGCCTCCG-3′, Primer 2 5′-CCTGGCTCTGCTTCCTAG-3′).
For the library reaction, primers were modified with TruSeq adapters (Illumina):
Adapter1 5′-CTACACGACGCTCTTCCGATCT-3′ and Adapter2 5′-CAGAC
GTGTGCTCTTCCGATCT-3′. The input of a single 4C PCR reaction was between
50 and 200 ng depending on the complexity. The reaction was performed in a 50 µl
volume using the Expand Long Template System (Roche) and 29 reaction cycles.
After the PCR all reactions were combined and the DNA purified with a PCR clean
up Kit (Qiagen). All samples were sequenced with the HiSeq 4000 (Illumina)
technology according to the standard protocols and with around 20 million single-
end reads per sample.

Reads were pre-processed, filtered for artefacts, and mapped to the reference
genome GRCh37 using BWA-MEM as described earlier36. After removing the
viewpoint fragment as well as 1.5 kb up- and downstream of the viewpoint the raw
read counts were normalized per million mapped reads (RPM) and a window of 10
fragments was chosen to smooth the profile.

Whole-genome sequencing. Cells were harvested and DNA was extracted using
the NucleoSpin Tissue kit (Macherey-Nagel GmbH & Co. KG, Düren, Germany).
Libraries for whole-genome sequencing were prepared with the NEBNext Ultra II
FS DNA Library Prep Kit for Illumina (New England BioLabs, Inc., Ipswich, MA).
Libraries were sequenced on a MGISEQ-2000 (NGP; MGI Tech Co. Ltd, Shenzhen,
China), HiSeq X (IMR-5/75, Kelly; Illumina, Inc., San Diego, CA), and NovaSeq
6000 (CHP-212; Illumina, Inc., San Diego, CA) with 2 × 150 bp paired-end reads.
Quality control, adapter trimming, alignment, duplicate removal as for ChIP-seq
data. Copy-number variation was called (Control-FREEC58 11.4 with default
parameters). Structural variants were called using SvABA59 (1.1.1) in germline
mode and discarding regions in a blacklist provided by SvABA (https://data.
broadinstitute.org/snowman/svaba_exclusions.bed).

Nanopore sequencing. Cells were harvested and high molecular weight DNA was
extracted using the MagAttract HMW DNA Kit (Qiagen N.V., Venlo, Nether-
lands). Size selection was performed to remove fragments <10 kilobases (kb) using
the Circulomics SRE kit (Circulomics Inc., Baltimore, MD). DNA content was
measured with a Qubit 3.0 Fluorometer (Thermo Fisher) and sample quality
control was performed using a 4200 TapeStation System (Agilent Technologies,
Inc., Santa Clara, CA). Libraries were prepared using the Ligation Sequencing Kit
(SQK-LSK109, Oxford Nanopore Technologies Ltd, Oxford, UK) and sequenced
on a R9.4.1 MinION flowcell (FLO-MIN106, Oxford Nanopore Technologies Ltd,
Oxford, UK). Quality control was performed using NanoPlot 1.0.0 (ref. 60). For the
NGP cell line, DNA was extracted with the NucleoSpin Tissue kit (Macherey-Nagel
GmbH & Co. KG, Düren, Germany) and libraries were prepared using the ONT
Rapid Kit (SQK-RBK004, Oxford Nanopore Technologies Ltd, Oxford, UK).
Guppy 2.3.7 (Oxford Nanopore Technologies Ltd, Oxford, UK) was used for
basecalling with default parameters. For de novo assembly, Flye 2.4.2 (ref. 61) was
run in metagenomics assembly mode on the unfiltered FASTQ files with an esti-
mated genome size of 1 Gb. Contigs were mapped back to hg19 using minimap2
2.16 (ref. 62) with parameter -ax asm5. Assembly results were visualized with
Bandage 0.8.1 (ref. 63) and Ribbon 1.0 (ref. 64). CpG methylation was called from
the unfiltered raw FAST5 files using Megalodon 0.1.0 (Oxford Nanopore Tech-
nologies Ltd, Oxford, UK). Motif signatures were derived with Homer (4.9.1)65
using the binomial test against nucleotide composition-matched background
sequences. CpG methylation composite profiles were created by averaging signal in
50 bp bins using computeMatrix in deepTools (3.3.0)48.

Fluorescence in situ hybridization. Cells were grown to 200,000 per well in six-
well plates and metaphase-arrested using Colcemid (20 µl/2 ml; Roche
#10295892001) for 30 min–3 h, trypsinized, centrifuged (200g/10 min), washed,
and pelleted. Five milliliters of 0.4% KCl (4 °C; Roth #6781.1) was added to the
pellet and incubated for 10 min. One milliliter KCl and 1 ml MeOH/acetic acid 3:1
(Roth #4627.2, #KK62.1) was added drop-wise. In all, 2/5/5 ml of MeOH/acetic
acid was added in between centrifugation steps (200g/10 min), respectively. Sus-
pension was dropped on a slide from a height of 40 cm. Slides were washed with
PBS (Gibco, #70011036) and digested for 10 min in 0.04% pepsin solution in 0.001
N HCl. Slides were washed in 0.5× SSC, dehydrated with 70%/80%/100% EtOH
(3 min each), and air-dried. Ten microliters of the probe (Vysis LSI N-MYC;
#07J72-001; Lot #472123; Abbott Laboratories, Abbott Park, IL) were added and
coverslips fixed on the slide. Slides were incubated at 75 °C for 10 min and at 37 °C
overnight. The coverslip was removed and the slide was washed in 0.4× SSC/0.3%
IGEPAL (CA-630, #18896; Sigma-Aldrich Inc.) for 3 min at 60 °C and 2× SSC/0.1%
IGEPAL for 3 min at RT. Five microliters DAPI (Vectashield, #H-1200, Vector)
was added. A coverslip was added and fixed with nail polish.

Enhancer calling. MYCN-expressing cell lines were defined as cell lines with size-
Factor normalized expression of 100 or above based. We identified enhancer
candidate regions in a ±500 kb window around MYCN. We focused on regions
with a H3K27ac peak in the majority of MYCN-expressing, non-MYCN-amplified
cell lines, i.e. three or more. If the gap between two such regions was less than 2 kb,
they were joined. These regions were then ranked by the maximum difference in
H3K27ac signal fold change between non-amplified, MYCN-expressing, and non-
expressing cell lines. We chose the five highest-ranking regions as candidate reg-
ulatory elements. Enhancer regions were screened for transcription factor-binding
sequences from the JASPAR2018 (ref. 50) and JASPAR2020 (ref. 66) database using
the TFBSTools 1.20.0 (ref. 51) function matchPWM with min.score= “85%”. CRC-
driven super-enhancers were defined as all regions with a LILY-defined super-
enhancer in MYCN-expressing, non-MYCN-amplified cell lines that overlapped
with a GATA3, HAND2, or PHOX2B peak in CLB-GA.

Analysis of neuroblastoma copy-number data. Public data were downloaded
from https://github.com/padpuydt/copynumber_HR_NB/ (ref. 27). Samples that were
described asMYCN-amplified in the metadata but did not showMYCN amplification
in the copy-number profile were excluded. In order to generate an aggregate copy-
number profile, the genome was binned in 10 kb bins and number of samples with
overlapping amplifications was counted per bin. Randomized copy-number profiles
were generated by randomly sampling one of the original copy-number profiles on
chromosome 2 and randomly shifting it such thatMYCN is still fully included within
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an amplified segment. For class I-specific shuffling, e4 had to be included as well; for
class II-specific shuffling, e4 was never included on the randomly shifted amplicon.
Empirical P values for significant co-amplification were derived by creating 10,000
randomized datasets with each amplicon randomly shifted and comparing the
observed co-amplification frequency to the distribution of co-amplification fre-
quencies in the randomized data. Empirical P values were always one-sided and
adjusted for multiple comparisons using the Benjamini–Hochberg procedure.

Analysis of medulloblastoma copy number and ChIP-seq data. Medullo-
blastoma Affymetrix SNP6 data (10 cell lines, 1087 patient samples) were down-
loaded from Gene Expression Omnibus (GSE37385)29 and processed using
rawcopy 1.1 (ref. 67) with default parameters. Segments with a log2 ratio ≥1.8 were
classified as amplifications. The genome was binned in 10 kb bins and the number
of samples with overlapping amplifications was counted per bin to generate
composite copy-number plots.

Medulloblastoma H3K27ac ChIP-seq BigWig files and super-enhancer regions
were downloaded from https://pecan.stjude.cloud/dataset/northcott (ref. 30). The
medulloblastoma subgroup-wise average H3K27ac signal was computed in 1 kb bins.

Amplicon reconstruction. All unfiltered SvABA structural variant calls were fil-
tered to exclude regions from the ENCODE blacklist68 and small rearrangements
of 1 kb or less. As we were only aiming at the rearrangements common to all
amplicons, we only considered breakpoints with more than 50 variant-support
reads (“allele depth”). gGnome69 was used to represent these data as a genome
graph with nodes being breakpoint-free genomic intervals and edges being rear-
rangements (“alternate edge”) or connections in the reference genomes (“reference
edge”). We considered only nodes with high copy number, i.e. with a mean whole-
genome sequencing coverage of at least 10-fold the median coverage of chromo-
some 2. Then, reference edges were removed if its corresponding alternate edge was
among the 25% highest allele-depth edges. The resulting graph was then searched
for the circular, MYCN-containing walk that included the highest number of nodes
without using any node twice. We used gTrack (https://github.com/mskilab/
gTrack) for visualization. For custom Hi-C maps of reconstructed amplicon
sequences of CHP-212 and IMR-5-75, respectively, the corresponding regions from
chromosome 2 were copied, ordered, oriented, and compiled according to the
results from the amplicon reconstruction and added to the reference genome.
Additionally, these copied regions were masked with “N” at the original locations
on chromosome 2 to allow a proper mapping of reads to the amplicon sequence.
The contribution of Hi-C di-tags from these regions on chromosome 2 to the
amplicon Hi-C map is expected be minor, because the copy number of amplicons
is much higher than the number of wild-type alleles.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability
Sequencing data generated for this study are available at the Sequence Read Archive
under accession PRJNA622577. Copy-number data for high-risk neuroblastoma were
downloaded from https://github.com/padpuydt/copynumber_HR_NB/ (ref. 27). Public
data supporting the findings of this manuscript were downloaded from the Gene
Expression Omnibus under accessions GSE90683, GSE80152, GSE24447, GSE37385,
GSE18927, and GSE28874 and from ArrayExpress under accession E-MTAB-6570.
Medulloblastoma ChIP-seq data were downloaded from https://pecan.stjude.cloud/
dataset/northcott. BigWig und narrowPeak files can be downloaded from https://data.
cyverse.org/dav-anon/iplant/home/konstantin/helmsaueretal/. An accompanying UCSC
genome browser track hub is provided for ChIP-seq and ATAC-seq data visualization
(https://de.cyverse.org/dl/d/27AA17DA-F24C-4BF4-904C-62B539A47DCC/hub.txt). All
other data are available from the corresponding authors upon reasonable request. Source
data are provided with this paper.

Code availability
Code is available at https://github.com/henssenlab/MYCNAmplicon.
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Supplementary Fig. 1. Enhancer profiling of the MYCN locus. a H3K27ac ChIP-seq signal 
(counts per million in 10bp bins, smoothed in 1kb bins) for seven non-MYCN-expressing 
neuroblastoma cell lines (blue), five MYCN-expressing non-MYCN-amplified neuroblastoma 
cell lines (red) and 13 MYCN-amplified neuroblastoma cell lines (black). b Differential 
composite H3K27ac signal for MYCN-non-expressing vs. MYCN-expressing non-MYCN-
amplified cells (difference in the group-wise mean fold change H3K27ac vs. input; black) and 
H3K27ac ChIP-seq (counts per million in 10bp bins, smoothed in 1kb bins)  signal for in vitro 
differentiated developmental cell types (embryonic stem cells, neuroectodermal cells, neural 
crest cells; blue) and a fetal adrenal cell sample (blue). c Core regulatory circuit factor 
(PHOX2B, GATA3, HAND2, ISL1, TBX2, ASCL1), MYCN and TEAD4 binding motif 
positions in the MYCN-driving enhancers e1-e5. Only motif hits within the enhancer regions 
are depicted. d MYCN expression for N=25 neuroblastoma cell lines as determined by RNA-
seq (one sequencing experiment per cell line; size factor-normalized read counts) classified into 
no MYCN expression (size factor normalized expression lower than 100), MYCN-expressing 
non-MYCN-amplified cells (size factor normalized expression 100 or more) and MYCN-
amplified cell lines.  e MYCN expression by MYCN genomic copy number ratio determined 
from ChIP-seq input data for N=13 MYCN-amplified neuroblastoma cell lines (one sequencing 
experiment per cell line). Source data are provided as a Source Data file.  
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Supplementary Fig. 2. Amplification patterns across clinical and experimental covariates. 
a-e Percent co-amplification in 10kb bins for MYCN-amplified neuroblastoma (n=240) split by 
the experimental method to measure genomic copy-number (a, Affymetrix SNP array, Agilent 
aCGH platform, Illumina SNP array, NimbleGen aCGH platform), the age quartile of  patients 
(b, 1=lowest quartile, 4=highest quartile), long-term survival (c, defined as survival beyond 
five years post diagnosis) and the genetic factors 17q gain (d) and 1p loss (e). f Amplified 
regions on chromosome 2 (0Mb-40Mb) for primary neuroblastoma (n=240), colored by 
amplicon class (class I amplicons including e4 vs. class II amplicons not including e4)  g 
Percent co-amplification in 10kb bins around MYCN for MYCN-amplified neuroblastoma 
(n=240) and position of common fragile sites on chromosome 2 between 12Mb and 20Mb. 
Source data are provided as a Source Data file. 
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Supplementary Fig. 3. Super enhancer co-amplification confers different MYCN amplicon 
structures of medulloblastoma subgroups. a Percent co-amplification in 10kb bins for 
MYCN-amplified medulloblastoma across all medulloblastoma subgroups (n=31). b Mean 
H3K27ac ChIP-seq signal for GROUP4-MB (n=11) and SHH-MB (n=5) and percent co-
amplification in 10kb bins for MYCN-amplified medulloblastoma for GROUP4-MB (n=12) and 
SHH-MB (n=9). The SHH-MB-specific super enhancer is marked by SE. Only 
medulloblastoma subgroups with more than five MYCN amplicons were considered for 
aggregate copy number profiles. Source data are provided as a Source Data file. 
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Supplementary Fig. 4. H3K27 acetylation on the MYCN amplicon. a Estimated fraction of 
H3K27ac reads in peaks for amplified regions vs. randomly drawn genomic regions of 
matching size (n=30) in 12 MYCN-amplified neuroblastoma cell lines. b Number of peaks for 
amplified regions (red) vs. randomly drawn genomic regions of matching size (grey, n=30) in 
12 MYCN-amplified neuroblastoma cell lines. c Relative H3K27ac peak heights (compared to 
amplicon background) for amplified regions (red) vs. randomly drawn genomic regions of 
matching size (grey, n=30). In all boxplots, boxes depict the median, the upper quartile 
boundary and the lower quartile boundary. Whiskers extends to the largest data point within 
1.5-fold of the inter-quartile range. Source data are provided as a Source Data file. 
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Supplementary Fig. 5. Long-read sequencing enables de novo assembly of  MYCN 
neighborhoods. a-d Nanopore read length distribution (log-transformed) for the 
neuroblastoma cell lines Kelly (a, n=2,654,406), IMR-5/75 (b, n=474,980), CHP-212 (c, 
n=1,554,048) and NGP (d, n=952,031).  e Nanopore long read-based de novo assembly of Kelly 
cells yields 477 contigs and an overall assembly N50 of 24,929 bp. BLAST analysis locates 
MYCN on a circular 975,932 bp  contig. f Nanopore long read-based de novo assembly of IMR-
5/75 cells yields 6,265 contigs and an overall assembly N50 of 91,273 bp. BLAST analysis 
locates MYCN on a linear 3,201,197 bp contig. g Nanopore long read-based de novo assembly 
of CHP-212 cells yields 21,264 contigs and an overall assembly N50 of 113,845 bp. BLAST 
analysis locates MYCN on a circular 1,705,218 bp contig. h Nanopore long read-based de novo 
assembly of NGP cells yields 6,550 contigs and an overall assembly N50 of 60,981 bp. BLAST 
analysis locates MYCN on a linear 623,907 bp contig.    
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Supplementary Fig. 6. De novo assembly confirms co-amplification of MYCN and e4 in 
Kelly and NGP. Mapping of the de novo assembled MYCN-containing contig to hg19 in Kelly 
(a) and NGP (b) cells. Positions of MYCN and e4 are marked on the contig and in the reference 
genome. Note that the Kelly contig is circular such that the shortest distance from e4 to MYCN 
spans the contig circle junction.  
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Supplementary Fig. 7. MYCN expression on two amplicon classes. MYCN copy number was 
estimated from ChIP-seq input signal for N=13 MYCN-amplified neuroblastoma cell lines, 
three of which were classified as class II (CHP-212, IMR-32, SJNB6). Size factor-normalized 
RNA-seq read counts from one sequencing experiment per cell line were divided by copy 
number ratios to estimate MYCN expression per genomic copy. This revealed relatively high 
expression per copy for class II amplicons although low sample size precludes further 
interpretation. Source Data are provided as a Source Data file. 
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Supplementary Fig. 8. A tandem duplication on the MYCN amplicon in IMR-5/75. a 
Concordant copy-number (marked by a plus sign) and structural variation (marked by an 
asterisk) data indicates the presence of a tandem duplication on the MYCN amplicon in IMR-
5/75. b Comparison of unnormalized, local iterative correction-normalized (LOIC; taking copy-
number variation within the amplicon explicitly into account), as well as Knight-Ruiz-
normalized (KR) Hi-C maps for the reconstructed amplicon shows that the finding of a neo-
TAD is robust across different normalization approaches. The tandem duplication is marked by 
an asterisk. 
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Supplementary Fig. 9. Enhancer hijacking and neo-TAD formation on the MYCN 
amplicon. Regions that contribute to neo-TAD formation are depicted for IMR-5/75 (a) and 
CHP-212 (b). Top to bottom: Gene bodies, Copy Number (black), ATAC-seq (orange), 
H3K27ac ChIP-seq (purple), H3K4me1 ChIP-seq (pink), CTCF ChIP-seq (light green), CTCF-
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peak overlapping CTCF forward (blue) vs. reverse (red) binding motifs, RAD21 ChIP-seq 
(yellow; only available for IMR-5/75), virtual 4C with MYCN as the viewpoint (mean Knight-
Ruiz normalized interaction frequency of three 5kb bins (chr2:16,075,000-16,085,000) around 
MYCN; dark green), the aggregate H3K27ac signal over 7 MYCN-expressing non-MYCN-
amplified neuroblastoma cell lines (mean fold change over input; light brown),  GATA3 ChIP-
seq, PHOX2B ChIP-seq and HAND2 ChIP-seq (all CRC transcription factors in the 
neuroblastoma cell lines CLB-GA; grey). ChIP-seq and ATAC-seq is depicted as counts per 
million in 10bp bins, smoothed in 1kb bins. Neo-TAD boundaries are marked by an asterisk. 
Source data are provided as a Source Data file. 
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Supplementary Fig. 10. MYCN fluorescence in situ hybridization in neuroblastoma cell 
lines.  a Fluorescence in situ hybridization (FISH) of CHP-212 metaphase spreads with a MYCN 
probe (green) and a probe for the chromosome 2 centromere (red). Arrowheads point to MYCN 
ecDNA. b, c FISH of metaphase spreads in IMR-5/75 with a MYCN probe (green), a 
chromosome 2 centromere (red) and a chromosome 12 paint (red) d FISH of metaphase spreads 
in Kelly cells with a MYCN probe (red) and chromosome 17 paint (green). e FISH of NGP 
metaphase spreads with a MYCN probe (green) and a probe for the chromosome 2 centromere 
(red). Scale bars are 10µm. FISH experiments were performed once per cell line.  
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Extrachromosomal circularization of DNA is an important 
genomic feature in cancer. However, the structure, composi-
tion and genome-wide frequency of extrachromosomal cir-
cular DNA have not yet been profiled extensively. Here, we 
combine genomic and transcriptomic approaches to describe 
the landscape of extrachromosomal circular DNA in neuro-
blastoma, 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 DNAs are an unantici-
pated 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 rearrange-
ments and are associated with adverse clinical outcome. It 
is highly probable that circle-derived rearrangements repre-
sent an ongoing mutagenic process. Thus, extrachromosomal 
circular DNAs represent a multihit mutagenic process, with 
important functional and clinical implications for the origins 
of genomic remodeling in cancer.

Recent studies have shown that circular DNA is more prevalent in 
human tissues than previously anticipated1–5. Based on size and copy 
number, at least three classes of circular DNA exist in human cells: 
(1) small extrachromosomal circular DNA (including microDNA; 
referred to as eccDNA throughout the text)3,6; (2) large, copy num-
ber–amplified extrachromosomal circular DNA (ecDNA)1, and (3) 
ring and/or neochromosomes7,8. ecDNA can lead to oncogene ampli-
fication and is a powerful driver of intratumoral heterogeneity1,9–12. 
Whether ecDNA 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 where extra-
chromosomal oncogene circularization in the form of MYCN 
proto-oncogene double-minute chromosomes was detected10,13. 
Since the first descriptions in 1965 (refs. 14,15), the extent of DNA 
circularization has not been accurately quantified in neuroblas-
toma. We hypothesized that DNA circularization 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 circular 
DNA in neuroblastoma by using different genomic and transcrip-
tomic approaches (Supplementary Fig. 1).

Since DNA circularity can be computationally inferred from 
whole-genome sequencing (WGS) data3,16,17, we applied an algo-
rithm using 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 circu-
lar DNA catalog, including MYCN double-minute chromosomes, 
mitochondrial DNA and many previously undescribed ecDNAs and 
eccDNAs (Fig. 1c,d and Supplementary Fig. 2a,b). This suggests a 
greater prevalence and complexity of circular DNA in neuroblas-
toma than previously anticipated.

To achieve complementary and more sensitive detection 
and characterization of circular DNA in neuroblastoma, we 
adapted and modified the Circle sequencing (Circle-seq) method 
(Supplementary Figs. 1 and 2c,d)6. We achieved specific DNA 
circle enrichment through >1010-fold depletion of linear genomic 
DNA (gDNA; Fig. 1c and Supplementary Figs. 2c and 3a–c). 
Applying Circle-seq to endonuclease-treated gDNA significantly 
reduced read mapping to circularized genomic regions by 474-
fold (P = 7.566 × 10−11, Welch’s t-test; Fig. 1c and Supplementary  
Fig. 3d,e), confirming specific enrichment of circular DNA. 

Extrachromosomal circular DNA drives oncogenic 
genome remodeling in neuroblastoma
Richard P. Koche! !1,12*, Elias Rodriguez-Fos! !2,12, Konstantin Helmsauer! !3,12, Martin Burkert! !4,5,6, 
Ian C. MacArthur3, Jesper Maag1, Rocio Chamorro3, Natalia Munoz-Perez3, Montserrat Puiggròs2, 
Heathcliff Dorado Garcia! !3, Yi Bei! !3, Claudia Röefzaad3, Victor Bardinet3, Annabell Szymansky3, 
Annika Winkler3, Theresa Thole3, Natalie Timme3, Katharina Kasack7, Steffen Fuchs! !3,5,7, 
Filippos Klironomos! !3, Nina Thiessen5, Eric Blanc5, Karin Schmelz3, Annette Künkele3,5,7, 
Patrick Hundsdörfer3,5,7, Carolina Rosswog7, Jessica Theissen7, Dieter Beule! !5, Hedwig Deubzer3,7,8, 
Sascha Sauer5, Joern Toedling3, Matthias Fischer! !9,10, Falk Hertwig3,7, Roland F. Schwarz! !6,7, 
Angelika Eggert3,5,7, David Torrents2,11,12, Johannes H. Schulte3,5,7,12 and Anton G. Henssen! !3,5,7,8,12*

There are amendments to this paper

NATURE GENETICS | VOL 52 | JANUARY 2020 | 29–34 | www.nature.com/naturegenetics 29



 86 

LETTERS NATURE GENETICS

Sequence composition was analyzed and genomic origin inferred 
combining massive parallel paired-end sequencing with long-read 
Nanopore and single-molecule real-time sequencing (SMRT-seq). 
Circular head-to-tail junctions predicted computationally were con-
firmed 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 struc-
ture in 65% of cases (Supplementary Fig. 4a–c). Circle-seq con-
firmed 100% of ecDNAs and 30% of eccDNAs predicted from WGS 
and identified on average 0.82 ecDNAs and 5,673 eccDNAs per 
neuroblastoma (Fig. 1c–e and 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 compre-
hensive characterization of circular DNAs in tumors.

The structure of circularized genomic loci in neuroblastoma var-
ied considerably, with mean sizes of 680,200 base pairs (bp; ecDNA) 
and 2,403 bp (eccDNA) in tumors, reproducing the oscillating 
length distribution observed in lymphoma cancer cell lines3 (Fig. 1f  

and Supplementary Fig. 4g–j). In agreement with cytogenetic 
reports18, no ring chromosomes were detected in neuroblastoma. 
Notably, both ecDNAs and eccDNAs were of monoallelic origin, 
as determined by haplotype phasing (Fig. 1g). Inspection of circle 
junction sequences (ecDNA and eccDNA) indicated the probable 
mechanism(s) of generation, since 2.8% contained nontemplate 
insertions indicative of nonhomologous end joining repair or rep-
lication-associated mechanisms (Supplementary Fig. 4k). In line 
with reports in human lymphoma cell lines19, 6.3% of circle junc-
tions contained sequence microhomologies (minimally 5 bp), sug-
gesting the involvement of microhomology-mediated DNA repair 
(Supplementary Fig. 4l). Notably, eccDNA and ecDNA were signifi-
cantly enriched in genic regions, particularly in MYCN-amplified 
neuroblastomas (Fig. 1h and 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 cir-
cular 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.
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Fig. 1 | A genome-wide map of circular DNA in neuroblastoma. a, Schematic representation of sequencing reads as predicted for circular genomic regions. 
Background indicated noncircular genome. b, Schematic representation of sequencing read positions on circular DNA. c, 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 Illumina paired-
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represent the mean signal and the shaded area represents the s.e.m. TES, transcription end site; TSS, transcription start site. i, Fraction of genomic regions 
affected by eccDNA compared to ecDNA (n!=!21 tumors).
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Extrachromosomal circularization and amplification are asso-
ciated with increased oncogene expression. It is unclear whether 
circularization itself or subsequent circle copy number amplifica-
tion drives overexpression. The majority of genomic amplifica-
tions (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, con-
firming extrachromosomal circularization as a potential driver of 
high-level focal genomic amplifications (Fig. 2a,b). Notably, circle 
length was significantly associated with a higher copy number of 
circularized regions (Supplementary Fig. 5d; P < 1 × 10−4), impli-
cating circle length as a determining factor for subsequent ampli-
fication/propagation of circular DNA (Supplementary Fig. 5d–f). 
In agreement with its prominent role in neuroblastoma genesis, 
MYCN was the most recurrently extrachromosomally amplified 
and overexpressed gene in our cohort (Fig. 2b–e and Supplementary 
Fig. 5a–c). Other cancer-related genes listed in the Catalogue Of 
Somatic Mutations In Cancer (COSMIC) database20 were also cir-
cularized in tumors and neuroblastoma cell lines, including the 
JUN and MDM2 proto-oncogenes and SOX11 and TAL2 transcrip-
tion factor genes (Fig. 2c and Supplementary Fig. 5a–c). However, 
the genomic copy number of oncogenes contained in the majority 
of eccDNAs was not altered (Supplementary Fig. 5g,h), suggest-
ing that extrachromosomal circularization may be required but  
insufficient for oncogene amplification.

To determine the consequences of DNA circularization on gene 
expression, we performed total RNA sequencing (RNA-seq) 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 and 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, NTF3, a gene encoding a neurotrophic factor 
with known importance in neuroblastoma21, was strongly expressed 
from amplified ecDNA (Fig. 2f). Allele-specific messenger RNA 
expression (allele-specific expression (ASE)) analysis confirmed 
that increased gene expression originated from the circular allele 
(Fig. 2a,b). In contrast, ASE from copy number–neutral extra-
chromosomal circles did not differ from noncircular counterparts 
(Supplementary Fig. 5g,i,j; binomial test for equal probability, 
P = 0.24), suggesting that DNA circularization was insufficient to 
induce high-level gene expression. Thus, even though DNA circu-
larization is a major route to gene amplification, it appears insuf-
ficient alone (without combined amplification) to increase gene 
expression. Given this observation, we hypothesized that 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 DNA including parts from different chromosomes)17,22, 
and circular DNA reintegration23, in neuroblastomas are currently 
unknown. We hypothesized that beyond their ability to drive gene 
amplification, circular DNAs may serve as substrates for oncogenic 
genome remodeling. We sought evidence of genomic rearrange-
ments at circularization loci (ecDNA and eccDNA) in WGS data 
(Supplementary Fig. 1). Strikingly, most intrachromosomal and 
interchromosomal rearrangements detected in neuroblastoma 
genomes coincided with regions of extrachromosomal circulariza-
tion, supporting the idea of circle-mediated genome remodeling 
(Supplementary Fig. 6a,b). Visual inspection of Circos plots from 
each tumor showed that interchromosomal rearrangements at cir-
cularization loci often formed a tree-shaped pattern, defined as 
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clusters of at least three interchromosomal rearrangements with the 
same origin and branches reaching other distant genomic regions 
(Fig. 3a,b and Supplementary Fig. 7a–l). Tree-shaped rearrange-
ment cluster origins significantly overlapped with ecDNAs, with 
hot spots on chromosomes 2 (including MYCN) and 12 (Fig. 3c and 
Supplementary Fig. 7i). Only 10.5% of MYCN-amplified neuroblas-
tomas displayed homogenously staining regions (Supplementary 
Table 1), consistent with their rarity in neuroblastomas14,24,25. Thus, 
the majority of MYCN-derived tree-shaped rearrangements did not 
represent homogenously staining regions. Tree-shaped rearrange-
ment patterns indicative of circle-derived rearrangements were 
detected in 9% of pediatric tumors in the analysis of an indepen-
dent dataset of structural rearrangements in 546 pediatric cancer 
genomes26, confirming that this pattern is neither entity-specific nor 
dependent on variant detection methods (Supplementary Fig. 7j). 
Our data reveal an unanticipated association between circular DNA 
and somatic genomic rearrangements in neuroblastoma.

We reasoned that circle-derived tree-shaped rearrangements could 
either represent chromosomal circle integrations or the formation of 
chimeric circles, incorporating different chromosomal parts. To test 
this, we inspected the rearrangement recipient sites for signs of extra-
chromosomal 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 rear-
rangement 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 interchromosomal 
rearrangements connecting extrachromosomal circles with intra-
chromosomal sites (that is, not detected by Circle-seq). The major-
ity of rearrangement recipient sites (83.3%) were classified as circle 

integrations (Fig. 3d and Supplementary Fig. 6), which were validated 
by visual inspection of split reads, allele-specific PCR and Sanger 
sequencing (Fig. 3d and Supplementary Fig. 8). Phased heterozygous 
SNPs near integration breakpoints further confirmed extrachromo-
somal DNA circles as the origin of the integrations (Fig. 3d). Thus, 
circle-derived, tree-shaped rearrangement clusters represent (1) for-
mation of chimeric circles and (2) chromosomal circle integrations.

To test the functional impact of circle-derived, tree-shaped 
rearrangements in neuroblastoma, we inspected the rearrange-
ment 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 sup-
pressor genes (P = 0.033), whose expression varied from tumors 
where the same gene was not involved in circle-derived rearrange-
ments (Fig. 4b,c and Supplementary Fig. 9). For example, integra-
tion of an extrachromosomal circle fragment into the DCLK1 gene 
(shown in Fig. 3d) led to loss of heterozygosity (LOH) and was asso-
ciated with significant repression of DCLK1 expression (Fig. 4b). In 
agreement with a tumor suppressor function in neuroblastoma, low 
DCLK1 expression was associated with adverse patient prognosis 
and short hairpin RNA-mediated DCLK1 knockdown significantly 
increased clonogenicity in neuroblastoma cell lines (Supplementary 
Fig. 10a–i). Notably, circle integration also occurred proximal to 
the TERT gene and was associated with enhanced TERT expression 
(Fig. 4c). It is tempting to speculate that enhancer hijacking27 or dis-
ruption of other cis-regulatory elements could explain such expres-
sion 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 rearrange-
ments can contribute to aberrant expression of cellular tumor sup-
pressors and proto-oncogenes.
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Seemingly genetically identical MYCN-amplified neuroblas-
tomas can produce strong clinical heterogeneity, representing a 
conundrum in the field. We hypothesized that circle-derived onco-
genic lesions could functionally cooperate with extrachromosomal 
circular MYCN amplification, explaining some of the clinical hetero-
geneity observed. Indeed, the presence of circle-derived rearrange-
ments was associated with adverse patient outcome (Fig. 4d). In line 
with our hypothesis, patients with MYCN-amplified neuroblasto-
mas and circle-derived rearrangement clusters involving MYCN 
had significantly worse overall survival compared to patients with 
MYCN-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 dem-
onstrate that the majority of genomic rearrangements in neuroblas-
toma involve circular DNA, challenging our current understanding 
about cancer genome remodeling. Such rearrangements have pre-
viously gone largely undetected or underestimated in WGS analy-
ses because integrative, sequencing-based methods identifying 
circular DNA in tumor samples were lacking. In contrast to previ-
ous cytogenetic reports describing homogenously staining region-
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 transposases28–30, that could induce a mutator phenotype 
in the presence of circular DNA, driving circle-mediated genome 
remodeling. We envision that our findings extend to other cancers 
and that further detailed analyses of circle-derived rearrangements 
will shed new insights into our understanding of cancer genome 
remodeling.
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Methods
Reagents. !e synthetic oligonucleotides listed in Supplementary Table 2 were 
obtained from Euro"ns Genomics and were salt-free puri"ed. pLKO.1 shRNA 
vectors targeting DCLK1 (TRCN0000002145, TRCN0000002146) and control 
short hairpin green #uorescent protein were obtained from the RNAi Consortium 
(Broad Institute).

Cell culture. Human tumor cell lines were obtained from the DSMZ-German 
Collection of Microorganisms and Cell Cultures (Leibniz Institute), from ATCC 
or were a gift from C. J. Thiele. The identity of all cell lines was verified by short 
tandem repeat STR genotyping (Genetica DNA Laboratories and/or IDEXX 
BioResearch). Absence of Mycoplasma contamination was determined with a 
MycoAlert system (Lonza). Neuroblastoma cell lines were cultured in RPMI 1640 
medium (Thermo Fisher Scientific) supplemented with penicillin, streptomycin 
and 10% FCS. To assess the number of viable cells, cells were trypsinized, 
resuspended in medium and sedimented at 500g for 5 min. Cells were then 
resuspended in medium, mixed in a 1:1 ratio with 0.02% Trypan Blue Solution 
(Thermo Fisher Scientific) and counted with a TC20 Automated Cell Counter 
(Bio-Rad Laboratories). Lentiviral production and transduction were performed as 
described previously28. Clonogenicity was assessed as described previously28. Kelly 
and IMR-5 cells were plated in 24-well microplates at a concentration of 5,000 
cells per well and incubated for 7 d. Clonogenicity was quantified using methods 
described previously31.

Protein blotting. Protein blotting was performed as described previously28 using 
antibodies directed against mouse anti-β-actin (clone 8H10D10; Cell Signaling 
Technology), mouse anti-α-tubulin (clone DM1A; Cell Signaling Technology) and 
rabbit anti-DCLK1/DCAMKL1 (clone D2U3L; Cell Signaling Technology).

PCR and Sanger sequencing. PCR reactions were performed on 50–100 ng of 
gDNA using 0.4U Phusion Hot Start II High-Fidelity DNA Polymerase (Thermo 
Fisher Scientific), 0.5 µM forward and reverse primers (Supplementary Table 
2), 200 µM deoxyribonucleotide triphosphates (Bio-Budget Technologies) and 
4 µl 5× Phusion Green buffer (Thermo Fisher Scientific). PCR products were 
resolved on 1% agarose gels. PCR amplicons were purified using the PureLink PCR 
Purification Kit (Thermo Fisher Scientific). Sanger sequencing was carried out by 
capillary sequencing using standard procedures (Eurofins Genomics).

Quantitative PCR (qPCR). qPCR was performed using 50 ng or 1.5 µl of template 
DNA and 0.5 µM primers with SYBR Green PCR Master Mix (Thermo Fisher 
Scientific) in FrameStar 96-well PCR plates (4titude). Reactions were run and 
monitored on a StepOnePlus Real-Time PCR System (Thermo Fisher Scientific) 
and Ct values were calculated with the StepOne Plus software v.2.3 (Thermo Fisher 
Scientific).

Circular DNA isolation, purification and sequencing. Circular DNA isolation 
and purification was performed on the samples described in Supplementary Tables 
3 and 4 similarly to previous reports of Circle-seq6. A detailed step-by-step protocol 
for circular DNA isolation has been deposited on the Nature Protocol Exchange 
server32. DNA content was measured with a NanoDrop 2000 Spectrophotometer 
(Thermo Fisher Scientific) and a Qubit 3.0 Fluorometer (Thermo Fisher Scientific). 
Amplified circular DNA was sheared to an average fragment size of 150–200 bp 
using an S220 focused ultrasonicator (Covaris). Libraries for next-generation 
sequencing were prepared using the NEBNext Ultra DNA Library Kit for Illumina 
according to the manufacturer’s protocol (New England Biolabs). Libraries were 
sequenced on MiSeq instruments with 2 × 150 bp paired-end reads, HiSeq 4000 
instruments with 2 × 125 bp paired-end reads or NextSeq 500 instruments with 
2 × 150 bp paired-end reads (all Illumina). SMRT-seq was performed on a PacBio 
RS II instrument according to the manufacturer’s protocol (Pacific Biosciences). 
Nanopore sequencing was performed on a MinION instrument according to the 
manufacturer’s protocol (Oxford Nanopore).

Circle-seq analysis. Reads were 3′ trimmed for both quality and adapter 
sequences, with reads removed if the length was less than 20 nucleotides. 
Burrows–Wheeler Aligner MEM v.0.7.15 with default parameters was used to 
align the reads to human reference assembly hg19; PCR and optical duplicates 
were removed with Picard v.2.16.0. The aligned BAM files were then analyzed 
in two ways. First, all read pairs and split reads containing any outward-facing 
read orientation, indicating potential circles, were placed in a new BAM file. 
Second, genomic segments enriched for signal over background were detected 
in the ‘all reads’ BAM file using variable-width windows from Homer v.4.11 
findPeaks (http://homer.ucsd.edu/), and the edges of these enriched regions 
were intersected with the ‘circle only’ BAM file to quantify the number of 
circle-supporting reads. To determine the thresholds for significance of real 
circles versus background noise, matched WGS data were used to determine the 
background distribution of circle-oriented reads in non-circle-enriched regions 
that were matched for length and nucleotide composition. An empirical P value 
of 0.01 was used to filter putative circles and regions passing this filter were then 
used for downstream analysis.

Circle analysis in WGS data. Alignments to hg19 were created as outlined earlier, 
with read trimming, Burrows–Wheeler Aligner MEM and duplicate removal. 
Discovery of putative tumor-specific circular DNA relied on the filtering of false 
positives from genomic sequence as well as circles from normal tissue. This was 
classified with the following approach: (1) alignments with an outward-facing 
read orientation served as markers of putative circle boundaries projected onto 
the linear genome; (2) all such regions were merged if their edges occurred within 
500 bp on both ends; (3) regions not meeting the empirically defined background 
threshold were filtered out (P < 0.01; see Circle-seq analysis); (4) lastly, these 
putative circles were classified as tumor-specific once filtered against circles 
discovered in the matched normal genome (using steps 1–3). To allow for the 
detection of copy number–neutral DNA circles, copy number information was 
not used for this analysis. We confirmed that tandem duplications identified using 
variant calling algorithms did not identify the same number of circular DNA from 
the WGS data (Supplementary Fig. 4).

De novo assembly of extrachromosomal circular DNA. De novo assembly of 
long-read data (SMRT and Nanopore) was accomplished using two approaches. 
First, for long-read data alone, the Flye v.2.5 assembler (http://github.com/
fenderglass/Flye) was used in ‘-meta’ mode with circle junctions evaluated after 
polishing. Second, for hybrid assemblies using both long and short read data, 
Unicycler v.0.4.7 (http://github.com/rrwick/Unicycler) was used with racon v.1.3.3 
and SPAdes v.3.13.0 and polished with Pilon v.1.23. In all cases, circle assembly was 
inspected visually using Bandage v.0.8.1 (http://rrwick.github.io/Bandage/). Genic 
overlap with de novo assemblies was evaluated in two ways. First, by building a 
BLAST database of all assembled contigs and scoring matches to human genes 
with at least 70% of gene length covered. Second, each contig, independent of 
genic overlap, was mapped to hg19 using minimap2 v.2.17 (http://github.com/lh3/
minimap2).

SMRT-seq analysis. Reads from the SMRT-seq data were aligned to hg19 using the 
Burrows–Wheeler Aligner MEM with the‚ pacbio flag (-k17 -W40 -r10 -A1 -B1 
-O1 -E1 -L0). Since these data are single-ended, outward-facing read pairs cannot 
be used; thus, classification of circle junctions depended on split reads. Segments 
of the genome enriched for circular DNA were discovered by scanning 10-kilobase 
(kb) windows and calculating the false discovery rate (FDR)-adjusted P value from 
the Poisson distribution of the randomized reads.

Circle classification. Genome-wide distribution was calculated by dividing each 
chromosome into 1-megabase (Mb) bins and overlapping with quality-filtered 
circles. The number of circle reads overlapping each bin was divided by the total 
number of circle reads per patient, calculated separately for Circle-seq and WGS 
data. Genic circles were classified with bedtools v.2.25.0 intersect (http://bedtools.
readthedocs.io/) against all protein-coding genes, with gene bodies covered at least 
20% being used for downstream analysis. Recurrence across samples was calculated 
from a high-confidence set of genic circles created from genes with at least four 
circle-supporting reads covering at least 80% of the shortest transcript. Patients 
with matched Circle-seq, WGS and RNA-seq (n = 16) were used to investigate the 
relationship between circles, amplification and expression with a focus on circles 
with genic overlap. Correlation plots were computed per patient based on circle 
coverage, RNA expression and copy number variation fold change. Concordance 
between gene expression and circles was discovered by converting normalized read 
counts to z-scores and correlating with circle coverage across patient samples. For 
further methods, see the Supplementary Note.

Circle chimerism. Circle chimerism was evaluated using split reads from 
Nanopore sequencing (n = 21) that either bridged another chromosome or linked 
to a region separated by at least 4 Mb on the same chromosome. A minimum 
of 5 reads at a mapping quality (MAPQ) > 30 were required for a region to be 
considered chimeric; all such regions within the circle length ±500 bp were merged 
using pgltools v.1.2.0 (http://github.com/billgreenwald/pgltools). The resulting 
chimeric circles were further used as a secondary metric to evaluate the FDR of 
clustered tree-shaped rearrangement contacts in the WGS data.

Structural variant detection. Copy number variation was detected using Control-
FREEC33 v.10.6 with contamination adjustment based on a contamination of 
0.4 (that is, samples are 60% tumor), a minimalSubclonePresence of 0.244 and 
with ASCAT v.4.0.1 using default parameters33,34. Regions in the genome with 
a total copy number ≥9 were considered amplified regions following COSMIC 
copy number variant definition20. Amplifications were intersected with regions 
of circularization using the bedtools v.2.25.0; circular DNAs identified over these 
amplified regions were classified as ecDNAs. All remaining circular DNAs were 
classified as eccDNAs. Structural variation was done on matched tumor/normal 
genomes using novoBreak v.1.1.3 (ref. 35), SvABA v.1.1.1 (ref. 36), Delly2 v.0.7.7 (ref. 37),  
BRASS v.6.0.5 (https://github.com/cancerit/BRASS) and SMUFIN v.0.9.4 (ref. 38)  
using default parameters. From 97 initial neuroblastoma genomes, 4 of them 
(NBL47, NBL53, NBL54 and NBL61) were excluded from the analysis due to their 
abnormal high number of breakpoints and amplified regions. The 93 genomes left 
were analyzed with at least 4 variant callers each. Focusing on interchromosomal 
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rearrangements, merging and filtering of the results from different variant 
calling algorithms was performed. Filtering for all variants was performed with 
a Brass Assembly Score (BAS) ≥99 and at least 6 variant-supporting reads with 
an MAPQ > 60. All rearrangements that did not have a minimum of 6 aligned 
supporting reads with an MAPQ > 60 at each breakpoint were discarded. For the 
merging of interchromosomal rearrangements, all results from different variant 
callers were joined after filtering. Variants with breakpoints within a window of 
500 bp where collapsed. Only intrachromosomal variants supported by at least 
two different callers were included. Two additional samples (NBL49 and NBL50), 
which had exceptionally high numbers of rearrangements (z-score > 2) were 
discarded. A 1-Mb genomic region was blacklisted due to its high number of 
recurrent, visually confirmed false positive breakpoints (z-score > 2 within the 10 
highest-ranking bins). Structural variant calls from an independent cohort of WGS 
data of 546 pediatric cancer genomes was obtained from the DKFZ Pediatric Pan 
Cancer dataset (https://hgserver1.amc.nl/cgi-bin/r2/main.cgi?&dscope=DKFZ_
PED&option=about_dscope). For further methods, see the Supplementary Note.

Regions of clustered rearrangements. A region of clustered, tree-shaped 
rearrangement pattern was defined as having three or more interchromosomal 
rearrangements within a 4-Mb sliding window. The outermost breakpoints 
defined the boundaries of a cluster region. When five or more interchromosomal 
rearrangements connected the same two chromosomes, these were flagged 
and not considered for cluster detection. When 2 or more interchromosomal 
rearrangements connected 2 regions <10 Mb in size, only one rearrangement 
was counted for cluster detection. All chromosomes with >25 interchromosomal 
rearrangements were not considered. All structural variants detected in our 
dataset, as well as regions of clustered rearrangements detected using the methods 
described, can be visually inspected in an openly accessible website39. To estimate 
the FDRs, we randomly redistributed breakpoints of each sample across the 
mappable genome before counting the number of rearrangements within 4-Mb 
sliding windows. Five hundred such randomized datasets were created. The FDR 
was estimated as the mean fraction of rearrangement cluster-positive samples in 
this randomized dataset. For the chosen threshold of 3 or more rearrangements, 
the estimated FDR was 0.13. The analysis of circle integration was carried out by 
detecting the rearrangements connecting a circularized region with a candidate 
insertion site. Integration sites were defined by two main characteristics: both 
recipient breakpoints being located on the same chromosome and at a distance 
between breakpoints smaller than the circularized region inserted. Visual 
inspection of BAM files was performed for each candidate integration site. For 
further methods, see the Supplementary Note.

Circle length analysis. To identify the length preferences for circles depending on 
the copy number state of the underlying genomic segment, we derived a zero-sum 
score, following common enrichment test strategies such as gene set enrichment 
analysis40,41. For a given copy number category (balanced, weak imbalance, strong 
imbalance, LOH and focal amplification), each circle was assigned a score of 1/k 
if the circle belonged to the category and −1/(n − k) otherwise, where k is the total 
number of circles in that category and n is the total number of circles. Circles were 
ranked by length and cumulative scores along the list were calculated. The absolute 
maximum cumulative score was tested against 10,000 random permutations of 
the ranked list to determine the approximate enrichment P values. For further 
methods, see the Supplementary Note.

Circle breakpoint analysis. Base-pair accurate circle junctions were reassembled 
using SvABA v.1.1.1 with default parameters and only read pairs and split reads 
containing any outward-facing read orientation as input. Each precise head-to-
tail rearrangement call was considered a circle junction. Homology and insertion 
sequences were taken from the SvABA output directly.

To screen for motifs enriched at circle junction breakpoints, hg19 reference 
sequences for 41-bp windows around each circle junction breakpoint were 
obtained. MEME v.5.0.2 (parameters -objfun de -revcomp -nmotifs 5) was used 
to assess these sequences for motif enrichment with respect to a set of 1 million 
length-matched sequences randomly sampled from hg19 (excluding poorly or 
nonassembled regions and the ENCODE DAC blacklist). We compared reference 
sequence-derived microhomology lengths for actual breakpoints versus a random 
permutation of breakpoint partners using a two-sided t-test. For further methods, 
see the Supplementary Note.

Structural variant breakpoint analysis. Base-pair accurate structural 
rearrangement calls from the merged structural variant set were considered for 
detailed breakpoint analysis. The hg19 reference sequence was obtained for a 
61-bp window around each breakpoint. MEME v.5.0.2 (parameters -objfun de 
-revcomp -nmotifs 10) was used to identify motifs that were enriched with regard 
to a set of 1 million length-matched sequences randomly sampled from hg19 
(excluding poorly or nonassembled regions and the ENCODE DAC blacklist). 
Differential enrichment was equally assessed to compare subsets of rearrangements 
(clustered rearrangements versus nonclustered rearrangements, circle–circle versus 
other, circle–genome versus other, genome–genome versus other). Only SvABA 
rearrangement could be readily analyzed for homology and inserted sequences at 
breakpoints. We compared reference sequence-derived microhomology lengths for 

actual breakpoints versus a random permutation of breakpoint partners using a 
two-sided t-test. For further methods, see the Supplementary Note.

Statistical analysis. The enrichment of rearrangements in circularization loci was 
done using a two-sample test for equality of proportions with continuity correction. 
The enrichment of interchromosomal rearrangement breakpoint clusters 
within circularized regions was assessed using the union of interchromosomal 
rearrangements detected by all variant callers and at regions of circularization 
determined using Circle-seq and WGS separately. The relative overlap of each 
region of clustered breakpoints with circularized regions in the respective sample 
was computed. The distribution of overlap was then compared to the distribution 
expected by chance. For each region of clustered rearrangements, 2,000 random 
intervals of matching length were randomly positioned over a masked genome 
that excluded poorly or nonassembled regions and the ENCODE DAC blacklist. 
The relative overlap of each random interval with circular DNA in the matching 
patient was then assessed. A hypothesis test was derived from considering the 
mean relative overlap for the set of observed cluster regions with regard to the 
distribution of the mean relative overlap for the 2,000 synthetic sets of cluster 
regions. The one-sided empirical P value was calculated and Benjamini–Hochberg-
corrected for multiple comparisons (circle classes and circle calling methods). 
We investigated the distance of distal breakpoints of tree-shaped clustered 
rearrangements. We tested whether these breakpoints were closer to certain classes 
of genes than expected by chance. We looked at three gene classes: all COSMIC 
v.87 genes versus only COSMIC v.87 oncogenes versus only COSMIC v.87 tumor 
suppressor genes. For each breakpoint, we calculated the distance to the closest 
gene of the particular gene class and calculated the class-wise median of distances. 
Each median was assigned a one-tailed P value based on the distribution of 
medians in 500 synthetic datasets with breakpoint positions randomly drawn from 
the nonblacklisted genome. P values were corrected for multiple testing using 
the Benjamini–Hochberg method. To assess gene expression changes around 
rearrangement breakpoints, expression of protein-coding genes within 2 Mb of 
each breakpoint were analyzed. The differential RNA expression of genes in each 
sample compared to the rest of the cohort was quantified and the modified z-score 
of their transcripts per million was calculated. Two-sided log-rank tests were used 
for survival analysis across subgroups. To assess the effect of rearrangement clusters 
at the MYCN amplicon locus, MYCN-associated clusters were defined as all clusters 
that overlapped the ±1-Mb window around the MYCN. All violin plots depict the 
smoothed distribution using a Gaussian kernel with bandwidth selected according 
to Silverman’s rule. The box plots depict the first and third quartiles, segmented 
by the median; the whiskers depict the points within the 1.5× interquartile range 
beyond the box edges. All cell culture experiments were conducted at least three 
independent times, unless otherwise stated. For further details, see the Nature 
Research Reporting Summary. For further methods, see the Supplementary Note.

Patient samples and clinical data access. This study comprised the analyses of 
tumor and blood samples of patients diagnosed with neuroblastoma between 1991 
and 2016. Patients were registered and treated according to the trial protocols of 
the German Society of Pediatric Oncology and Hematology (GPOH). This study 
was conducted in accordance with the World Medical Association Declaration of 
Helsinki (2013) and good clinical practice; informed consent was obtained from 
all patients or their guardians. The collection and use of patient specimens was 
approved by the institutional review boards of Charité-Universitätsmedizin Berlin 
and the Medical Faculty, University of Cologne. Specimens and clinical data were 
archived and made available by Charité-Universitätsmedizin Berlin or the National 
Neuroblastoma Biobank and Neuroblastoma Trial Registry (University Children’s 
Hospital Cologne) of the GPOH. The MYCN gene copy number was determined as 
a routine diagnostic method using FISH. DNA and total RNA were isolated from 
tumor samples with at least 60% tumor cell content as evaluated by a pathologist. 
For further methods, see the Supplementary Note.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
The WGS and RNA-seq data that support the findings of this study have been 
deposited with the European Genome-phenome Archive (https://www.ebi.ac.uk/
ega/) under accession nos. EGAS00001001308 and EGAS00001004022. The Circle-
seq data that support the findings of this study are available from the corresponding 
author upon request. Source data for Fig. 1 are available online.

Code availability
The scripts used to analyze the sequencing data have been uploaded to www.
github.com/henssenlab. Data on tree-shaped rearrangements can be accessed and 
visualized online (https://kons.shinyapps.io/trees/).
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Supplementary Fig. 1. Flow chart of the data analysis strategy. (WGS: Whole genome 
sequencing; ILM: Illumina sequencing; SMRT: Single molecule real-time sequencing; SCNA: 
Somatic copy number alterations; SV: Structural variant; RNA-seq: RNA sequencing).  
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Supplementary Fig. 2. Circle-seq enables efficient enrichment of extrachromosomal 
circular DNA. a, Circle read density from Circle-seq (top) and whole genome sequencing 
(bottom) from mitochondrial DNA (ChrM) in one exemplary patient. b, Number of circular 
DNAs detected in 16 neuroblastoma tumors-normal pairs (center line indicates mean, error bars 
indicate standard deviation from the mean, two sided t-test, P=0.0065). c, Relative amount of 
linear genomic DNA (β-globin) before and after exonuclease +/- endonuclease treatment as 
measured using quantitative PCR (qPCR) in two independent cell lines (right and left; center 
indicates mean, error bars represent standard deviation of at least two independent qPCR 
measurements). d, Detailed schematic of the Circle-seq method (A step by step protocol is 
available online)1. 
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Supplementary Fig. 3. Circle-seq reliably detects extrachromosomal circular DNA. a, 
Extrachromosomal circular DNA read density at chromosome 2 near MYCN in primary 
neuroblastomas as detected using Circle-seq. Extrachromosomal circle junction and wild-type 
allele-specific PCR in neuroblastoma cell lines (b) and matched tumor and normal primary 
patient specimens (c) repeated independently at least three times. d, Relative number of 
extrachromosomal circular DNAs detected using Circle-seq before and after treatment with a 
rare-cutting endonuclease in 7 independent neuroblastoma cell lines (Error bars represent 
standard deviation, mean is indicated by horizontal line, unpaired two-sided t-test, P=0.02). e, 
Exemplary genome tracks at sites of extrachromosomal circularization detected via Circle-seq 
in each tumor before and after treatment with a rare-cutting endonuclease (number of reads in 
spanning all circular DNAs was reduced 474 fold, P = 7.566 x 10-11, Welch two sample two 
sided t-test).  
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Supplementary Fig. 4. Combining whole-genome sequencing with Circle-seq enables the 
characterization of extrachromosomal circular DNAs. a, Circular DNAs detected by Nanopore 
long-read sequencing (N=19,947) and with fully closed circles by junction-spanning reads 
(N=12,985; 65%) in 21 patient samples. b, Exemplary genome track at site of 
extrachromosomal circularization with long reads spanning an entire circular DNA multiple 
times, physically confirming its circular structure. c, Fraction of unmappable Nanopore long 
reads, which are mapped to telomeric and centromeric sequences after de novo assembly. 
Intersection between all circular DNAs (d),  ecDNAs (e) and eccDNAs (f) detected using Circle-
seq compared to circular DNAs inferred from whole-genome sequencing and regions recognized as 
tandem-duplications by 5 variant callers in 16 neuroblastoma patients. Size distribution of 
extrachromosomal circular DNAs identified using Circle-seq in 21 primary neuroblastomas 
(g+h) and 12 neuroblastoma cell lines (g+i). j, Size distribution of small extrachromosomal 
circles less than 1,500bp in length (N=59,560) with basepair-accurate breakpoint reconstruction 
using Circle-seq in 17 primary neuroblastomas. Density estimate using a Gaussian kernel with 
standard deviation set to 3. k, Length distribution of sequence insertions (N=2,145) at basepair-
accurate reconstructions of circle junctions in 17 primary neuroblastomas. Density estimate 
using a Gaussian kernel with standard deviation set to 1.  l, Length distribution of homologous 
sequences (microhomologies) at base-pair accurate reconstructions of circle junctions in 17 
primary neuroblastomas (N=76,220). 
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Supplementary Fig. 5. Copy number-neutral extrachromosomal circular DNAs are not 
associated with changes in gene expression. a, Cancer-relevant genes (rows) circularized in 
neuroblastoma cell lines (columns) as detected using Circle-seq (N=12 cell lines). b, Circle read 
density and genome track at SOX11 gene. c, mRNA expression of SOX11 in 12 neuroblastoma 
cell lines. d, Cumulative enrichment score of genomic copy number states within a ranked list 
of extrachromosomal circle sizes (N=73,342). Large extrachromosomal circular DNAs are 
significantly associated with focal copy number amplifications (pink, Pemp=0, empirical 
nominal one-sided P-value of absolute maximum cumulative scores from 10,000 random 
permutations of copy number scores. None of the random absolute maximum cumulative scores 
was greater than the observed score of 0.98; LOH: Loss of heterozygosity). e, Maximum 
haplotype frequency in Circle-seq compared to WGS at different Circle-seq coverages of 
73,342 circles across samples (Box indicates first, second and third quartile. Whiskers extend 
to lowest and highest value at max. 1.5 × interquartile distance from first and third quartile). f, 
Fraction of extrachromosomal circular DNA with distinct haplotype preferences depending on 
their copy number status. g, Genome track at the site of a copy number neutral 
extrachromosomal circular DNA showing the coverage of haplotype specific, phased, reads 
from Circle-seq, whole genome sequencing (WGS) and RNA sequencing. h, Genome track at 
site of a copy number neutral extrachromosomal circular DNA affecting SCO2. i,  Normalized 
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SCO2 RNA expression in a subset of patient tumors. j, Degree of gene circularization and gene 
copy number differences (increase, N=26,374; decrease, N=5,656; no change, N=58,862) 
compared to RNA expression differences (z-scores).  

 

 

 

 

Supplementary Fig. 6. The majority of somatic structural rearrangements in 
neuroblastoma involve extrachromosomal circular DNA. Intra- (a) and inter-chromosomal 
(b) somatic rearrangements and their association with extrachromosomal circular DNAs 
(ecDNAs compared to eccDNAs) as detected by Circle-seq (N=16 tumors) and WGS (N=93 
tumors) define two classes of circle-associated rearrangements, chimeric circles (connecting 
extrachromosomal circular DNA to extrachromosomal circular DNA, circle-circle) and circle 
integrations (connecting extrachromosomal circular DNA to chromosomal linear DNA, 
circle-genome).  
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Supplementary Fig. 7. Clustered tree-shaped circle-associated rearrangements can be 
detected in neuroblastoma genomes. a, Number of inter-chromosomal rearrangements per 
tumor detected by each structural variant caller, at least two variant callers (AtLeastTwo) 
compared to the union of rearrangements detected by all variant calling algorithms (Bars 
indicate maximum, minimum and quartile boundaries). b, Number of tree-shaped 
rearrangement patterns per tumor detected in 91 neuroblastoma genomes by five different 
variant callers (Bars indicate maximum, minimum and quartile boundaries). c, Total number of 
tree-shaped rearrangements detected in 91 neuroblastoma genomes by five different variant 
callers. d, Fraction of neuroblastomas with at least one tree-shaped rearrangement pattern in 
different neuroblastoma subgroups (ST4S = stadium 4S, LR = low risk, IMR = intermediate 
risk, HR_nMNA = high-risk non-MYCN-amplified, MNA = MYCN-amplified). e, Estimated 
false discovery rate (FDR) for the detection of tree-shaped rearrangement patterns based on the 
number of rearrangements set as a threshold to define such a pattern in the neuroblastoma cohort 
(N=91). f, Fraction of neuroblastoma genomes with tree-shaped rearrangement patterns 
depending on the number of rearrangements set as a threshold to detect such a pattern in the 
neuroblastoma cohort (N=91). g, Estimated FDR for the detection of tree-shaped rearrangement 
patterns in a publicly available dataset from 546 pediatric cancers comprising 15 types2. h, 
Fraction of pediatric cancer genomes with tree-shaped rearrangement patterns depending on the 
number of rearrangements set as a threshold to detect such a pattern in 546 pediatric cancers. i, 
Relative overlap of circular DNAs (ecDNA and eccDNA) with tree-shaped clustered 
rearrangements compared to overlap of randomized regions as measured using Circle-seq 
compared to WGS. All overlaps except eccDNA x Circle-seq are significantly above chance 
(empirical p-values based on 2000 randomized datasets, one-tailed test, Benjamini-Hochberg-
corrected; N=6 cluster regions for Circle-seq data, N=78 cluster regions for WGS data; P=1.0 
for Circle-seq eccDNA, P=9.995e-4 for Circle-seq ecDNA, P=0.0227 for WGS eccDNA and 
P=9.995e-4 for WGS ecDNA). j, Frequency of tree-shaped rearrangements indicative of circle-
associated rearrangements in our cohort of 91 neuroblastomas (NB_B) and a publicly available 
dataset from 546 pediatric cancers comprising 15 types2 (RB = retinoblastoma, ACC = 
adrenocortical carcinoma, ETMR = embryonal tumor with multilayered rosettes, RMS = 
rhabdomyosarcoma, OS = osteosarcoma, BL = Burkitt lymphoma, AML = acute myeloid 
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leukemia, EP = ependymoma, ATRT = atypical teratoid rhabdoid tumor, NB_PC = 
neuroblastoma Heidelberg cohort, B-ALL = B-cell acute lymphoblastic leukemia, HGG = high-
grade glioma, PA = pilocytic astrocytoma, MB = medulloblastoma). k, Length distribution of 
sequence insertions at accurately reconstructable breakpoints (N=320) of rearrangement 
breakpoints. 14.5% of breakpoints showed small insertions of at least 5bp. l, Length distribution 
of homologous sequences at accurately reconstructable rearrangement breakpoints (N=320). 
Microhomologies of at least 5 bp are found at 10.0% of rearrangement breakpoint junctions. 
Mean homology length was found to be 5-times longer for real SV than for a set of randomly 
permuted breakpoint pairs (both groups N=320; Group means 2.47bp vs. 0.49bp; two-sided 
unequal variances t-test, t=-8.64, df=342.12, P=2.2e-16).  
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Supplementary Fig. 8. Validation of circle-associated rearrangements by allele-specific 
PCR and Sanger sequencing. a, Split read support for variant breakpoints of exemplary circle-
associated rearrangements. b, Validation of circle integration as assessed using variant and 
wild-type allele-specific PCR in matched tumor and normal primary patient specimens 
(repeated at least three independent times).  
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Supplementary Fig. 9. Cancer-driving lesions can emerge out of circle-associated tree-
shaped rearrangement clusters. Modified z-scores for the mRNA expression of a subset of 
breakpoint-neighboring genes at different genomic loci in different neuroblastomas affected by 
circle-associated tree-shaped rearrangements. The genomic interval indicates the rearrangement 
cluster. Targets indicate the breakpoint partner connected to the rearrangement cluster (a-z).   
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Supplementary Fig. 10. Cancer-driving lesions with clinical relevance can emerge out of 
circle integration. Low DCLK1 mRNA expression in neuroblastomas correlates with adverse 
clinical outcome in five independently published gene expression datasets (statistical difference 
was calculated using a two-sided log rank test corrected after Bonferroni) (a-e).  f, DCLK1 
protein expression in a panel of 7 neuroblastoma cell lines as measured using western 
immunoblotting (measured at least three times). DCLK1 protein expression as measured using 
western immunoblotting after shRNA-mediated knock-down of DCLK1 in IMR5 (g) and Kelly 
cells (h) (repeated independently three times). i, Surface area of tissue culture plate covered by 
cell colonies after shRNA-mediated DCLK1 knock-down compared to shGFP expressing cells 
(Center line indicates mean, error bars represent standard deviation of three independent cell 
culture plates, ANOVA test between groups followed by post-hoc pairwise comparisons using 
Tukey’s Honestly Significant Difference test, P=0.443 for shGFP vs. shDCLK1-1, P=0.026 for 
shGFP vs. shDCLK1-2 and P=0.136 for shDCLK1-1 vs. shDCLK1-2).  
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Supplementary Fig. 11. Extrachromosomal chimeric circles can lead to co-amplification 
and overexpression of oncogenes and expression of aberrant circle-specific fusion 
transcripts. a, Genome track with genomic copy number alterations at chromosome 1 (top left) 
and chromosome 2 (top right) connected through formation of a chimeric extrachromosomal 
circle (top, blue lines). Coverage and B-allelic frequency of reads from regions connected 
between chromosome 1 and 2 as detected by whole genome sequencing, Circle-seq and RNA 
sequencing (bottom).  b, Schematic of chimeric circle formation depicted in a. c, Normalized 
gene expression (mRNA) for protein tyrosine phosphatase type IVA, member 2 (PTP4A2) in 
21 neuroblastomas (tumor affected by chimeric circle shown in (a) is marked by asterisk). d, 
Number of chromosomes included per chimeric extrachromosomal circular DNA (N=19 
ecDNA; N=3,514, eccDNA). e, Fraction of extrachromosomal circular DNA that are of 
chimeric structure (N=16/19, ecDNA; N=3,514/167,793, eccDNA). f, RNA sequencing split 
reads indicating the expression of an aberrant fusion transcript on the chimeric 
extrachromosomal circular DNA.  
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Supplementary Fig. 12. Higher number of inter-chromosomal rearrangements does not 
distinguish clinically distinct subgroups of MYCN-amplified neuroblastoma. a, Number of 
inter-chromosomal rearrangements in neuroblastoma from different clinical risk groups 
(Tukey-style boxplots with box encompassing the second and third quartile, whiskers include 
data points within 1.75 times the interquartile range.). b, Kaplan Meier analysis of patient 
survival comparing patients with neuroblastomas affected by different numbers of somatic 
inter-chromosomal rearrangements (Q1-4: quartile of numbers of inter-chromosomal 
rearrangements; two-sided log rank test, P=0.064). c,  Kaplan Meier analysis comparing patient 
survival with MYCN-amplified neuroblastomas (N=17) and high numbers of inter-
chromosomal rearrangements to neuroblastomas with low numbers of inter-chromosomal 
rearrangements (Low number of rearrangements are defined as numbers below the median; 
two-sided log-rank test, P=0.24). 
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Supplementary Table 1. Analysis of the MYCN amplicon state (homogenously stating region, 
HSR, extrachromosomal circular double minute chromosome, Dmin) as measured using FISH 
and interpreted by the German clinical diagnostic reference center and tumor bank for 
neuroblastoma.  

Sample ID MYCN 

Amplification4 

Amplicon state  MYCN-associated clustered 

rearrangements 

CB2013 Yes HSR/Dmin Yes 

CB2022 Yes Dmin Yes 

CB2025 Yes HSR/Dmin Yes 

CB2027 Yes Dmin Yes 

CB2034 Yes Dmin Yes 

CB2030 Yes Dmin Yes 

CB2050 Yes Dmin Yes 

NBL26 Yes Dmin Yes 

NBL27 Yes Dmin Yes 

NBL29 Yes Dmin Yes 

NBL30 Yes Dmin Yes 

NBL33 Yes Dmin Yes 

NB2001 Yes Dmin No 

NB2024 Yes Dmin No 

NBL28 Yes Dmin No 

NBL31 Yes Dmin No 

NBL32 Yes Dmin No 

NBL34 Yes Dmin No 

NBL42 Yes Dmin No 
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Supplementary Table 2. Sequences of oligonucleotide primers used for PCR and Sanger DNA 
sequencing 

Name Description Sequence (5’-3’)  

MYCN_1_F1 PCR of circle junction in 
KELLY 

TGGCTAGCAGAAACTCA
CCAG 

MYCN_1_R3 PCR of circle junction in 
KELLY 

CAGGGGGCATTTACTTTC
AA 

MYCN_1_WT_R1 PCR of wild type locus in 
KELLY 

GCACAGAGGGACCAGCT
TAC 

MYCN_5_F1 PCR of circle junction in 
NGP 

CTGTCCTGCCTCTTTTCT
GG 

MYCN_5_R1 PCR of wild-type locus and 
circle junction in NGP 

GCGTCAGTTAGGGCATTT
TC 

MYCN_5_WT_F2 PCR of wild type locus in 
NGP 

GCCAGTGCTGAAAAAGG
AAG 

MYCN_2_F2 PCR of circle junction in 
CB2050 

TCACTCCAGTCCCAGGTC
TG 

MYCN_2_R3 PCR of circle junction in 
CB2050 

CCCGGGTCTGTGATGAA
GAG 

MYCN_2_WT_R1 PCR of wild type locus in 
CB2050 

GTCCTCCTCTTACTACCT
TGGC 

JUN_2_F2 PCR of circle junction in 
CB2052 

CGCTAGCTCTGGGCAGTT
AG 

JUN_2_R1 PCR of circle junction in 
CB2052 

TTTCGGGAGTGTCCAGA
GAG 

JUN_2_WT_R1 PCR of wild type locus in 
CB2052 

CAGCCACCGTCACTAGA
CAG 

MYCN_8_WT_F1 PCR of wild type locus in 
CB2013 

TCCTCACAACCCAGTACT
CA 

MYCN_8_ F2 PCR of circle junction in 
CB2013 

ACATCAAACTCAGGGCC
AAC 

MYCN_8_ R1 PCR of wild type locus and 
circle junction in CB2013 

TACAAAAGGACGGACAC
GGAG 

Beta_Globin_F qPCR of human HBB on 
gDNA 

TATTGGTCTCCTTAAACC
TGTCTTG 

Beta_Globin_R qPCR of human HBB on 
gDNA 

CTGACACAACTGTGTTCA
CTAGC 

MutID_503_Ch2_BKP1_F2 
  

PCR of wild type  locus and 
translocation in CB2013 

CCTCTCTCCAGTCAAGCC
AC 

MutID_503_Ch2_BKP1_R2 
 

PCR of wild type  locus only 
in CB2013 

CTCTTGGGTGTGTAGGG
GTATC 

MutID_503_Ch13_BKP2_R2 
 

PCR of translocation only in 
CB2013 

CGGTATCCAAGTTCCCCA
CC 

MutID_06_Ch2_BKP2_F2 PCR of wild type locus only 
in CB2013 

TCAGGCTTTGGACAGGA
GTG 

MutID_06_Ch2_BKP2_R2 
 

PCR of wild type locus and 
translocation in CB2013 

ACCTGTACCTGAACACA
GGC 

MutID_06_Ch1_BKP1_R2 
 

PCR of translocation only in 
CB2013 

TGGCTGGTACCGGTTGTT
C 



 111 

17 
 

 
MutID_17_Ch13_BKP1_F1 PCR of wild type locus and 

translocation in CB2013 
CCTGACACAAAGGGAAA
CAGC 

MutID_17_Ch13_BKP1_R1 
 

PCR of wild type locus only 
in CB2013 

GTGTTCTCCAGGAACCC
GTC 

MutID_17_Ch2_BKP2_F1 
 

PCR of translocation only in 
CB2013 

CTAGGGCGTCCAGTATCT
TGC 

MutID_508_Ch13_BKP2_F1 
 

PCR of wild type locus only 
in CB2013 

GGCCTTACTTTTGGCCCA
CTA 

MutID_508_Ch13_BKP2_R1 
 

PCR of wild type locus and 
translocation in CB2013 

TACGGAACTGGAAGCCA
AAC 

MutID_508_Ch2_BKP1_F1 
 

PCR of translocation only in 
CB2013 

GGTGGCCAACGATTACC
AAG 
 

MYCN_9_F1 
 

PCR of wild type locus in 
VM1 patient sample 

CATGGGTCACACTCTCA
ACC 

MYCN_9_WT_R1 
 

PCR of wild type locus in 
VM1 patient sample 

TCTGCCTCCATCTGCGTA
TG 

MYCN_9_F2 
 

PCR of circle junction in 
VM1 patient sample 

TCACTTCTAGGAGCAGC
ACC 

MYCN_9_R1 
 

PCR of circle junction in 
VM1 patient sample 

CCACGGTCTCCCTCTGAT
AC 

MYCN_11_WT_F2 
 

PCR of wild type locus in 
NB2022 

CCCGTCTTCCCCTCTAGA
AC 

MYCN_11_R1 
 

PCR of wild type locus and 
circle junction in NB2022 

TTTTGCTAGGGGACGGT
AGG 

MYCN_11_F1 
 

PCR of circle junction in 
NB2022 

TCATACCAGGGCCCACTT
AAG 

18S_rRNA_F Control PCR for 
ribodepletion 

GTAACCCGTTGAACCCC
ATT 
 

18S_rRNA_R Control PCR for 
ribodepletion 

CCATCCAATCGGTAGTA
GCG 
 

28S_rRNA_F Control PCR for 
ribodepletion 

GTGTTAGGACCCGAAAG
ATGGT 
 

28S_rRNA_R Control PCR for 
ribodepletion 

TAGTCTTTCGCCCCTATA
CCCA 
 

ActinB_F Control PCR for 
ribodepletion 

CCAACCGCGAGAAGATG
A 
 

ActinB_R Control PCR for 
ribodepletion 

CCAGAGGCGTACAGGGATAG 
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Supplementary Table 3. Annotation of cell lines analyzed with Circle-seq  

Cell line Species Cell Type MYCN 

Amplification1 

Number of 

circular DNAs 

LAN-1 Human Neuroblastoma Yes 864 

KELLY Human Neuroblastoma Yes 3302 

SK-N-SH Human Neuroblastoma No 1617 

IMR-5 Human Neuroblastoma Yes 2629 

SK-N-FI Human Neuroblastoma No 1471 

SH-SY5Y Human Neuroblastoma No 14848 

SK-N-AS Human Neuroblastoma No 209 

GI-ME-N Human Neuroblastoma No 2124 

NB69 Human Neuroblastoma No 260 

CHP-212 Human Neuroblastoma Yes 2701 

SH-EP Human Neuroblastoma No 22804 

NGP Human Neuroblastoma Yes 9019 
1MYCN status assessed by FISH 
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Supplementary Table 4. Clinical annotation of patient samples analyzed with Circle-seq 

Sample ID INSS1 Age2 INRG3 MYCN 

Amplification4 

Number of 

circular DNAs 

CB1008 IV 2 High Yes 23753 

CB1010 IV 6 High No 41371 

CB1001 III 4 High Yes 19574 

CB1003 IV 3 High Yes 16865 

CB2051 na na Low No 4923 

CB2052 na na Low No 42749 

CB2001 IV 2 High Yes 33718 

CB2050 IV 2 High Yes 16719 

CB2025 III 2 High Yes 5348 

CB2026 IV 5 High No 7135 

CB2011 IVS <1 Low No 11223 

CB2013 IV 1 High Yes 7221 

CB2014 I <1 Low No 10671 

CB2022 IV 2 High Yes 36636 

CB2036 IV 2 High No 12785 

CB2006 IVS <1 Low No 20932 

CB2049 IV  High  No 40286 

CB2004 I <1 Low No 21278 

CB2007 III 2 Intermediate No 34446 

CB2008 III 2 Intermediate No 15324 

CB2056 II  Low No 36374 
1INSS: International Neuroblastoma Staging System  
2Age in years 
4MYCN status assessed by FISH 
3International Neuroblastoma Risk Group 

na: not available  
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Supplementary Note 

 

Analysis of published gene expression arrays. 

The R2 visualization and analysis platform (http://r2.amc.nl/) was used to reanalyze published 

gene expression and clinical data from neuroblastoma patients3-6. 

 

Whole genome sequencing  

Whole-genome sequencing of 37 matched neuroblastoma tumor-normal pairs was performed 

on the Illumina HiSeq X-Ten platform with a paired-end read length of 2 × 150bp at the 

sequencing facility of the German Cancer Research Center (DKFZ, Heidelberg, Germany). 

Whole genome sequencing of 56 matched tumor-normal pairs was downloaded 

(https://www.ebi.ac.uk/ega/) under accession number EGAS000010013087. The quality of the 

raw data was assured using FastQC8. The reads were aligned to the human genome reference, 

assembly hg19, using BWA-MEM9. Raw sequencing reads were aligned to the human genome 

(NCBI build 37/hg19) by using BWA-MEM mem version 0.7.15 and BWA-ALN version 0.5.9, 

and BAM files were generated using SAMtools version 1.99. Optical and PCR duplicates were 

marked using bammarkduplicates2 from Biobambam version 2.0.79. 

 

RNA sequencing  

RNA of 37 primary neuroblastomas was isolated with Trizol according to the manufacturer’s 

protocol (Thermo Fisher). RNA purity was analyzed on a Nanodrop 2000 spectrometer and 

RNA integrity assessed on a Bioanalyzer 2100 or TapeStation4200 as per manufacture’s 

instructions. Only samples with an RNA integrity number of 8 or above were included.  

Depletion of ribosomal RNA (rRNA) was performed by enzymatic digestion as previously 

described10. Ribo-depletion of 95-99% was confirmed using RT-qPCR. The ribo-depleted RNA 

was used for generation of RNA sequencing libraries using the TrueSeq Stranded mRNA kit 

according to the manufacturer’s protocol (Illumina). Total RNA of 37 primary tumor samples 

was sequenced on a HiSeq4000 (Illumina, San Diego, USA) with a paired-end read length of 

2 × 150bp at the sequencing core facility of the Max Delbrueck Center for Molecular Medicine 

(MDC, Berlin, Germany). On average 100 million reads were generated per sample. The raw 

RNA sequencing data of 54 previously published neuroblastomas were downloaded from the 

European Genome-phenome Archive (https://www.ebi.ac.uk/ega/) under accession number 

EGAS0000100130811. The quality of the raw data was assured using FastQC8. The reads were 

aligned to the human genome reference, with the annotation of known transcripts taken from 
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Gencode (v27)11, using the STAR aligner12. Read counts per gene were determined using the 

featureCounts software13. Raw read counts were normalized and further analyzed using the 

DESeq2 R/Bioconductor package14. 

 

Single nucleotide polymorphism (SNP) calling and phasing 

Single nucleotide polymorphism (SNP) detection and phasing was performed similarly as 

previously described15. For haplotype-specific analyses, we considered 84,801,880 germline 

variants as reported by 1000 Genomes16 phase 3. Only bi-allelic SNPs on chromosomes 1-22 

with minor allele frequency (MAF) ≧ 1% were retained for downstream analyses. SNPs were 

additionally filtered for mappability by excluding positions with score less than one in the 

UCSC HG19 CRG Align 50 score17, yielding a total of 9,866,569 variant sites after filtering. 

Allele-specific read counts and B-allele frequency (BAF) ratios were determined for each 

variant in each sample using bcftools 1.8 (http://www.htslib.org/doc/bcftools.html). SNPs were 

genotyped on WGS samples from normal tissue using the multiallelic-caller from bcftools 1.8. 

Genotypes were then merged and phased by Eagle2 (version 2.4)18 using phased 1000 Genomes 

Project genotypes as reference.  

 

Allele-specific expression analysis 

Allele-specific RNA read counts were determined by GATK19 (version 3.5.0) 

ASEReadCounter from RNA-seq alignments at heterozygous SNPs following established 

protocols20. Sites (i.e. SNP in a sample) with less than 8 total or less than 2 allelic reads were 

removed. Additionally, only sites that qualified as bi-allelic according to a statistical test were 

retained: A binomial test on the minimum allele count = min(alt, ref) with probability 

sum(non_ref_alt)/sum(raw_depth) was applied, where ref and alt are the reference and 

alternative allele counts, and non_ref_alt and raw_depth the non-reference/non-alternative 

allele count and raw read depth per site respectively. Sites for which the null hypothesis was 

rejected (FDR 0.05, Benjamini-Hochberg) were classified as bi-allelic. The reference allele bias 

was estimated by averaging over the reference allele fraction ref / (ref + alt) of all ASE sites 

from balanced copy-number regions per sample. Allelic-expression imbalance (AEI) was 

assessed through a binomial test against the calculated reference bias at 5% FDR after 

Benjamini-Hochberg correction for multiple testing. The ASE ratio was calculated as max(ref, 

alt) / (ref + alt). Allelic expression preference of mono-allelic circles in copy-number balanced 

regions was determined by a statistical test on the circles’ ASE haplotype state. Circles in copy-

number imbalanced regions (see Methods, Allele-specific-copy-number analysis) were 
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removed. From the remaining circles only mono-allelic circles were retained, which were 

defined as circles with Circle-seq maximum haplotype frequency > 0.9 (see Methods, 

Assignment of CN states to circles). Circles with identical RNA counts for both haplotypes 

were removed and remaining circles were annotated with two different states dependent on 

whether the majority of ASE counts came from the circularized haplotype or not. Finally a 

binomial test on the circles was conducted, parameterized for equal probability to draw a circle 

from one of the two states under the null hypothesis. Read ratios were computed for each 

heterozygous SNP and corrected for reference bias. A coverage log ratio per SNP was 

calculated between tumor and normal WGS and normalized by total SNP coverage per assay. 

 

Allele-specific copy-number analysis 

Allele-specific read counts and BAF ratios were determined for variants in each sample using 

bcftools 1.8 (http://www.htslib.org/doc/bcftools.html) mpileup. Allele-specific copy-number 

(CN) profiles and estimates for purity and ploidy of tumors were obtained from BAFs and log 

ratios of coverage between tumor and normal samples (logR) using a modified version of 

ASCAT 2.521. We only considered SNPs with a minimum total coverage of 10 reads from tumor 

and normal WGS samples. All CN segments were inspected manually for quality. For samples 

with estimated tumor purity less than 60% (CB2006, CB2007 and CB2014) CN calling was 

rerun with manually selected purity and ploidy values based on inspection of the goodness-of-

fit plots and in agreement with pathology. Copy-number segments were assigned to categories 

as follows: Balanced: total copy-number ≧ 0 and majorCN = minorCN, where majorCN and 

minorCN are the copy-numbers of major- and minor allele respectively; Weak imbalance, total 

copy-number ≧ 0 and copy-number ratio = majorCN / (majorCN + minorCN) ≦  ⅔; Strong 

imbalance: as weak imbalance, but copy-number ratio > ⅔; LOH: minorCN = 0 and majorCN 

> 0; Focal amplification: copy-number segment smaller than 3 Mb , logr_seg > 0.8 and 

median(logr_seg) - median(logr_chr) > 0.8, where logr_seg and logr_chr are coverage log ratios 

of SNPs on the segment and its chromosome of origin respectively.  

 

Assignment of CN states to circles 

The copy-number state of a circle was defined as the state of the copy-number segment with 

the largest overlap. The phase of SNPs overlapping imbalanced copy-number segments 

(majorCN > minorCN) was defined such that haplotype 1 was assigned to the minor allele and 

haplotype 2 to the major allele according to the tumor WGS BAF at that SNP. Only 

heterozygous SNPs with a Circle-seq coverage of more than 10 reads and circles with at least 
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one SNP fulfilling this requirement were included in the allele-specific analysis. Circle-seq 

haplotype counts were defined as the sum over allelic-depths of the same haplotype for SNPs 

overlapping the circle. The haplotype frequency was calculated as hc2 / (hc1 + hc2), where hc1 

and hc2 are haplotype counts of haplotype 1 and 2 respectively. The maximum haplotype 

frequency per circle was calculated as max(hc1, hc2) / (hc1 + hc2). 
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ecDNA hubs drive cooperative 
intermolecular oncogene expression

King L. Hung1,22, Kathryn E. Yost1,22, Liangqi Xie2,3,4,22, Quanming Shi1, Konstantin Helmsauer5, 
Jens Luebeck6,7, Robert Schöpflin8,9,10, Joshua T. Lange11,12,13, Rocío Chamorro González5, 
Natasha E. Weiser1,13, Celine Chen5, Maria E. Valieva8,9, Ivy Tsz-Lo Wong12,13, Sihan Wu14, 
Siavash R. Dehkordi7, Connor V. Duffy1, Katerina Kraft1, Jun Tang12,13, Julia A. Belk13,15, 
John C. Rose1, M. Ryan Corces1, Jeffrey M. Granja1, Rui Li1, Utkrisht Rajkumar7, 
Jordan Friedlein16, Anindya Bagchi16, Ansuman T. Satpathy13, Robert Tjian3,4, 
Stefan Mundlos8,9,17, Vineet Bafna7, Anton G. Henssen5,18,19,20, Paul S. Mischel12,13, Zhe Liu2 & 
Howard Y. Chang1,21 ✉

Extrachromosomal DNA (ecDNA) is prevalent in human cancers and mediates high 
expression of oncogenes through gene ampli!cation and altered gene regulation1. 
Gene induction typically involves cis-regulatory elements that contact and activate 
genes on the same chromosome2,3. Here we show that ecDNA hubs—clusters of around 
10–100 ecDNAs within the nucleus—enable intermolecular enhancer–gene 
interactions to promote oncogene overexpression. ecDNAs that encode multiple 
distinct oncogenes form hubs in diverse cancer cell types and primary tumours. Each 
ecDNA is more likely to transcribe the oncogene when spatially clustered with 
additional ecDNAs. ecDNA hubs are tethered by the bromodomain and extraterminal 
domain (BET) protein BRD4 in a MYC-ampli!ed colorectal cancer cell line. The BET 
inhibitor JQ1 disperses ecDNA hubs and preferentially inhibits 
ecDNA-derived-oncogene transcription. The BRD4-bound PVT1 promoter is 
ectopically fused to MYC and duplicated in ecDNA, receiving promiscuous enhancer 
input to drive potent expression of MYC. Furthermore, the PVT1 promoter on an 
exogenous episome su"ces to mediate gene activation in trans by ecDNA hubs in a 
JQ1-sensitive manner. Systematic silencing of ecDNA enhancers by CRISPR 
interference reveals intermolecular enhancer–gene activation among multiple 
oncogene loci that are ampli!ed on distinct ecDNAs. Thus, protein-tethered ecDNA 
hubs enable intermolecular transcriptional regulation and may serve as units of 
oncogene function and cooperative evolution and as potential targets for cancer 
therapy.

Circular ecDNA that encodes oncogenes is a prevalent feature of cancer 
genomes and a potent driver of cancer progression4–8. ecDNAs (includ-
ing double minutes) are covalently closed, double-stranded and range 
from around 100 kilobases to several megabases in size1,9–12. Lacking 
centromeres, ecDNAs are randomly segregated into daughter cells 
during cell division, which enables the rapid accumulation and selec-
tion of ecDNA variants that confer a fitness advantage5,13–15. ecDNAs can 

reintegrate into chromosomes16–20 and may therefore also act as pre-
cursors to some chromosomal amplifications. ecDNAs possess highly 
accessible chromatin1,21 and co-amplify enhancer elements22,23, suggest-
ing that oncogene amplicons may be shaped by regulatory dependen-
cies to amplify transcription. ecDNAs cluster with one another during 
cell division or after DNA damage24–26; but the biological consequences 
of ecDNA clustering are poorly understood.
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ecDNA hubs amplify oncogene expression
We visualized ecDNA localization in interphase nuclei by DNA 
fluorescence in situ hybridization (FISH)27 using probes that tar-
get ecDNA-amplified oncogenes in multiple cell lines, includ-
ing PC3 (MYC-amplified), COLO320-DM (MYC-amplified), HK359 
(EGFR-amplified) and SNU16 (MYC- and FGFR2-amplified)1 (Fig. 1a, 
Extended Data Fig. 1a). DNA FISH on metaphase spreads revealed tens to 
hundreds of individual ecDNAs per cell located outside chromosomes 
(Fig. 1a, Methods). In a subset of cell lines, we used two-colour DNA FISH 
to interrogate a non-ecDNA neighbouring control locus (Extended 
Data Fig. 1a); chromosomal oncogene copies appear as paired dots 
whereas ecDNAs have a single colour, as expected (Fig. 1a, Extended 
Data Fig. 1b). In all of the ecDNA-positive cancer cells that we assessed, 
the ecDNA FISH signal was locally concentrated in interphase nuclei 
despite arising from tens to hundreds of individual ecDNA molecules, 

suggesting that ecDNAs strongly cluster with one another—a feature we 
term ecDNA hubs (Fig. 1a). ecDNA hubs occupied a much larger space 
than chromosomal signals and are larger than diffraction-limited spots 
(around 0.3 µm), suggesting that they consist of many clustered ecDNA 
molecules. Quantification using an autocorrelation function g(r) (Meth-
ods) showed a significant increase in clustering over short distances 
(0–40 pixels, 0–1.95 µm; Fig. 1b, Extended Data Fig. 1c) compared to 
random distribution. In three primary neuroblastoma tumours with 
MYCN amplifications, we also observed ecDNA hubs in the vast majority 
of cancer cells28 (Fig. 1c, Extended Data Fig. 1d, e). These results suggest 
that ecDNA clustering occurs across various cancer types with different 
oncogene amplifications and in primary tumours.

Next, we visualized actively transcribing MYC alleles by joint DNA and 
nascent RNA FISH in PC3 and COLO320-DM cells (Fig. 1d, Extended Data 
Fig. 1a, f–h) and computed the probability of MYC transcription from 
each ecDNA molecule (Methods). The majority of nascent MYC mRNA 
transcripts came from ecDNA hubs rather than from the chromosomal 
locus, even after accounting for copy number (Fig. 1d, e). ecDNA clus-
tering was significantly correlated with increased MYC transcription, 
and ecDNA clustering was a better predictor of MYC transcription prob-
ability as compared to copy number (Fig. 1f). Furthermore, ecDNAs in 
hubs are more transcriptionally active compared to singleton ecDNAs 
(Extended Data Fig. 1i). Thus, each ecDNA molecule is more likely to 
transcribe the oncogene when more ecDNAs are present in hubs.

BRD4 links ecDNA hubs and transcription
MYC is flanked by super-enhancers marked by histone H3 acetyla-
tion at lysine 27 (H3K27ac) and BET proteins such as BRD429,30. MYC 
transcription is highly sensitive to BET protein displacement by the 
inhibitor JQ131,32. To examine MYC ecDNAs in live cells, we inserted a 
Tet-operator (TetO) array into MYC ecDNAs in COLO320-DM cells and 
labelled ecDNAs with TetR-eGFP or TetR-eGFP(A206K) to minimize GFP 
dimerization (Extended Data Fig. 2a–d, Methods). Live-cell imaging 
revealed multiple dynamic nuclear foci corresponding to clustered 
ecDNAs (Extended Data Fig. 2e–i, Supplementary Video 1). Epitope 
tagging of endogenous BRD4 revealed that BRD4 is highly enriched 
in TetO-labelled ecDNA hubs (Fig. 2a, Extended Data Fig. 2j–l). Assay 
of transposase-accessible chromatin by sequencing (ATAC–seq) 
and chromatin immunoprecipitation and sequencing (ChIP–seq) of 
H3K27ac and BRD4 showed that H3K27ac peaks, which mark active 
ecDNA enhancers, are indeed also occupied by BRD4 (Fig. 2b, Extended 
Data Fig. 3a–c).

To determine the role of BET proteins in ecDNA-derived transcription, 
we focused on the isogenic colorectal cancer cell lines COLO320-DM 
(MYC ecDNA) and COLO320-HSR (chromosomal MYC amplicon or 
homogeneously staining region; HSR)18, which were derived from the 
same patient tumour (Extended Data Fig. 3a). Treatment with 500 nM 
JQ1 dispersed ecDNA hubs in COLO320-DM cells after 6 h, splitting large 
ecDNA hubs into multiple small ecDNA signals including singleton 
ecDNAs and abolishing the most-clustered ecDNA hubs (autocorrela-
tion g(r)  > 2) (Fig. 2c, d, Extended Data Fig. 3d–f). Treatment with JQ1 
did not alter the spatial distribution of covalently linked MYC copies 
in COLO320-HSR cells as expected (Fig. 2c, d). ecDNA dispersal by JQ1 
appears to be highly specific; inhibition of transcription by either the 
RNA polymerase II inhibitor α-amanitin or 1,6-hexanediol33 did not 
affect ecDNA hubs (Extended Data Fig. 3g–j).

JQ1 potently inhibited ecDNA-derived oncogene transcription. 
Treatment with JQ1 reduced the MYC transcription probability per 
ecDNA copy by fourfold, as shown by joint nascent RNA and DNA 
FISH (Fig. 2e, Extended Data Fig. 3g). Because BET proteins are also 
involved in MYC transcription from chromosomal DNA, we compared 
the effect of JQ1 on COLO320-DM versus COLO320-HSR cells. BRD4 
ChIP–seq showed that treatment with JQ1 equivalently dislodged 
BRD4 genome-wide in these isogenic cells (Extended Data Fig. 3k). 
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Nonetheless, treatment with 500 nM JQ1 preferentially lowered the 
level of MYC mRNA in COLO320-DM cells, a dose that had no signifi-
cant effect on the level of MYC mRNA in COLO320-HSR cells (Fig. 2f). 
JQ1 dose titration showed that there was a modest preferential kill-
ing of COLO320-DM cells over COLO320-HSR cells (Extended Data 
Fig. 3l–n). A survey of six additional compounds that target transcrip-
tion or histone modifications found that only BET inhibitors selec-
tively inhibited MYC expression in ecDNA+ cells, and that MS645—a 
bivalent BET bromodomain inhibitor34—reduced ecDNA transcription 
and clustering similarly to JQ1 (Extended Data Fig. 3o–q). Live-cell 
imaging with TetO-GFP COLO320-DM cells showed that ecDNA hubs 
resolve into smaller particles during mitosis (Fig. 2g, Supplementary 
Videos 1, 2). After partitioning, ecDNAs re-form large hubs; notably, 
ecDNA hub assembly after mitosis is blocked by JQ1 (Fig. 2g, Supple-
mentary Video 3). Together, these results suggest a unique depend-
ence on the bromodomain–H3K27ac interaction of BET proteins for 

ecDNA hub formation, maintenance and oncogene transcription in 
COLO320-DM cells.

PVT1-MYC hijacks ecDNA enhancer input
To link ecDNA structure to the regulation of MYC transcription, 
we reconstructed the COLO320-DM ecDNA using five orthogonal 
approaches and report what is—to our knowledge—the largest ecDNA 
structure that has so far been assembled. We identified complex struc-
tural rearrangements using (1) whole-genome sequencing (WGS)35; 
(2) nanopore-based single-molecule sequencing; and (3) large DNA 
contig assembly by optical mapping36 (Extended Data Fig. 4a–d).  
In addition, we performed targeted ecDNA digestion using CRISPR–
Cas9 followed by pulsed-field gel electrophoresis (PFGE) and deep 
sequencing of megabase-sized DNA fragments to obtain sequence 
multiplicity information that was highly concordant with optical map-
ping ecDNA contigs (Extended Data Fig. 4e, f). Using these first four 
methods, we reconstructed a 4.328-Mb ecDNA that contains multi-
ple copies of a PVT1-MYC fusion37,38, a canonical MYC sequence, and 
sequences from multiple chromosomal origins (chromosomes 6, 8, 
13 and 16) (Extended Data Fig. 4e). Finally, we used DNA FISH to con-
firm the colocalization of PLUT, PCAT1 and MYC genes on ecDNAs as 
predicted by the reconstruction (Extended Data Fig. 4g).

The PVT1-MYC fusion makes up more than 70% of MYC transcripts in 
COLO320-DM cells and consists of the promoter and exon 1 of the long 
non-coding RNA gene PVT1 fused to exons 2 and 3 of MYC (which encode 
a functional MYC protein isoform39), replacing the promoter and exon 1 
of MYC (Fig. 3a). Consistently, total MYC RNA transcripts were reduced 
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by CRISPR interference (CRISPRi) of the PVT1 promoter (Extended Data 
Fig. 4h). Multiple PVT1-MYC fusion copies share a common breakpoint, 
indicative of a common origin (Extended Data Fig. 4i). We observed 
strong BRD4 binding at the PVT1 promoter in COLO320-DM cells, but 
not in COLO320-HSR cells (Fig. 2b). As the PVT1 promoter can be acti-
vated by MYC40, we hypothesize that PVT1-MYC fusion enables positive 
feedback of MYC expression and circumvents competition between the 
PVT1 and MYC promoters, which is normally observed on the unrear-
ranged chromosome41. Notably, PVT1 rearrangement and gene fusion 
are observed in several human cancers and drive gene overexpression42.

We next identified ecDNA regulatory elements that are associated 
with high oncogene expression. Paired single-cell ATAC–seq and RNA 
sequencing (RNA-seq) from 72,049 COLO320-DM and COLO320-HSR 
cells identified 47 ecDNA regulatory elements associated with high 
MYC expression after correcting for MYC copy number (Extended Data 
Fig. 5, Methods). Enhancer connectome analysis using H3K27ac HiChIP, 
a protein-directed 3D genome conformation assay43, revealed that 
multiple enhancers make significant contact with the PVT1 or PVT1-MYC 

promoter (Extended Data Figs. 6a, b, 5f, g). Whereas the canonical MYC 
promoter participates in several focal enhancer contacts, the HiChIP 
signal at the PVT1 promoter is increased across the entire amplified 
region (Extended Data Fig. 6a). CRISPRi targeting of six enhancers 
individually with high BRD4 occupancy on ecDNA did not significantly 
reduce bulk MYC mRNA levels (Extended Data Fig. 4i), probably owing to 
combinatorial and compensatory enhancer–gene interactions. These 
results indicate that the PVT1 promoter, now driving MYC oncogene 
expression on ecDNA, receives broad and combinatorial enhancer 
input within ecDNA hubs.

Gene activation in trans in ecDNA hubs
We next interrogated whether ecDNA molecules cooperate in spa-
tial proximity to achieve gene transcription. We constructed a plas-
mid containing the 2-kb PVT1 promoter driving NanoLuc luciferase 
(PVT1p-nLuc) and with a constitutive thymidine kinase promoter (TKp) 
driving Firefly luciferase as an internal control (Fig. 3b). In COLO320-DM 
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cells, PVT1p was highly active (around 25-fold) compared to TKp or a 
minimal promoter (minp-nLuc; Fig. 3c). Of note, PVT1p conferred sig-
nificantly greater (around fourfold) induction in ecDNA+ COLO320-DM 
cells than in isogenic ecDNA− COLO320-HSR cells (Fig. 3c), whereas 
minimal promoter and MYC promoter activity was comparable between 
the isogenic cell lines (Extended Data Fig. 6c). Treatment with JQ1 at a 
low dose that disperses ecDNA hubs strongly reduced PVT1p-mediated 
transcription in COLO320-DM cells (around fivefold repression) but 
had a more modest effect in COLO320-HSR cells (around twofold) 
(Fig. 3c). Joint DNA FISH and nascent RNA FISH showed that PVT1p 
conferred increased NanoLuc transcription when colocalized with 
ecDNA hubs compared to the minimal promoter (Fig. 3d–f, Extended 
Data Fig. 6d). Addition of a cis-enhancer to the plasmid increased both 
PVT1p- or MYCp-driven NanoLuc activity and TKp-driven Firefly lucif-
erase activity (Extended Data Fig. 6e, f). Finally, MYCp or incorporation 
of a cis-enhancer to the plasmid reduced the difference in reporter 
sensitivity to JQ1 in COLO320-DM versus COLO320-HSR cells (Extended 
Data Fig. 6g). Together, these experiments suggest intermolecular 
enhancer–promoter activation in ecDNA hubs and identify PVT1p as 
a DNA element that is capable of activation in ecDNA hubs in trans.

Intermolecular regulation among ecDNAs
We next investigated whether intermolecular enhancer–gene interac-
tions can be precisely mapped and perturbed. We focused on a human 
gastric cancer cell line, SNU16, which contains two distinct ecDNA types: 
a MYC amplicon derived from chromosomes 8 and 11 and an FGFR2 
amplicon derived from chromosome 10. These ecDNAs intermingle in 
hubs, as demonstrated by two-colour interphase FISH (Figs. 1a, b, 4a). 
Treatment with JQ1 reduced the ecDNA-derived transcription of both 
MYC and FGFR2 (Fig. 4b). We generated a subclone, SNU16-dCas9-KRAB, 
with stable expression of dCas9-KRAB and reduced ecDNA structural 
heterogeneity as confirmed by metaphase FISH (96.8% distinct MYC and 
FGFR2 ecDNAs), WGS and H3K27ac HiChIP analyses (Fig. 4c, Extended 
Data Fig. 7a–c). H3K27ac HiChIP showed intermolecular contacts 
between FGFR2 and MYC ecDNAs with a lower contact frequency relative 
to cis interactions but enriched for focal interactions (Fig. 4d). CRISPRi 
targeting of candidate regulatory elements (20 guides per element; 
2,747 guides in total44; Extended Data Fig. 8a–c, Methods) identified 
functional elements linked to the expression of MYC or FGFR2 both in cis 
(oncogene located on the same ecDNA) and in trans (oncogene located 
on a distinct ecDNA) (Methods, Fig. 4e, f, Extended Data Fig. 8d). As a 
positive control, CRISPRi of the MYC and FGFR2 promoters strongly 
reduced corresponding gene expression. CRISPRi of the FGFR2 pro-
moter had no effect on MYC expression, indicating that downregulation 
of FGFR2 protein does not affect MYC expression (Fig. 4e, f). Notably, we 
identified five enhancers on the FGFR2 ecDNA that activate MYC in trans, 
but no MYC ecDNA enhancers that activate FGFR2 (Fig. 4e, f, Extended 
Data Fig. 8e). Perturbations of in-trans interactions resulted in similar 
significance levels to perturbations of several in-cis interactions on the 
MYC ecDNA (Fig. 4e). We validated that FGFR2 trans-enhancers are not 
covalently linked to the MYC gene on 98–100% of ecDNA molecules 
by dual-colour metaphase DNA FISH and in vitro CRISPR–Cas9 diges-
tion (Extended Data Fig. 9). CRISPRi of the MYC promoter reduced the 
expression of both MYC and FGFR2, suggesting that the MYC protein 
may act as a transcriptional activator of FGFR245 (Fig. 4e, g, Extended 
Data Fig. 8f). These data suggest that FGFR2 and MYC ecDNAs have been 
co-selected so that enhancers on both amplicons cooperatively activate 
MYC expression. The MYC protein then, in turn, activates FGFR2 expres-
sion (Fig. 4g). There is little overlap between cis- and trans-regulatory 
elements, supporting our conclusion that intermolecular enhancer 
elements directly modify gene expression in trans rather than through 
downstream effects.

Finally, to assess intermolecular ecDNA interactions in an independ-
ent cancer type, we used nanopore sequencing and WGS to identify 

four distinct oncogene amplicons in TR14, a neuroblastoma cell line, 
which also contains ecDNA hubs (Extended Data Fig. 10a, b). Hi-C 
analysis revealed trans interactions, such as those between the MYCN 
and ODC1 amplicons, which are not brought together by structural 
variants (Fig. 4h, Extended Data Fig. 10c–e). Trans Hi-C contacts are 
enriched at sites marked by H3K27ac, which may represent regulatory 
elements that enable intermolecular cooperation (Fig. 4h, Extended 
Data Fig. 10f–h). Together, these results suggest that intermolecular 
enhancer-gene activation in ecDNA hubs occurs for diverse oncogene 
loci and multiple cancer types.

Discussion
Local congregation of ecDNA in ecDNA hubs promotes novel inter-
molecular enhancer–gene interactions and oncogene overexpression 
(Fig. 4i). Unlike chromosomal transcription hubs, which favour local 
cis-regulatory elements and span 100–300 nm46, ecDNA hubs can span 
more than 1,000 nm and involve trans regulatory elements located on 
distinct ecDNA molecules. This discovery has profound implications 
with regard to how ecDNAs undergo selection and how the rewiring 
of oncogene regulation on ecDNA contributes to transcription. First, 
trans-activation between ecDNAs suggests that oncogene–enhancer 
co-selection may occur both on individual ecDNAs and on the reper-
toire of ecDNAs in a cell. Thus, individual ecDNA molecules may not 
be required to contain all necessary regulatory elements as a diverse 
repertoire of regulatory elements is accessible in a hub47. This type of 
evolutionary dynamics has been documented in viruses, in which the 
cooperation of a mixture of specialized variants outperforms a pure 
wild-type population48,49. Moreover, mutations on individual molecules 
may be better tolerated, which may increase ecDNA sequence diversity. 
Finally, ecDNA hubs promote variable enhancer usage as cluster ecDNA 
molecules can ‘sample’ various enhancers through new enhancer–pro-
moter interactions, including ectopic enhancer–promoter interactions 
between ecDNAs that arise from distinct chromosomes, as in SNU16 
cells.

The recognition that ecDNA hubs promote oncogene transcrip-
tion may provide therapeutic opportunities. Whereas chromosomal 
DNA amplicons such as HSRs are covalently linked, ecDNA hubs are 
held together by proteins. In COLO320-DM cells, we show that inhibi-
tion of BET proteins by JQ1 disaggregates ecDNA hubs and reduces 
ecDNA-derived MYC expression. Although MYC and MYCN are regulated 
by BET proteins31,50, other ecDNA oncogene amplifications may exploit 
their endogenous enhancer mechanisms in ecDNA hubs and may rely 
on other gene-specific protein factors. Future studies may identify 
proteins that mediate ecDNA transcriptional activity in various cancer 
types and will be highly informative for potential therapeutic efforts.

Online content
Any methods, additional references, Nature Research reporting sum-
maries, source data, extended data, supplementary information, 
acknowledgements, peer review information; details of author con-
tributions and competing interests; and statements of data and code 
availability are available at https://doi.org/10.1038/s41586-021-04116-8.

1. Wu, S. et al. Circular ecDNA promotes accessible chromatin and high oncogene 
expression. Nature 575, 699–703 (2019).

2. Gorkin, D. U., Leung, D. & Ren, B. The 3D genome in transcriptional regulation and 
pluripotency. Cell Stem Cell 14, 762–775 (2014).

3. Zheng, H. & Xie, W. The role of 3D genome organization in development and cell 
differentiation. Nat. Rev. Mol. Cell Biol. 20, 535–550 (2019).

4. Bailey, C., Shoura, M. J., Mischel, P. S. & Swanton, C. Extrachromosomal DNA—relieving 
heredity constraints, accelerating tumour evolution. Ann. Oncol. 31, 884–893 (2020).

5. Kim, H. et al. Extrachromosomal DNA is associated with oncogene amplification and poor 
outcome across multiple cancers. Nat. Genet. 52, 891–897 (2020).

6. Turner, K. M. et al. Extrachromosomal oncogene amplification drives tumour evolution 
and genetic heterogeneity. Nature 543, 122–125 (2017).



 125 

736 | Nature | Vol 600 | 23/30 December 2021

Article
7. Verhaak, R. G. W., Bafna, V. & Mischel, P. S. Extrachromosomal oncogene amplification in 

tumour pathogenesis and evolution. Nat. Rev. Cancer 19, 283–288 (2019).
8. Cox, D., Yuncken, C. & Spriggs, A. I. Minute chromatin bodies in malignant tumours of 

childhood. Lancet 286, 55–58 (1965).
9. van der Bliek, A. M., Lincke, C. R. & Borst, P. Circular DNA of 3T6R50 double minute 

chromosomes. Nucleic Acids Res. 16, 4841–4851 (1988).
10. Hamkalo, B. A., Farnham, P. J., Johnston, R. & Schimke, R. T. Ultrastructural features of 

minute chromosomes in a methotrexate-resistant mouse 3T3 cell line. Proc. Natl Acad. 
Sci. 82, 1126–1130 (1985).

11. Maurer, B. J., Lai, E., Hamkalo, B. A., Hood, L. & Attardi, G. Novel submicroscopic 
extrachromosomal elements containing amplified genes in human cells. Nature 327, 
434–437 (1987).

12. VanDevanter, D. R., Piaskowski, V. D., Casper, J. T., Douglass, E. C. & Von Hoff, D. D. Ability 
of circular extrachromosomal DNA molecules to carry amplified MYCN protooncogenes 
in human neuroblastomas in vivo. J Natl Cancer Inst. 82, 1815–1821 (1990).

13. Nathanson, D. A. et al. Targeted therapy resistance mediated by dynamic regulation of 
extrachromosomal mutant EGFR DNA. Science 343, 72–76 (2014).

14. Ståhl, F., Wettergren, Y. & Levan, G. Amplicon structure in multidrug-resistant murine 
cells: a nonrearranged region of genomic DNA corresponding to large circular DNA. Mol. 
Cell. Biol. 12, 1179–1187 (1992).

15. Vicario, R. et al. Patterns of HER2 gene amplification and response to anti-HER2 therapies. 
PLoS ONE 10, e0129876 (2015).

16. Carroll, S. M. et al. Double minute chromosomes can be produced from precursors 
derived from a chromosomal deletion. Mol. Cell. Biol. 8, 1525–1533 (1988).

17. Kitajima, K., Haque, M., Nakamura, H., Hirano, T. & Utiyama, H. Loss of irreversibility of 
granulocytic differentiation induced by dimethyl sulfoxide in HL-60 sublines with a 
homogeneously staining region. Biochem. Biophys. Res. Commun. 288, 1182–1187 (2001).

18. Quinn, L. A., Moore, G. E., Morgan, R. T. & Woods, L. K. Cell lines from human colon 
carcinoma with unusual cell products, double minutes, and homogeneously staining 
regions. Cancer Res. 39, 4914–4924 (1979).

19. Storlazzi, C. T. et al. Gene amplification as double minutes or homogeneously staining 
regions in solid tumors: origin and structure. Genome Res. 20, 1198–1206 (2010).

20. Wahl, G. M. The importance of circular DNA in mammalian gene amplification. Cancer 
Res. 49, 1333–1340 (1989).

21. Kumar, P. et al. ATAC–seq identifies thousands of extrachromosomal circular DNA in 
cancer and cell lines. Sci. Adv. 6, eaba2489 (2020).

22. Morton, A. R. et al. Functional enhancers shape extrachromosomal oncogene 
amplifications. Cell 179, 1330–1341 (2019).

23. Helmsauer, K. et al. Enhancer hijacking determines extrachromosomal circular MYCN 
amplicon architecture in neuroblastoma. Nat. Commun. 11, 5823 (2020).

24. Itoh, N. & Shimizu, N. DNA replication-dependent intranuclear relocation of double 
minute chromatin. J. Cell Sci. 111, 3275–3285 (1998).

25. Kanda, T., Sullivan, K. F. & Wahl, G. M. Histone–GFP fusion protein enables sensitive 
analysis of chromosome dynamics in living mammalian cells. Curr. Biol. 8, 377–385 
(1998).

26. Oobatake, Y. & Shimizu, N. Double-strand breakage in the extrachromosomal double 
minutes triggers their aggregation in the nucleus, micronucleation, and morphological 
transformation. Genes Chromosomes Cancer 59, 133–143 (2020).

27. Beliveau, B. J. et al. Versatile design and synthesis platform for visualizing genomes with 
Oligopaint FISH probes. Proc. Natl Acad. Sci. USA 109, 21301–21306 (2012).

28. Koche, R. P. et al. Extrachromosomal circular DNA drives oncogenic genome remodeling 
in neuroblastoma. Nat. Genetics 52, 29–34 (2019).

29. Parker, S. C. J. et al. Chromatin stretch enhancer states drive cell-specific gene regulation 
and harbor human disease risk variants. Proc. Natl Acad. Sci. USA 110, 17921–17926  
(2013).

30. Whyte, W. A. et al. Master transcription factors and mediator establish super-enhancers at 
key cell identity genes. Cell 153, 307–319 (2013).

31. Lovén, J. et al. Selective inhibition of tumor oncogenes by disruption of super-enhancers. 
Cell 153, 320–334 (2013).

32. Filippakopoulos, P. et al. Selective inhibition of BET bromodomains. Nature 468,  
1067–1073 (2010).

33. Sabari, B. R. et al. Coactivator condensation at super-enhancers links phase separation 
and gene control. Science 361, eaar3958 (2018).

34. Ren, C. et al. Spatially constrained tandem bromodomain inhibition bolsters sustained 
repression of BRD4 transcriptional activity for TNBC cell growth. Proc. Natl Acad. Sci. USA 
115, 7949–7954 (2018).

35. Deshpande, V. et al. Exploring the landscape of focal amplifications in cancer using 
AmpliconArchitect. Nat. Commun. 10, 392 (2019).

36. Luebeck, J. et al. AmpliconReconstructor integrates NGS and optical mapping to resolve 
the complex structures of focal amplifications. Nat. Commun. 11, 4374 (2020).

37. Schwab, M., Klempnauer, K. H., Alitalo, K., Varmus, H. & Bishop, M. Rearrangement at the 
5′ end of amplified c-myc in human COLO 320 cells is associated with abnormal 
transcription. Mol. Cell. Biol. 6, 2752–2755 (1986).

38. L’Abbate, A. et al. Genomic organization and evolution of double minutes/
homogeneously staining regions with MYC amplification in human cancer. Nucleic Acids 
Res. 42, 9131–9145 (2014).

39. Hann, S. R., King, M. W., Bentley, D. L., Anderson, C. W. & Eisenman, R. N. A non-AUG 
translational initiation in c-myc exon 1 generates an N-terminally distinct protein whose 
synthesis is disrupted in Burkitt’s lymphomas. Cell 52, 185–195 (1988).

40. Carramusa, L. et al. The PVT-1 oncogene is a Myc protein target that is overexpressed in 
transformed cells. J. Cell. Physiol. 213, 511–518 (2007).

41. Cho, S. W. et al. Promoter of lncRNA gene PVT1 is a tumor-suppressor DNA boundary 
element. Cell 173, 1398–1412 (2018).

42. Tolomeo, D., Agostini, A., Visci, G., Traversa, D. & Storlazzi, C. T. PVT1: a long non-coding 
RNA recurrently involved in neoplasia-associated fusion transcripts. Gene 779, 145497 
(2021).

43. Mumbach, M. R. et al. HiChIP: efficient and sensitive analysis of protein-directed genome 
architecture. Nat. Methods 13, 919 (2016).

44. Fulco, C. P. et al. Activity-by-contact model of enhancer–promoter regulation from 
thousands of CRISPR perturbations. Nat. Genet. 51, 1664–1669 (2019).

45. Park, J. et al. A reciprocal regulatory circuit between CD44 and FGFR2 via c-myc controls 
gastric cancer cell growth. Oncotarget 7, 28670–28683 (2016).

46. Furlong, E. E. M. & Levine, M. Developmental enhancers and chromosome topology. 
Science 361, 1341–1345 (2018).

47. Zhu, Y. et al. Oncogenic extrachromosomal DNA functions as mobile enhancers to 
globally amplify chromosomal transcription. Cancer Cell 39, 694–707 (2021).

48. Xue, K. S., Hooper, K. A., Ollodart, A. R., Dingens, A. S. & Bloom, J. D. Cooperation 
between distinct viral variants promotes growth of H3N2 influenza in cell culture. Elife 5, 
e13974 (2016).

49. Vignuzzi, M., Stone, J. K., Arnold, J. J., Cameron, C. E. & Andino, R. Quasispecies diversity 
determines pathogenesis through cooperative interactions in a viral population. Nature 
439, 344–348 (2006).

50. Henssen, A. et al. Targeting MYCN-driven transcription by BET-bromodomain inhibition. 
Clin. Cancer Res. 22, 2470–2481 (2016).

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

© The Author(s), under exclusive licence to Springer Nature Limited 2021



 126 

Methods
Cell culture
The TR14 neuroblastoma cell line was a gift from J. J. Molenaar. Cell 
line identity for the master stock was verified by STR genotyping 
(IDEXX BioResearch). All remaining cell lines used were obtained from 
ATCC and verified by FISH or genomic sequencing. TR14 cells were 
cultured in RPMI-1640 medium (Thermo Fisher Scientific) with 1% 
penicillin–streptomycin (pen-strep), and 10% fetal calf serum (FCS). 
COLO320-DM, COLO320-HSR and HCC1569 cells were maintained 
in Roswell Park Memorial Institute 1640 (RPMI; Life Technologies, 
11875-119) supplemented with 10% fetal bovine serum (FBS; Hyclone, 
SH30396.03) and 1% pen-strep (Thermo Fisher Scientific, 15140-122). 
PC3 cells were maintained in Dulbecco’s modified Eagle’s medium 
(DMEM; Thermo Fisher Scientific, 11995073) supplemented with 10% 
FBS and 1% pen-strep. HK359 cells were maintained in DMEM/nutri-
ent mixture F-12 (DMEM/F12 1:1; Gibco, 11320-082), B-27 supplement 
(Gibco, 17504044), 1% pen-strep, GlutaMAX (Gibco, 35050061), human 
epidermal growth factor (EGF, 20 ng ml−1; Sigma-Aldrich, E9644), 
human fibroblast growth factor (FGF, 20 ng ml−1; Peprotech) and 
heparin (5 µg ml−1; Sigma-Aldrich, H3149-500KU). SNU16 cells were 
maintained in DMEM/F12 supplemented with 10% FBS and 1% pen-strep. 
All cells were cultured at 37 °C with 5% CO2. All cell lines tested negative 
for mycoplasma contamination.

Metaphase chromosome spread
Cells in metaphase were prepared by KaryoMAX (Gibco) treatment at 
0.1 µg ml−1 for 3 h. Single-cell suspension was then collected and washed 
by PBS, and treated with 75 mM KCl for 15–30 min. Samples were then 
fixed by 3:1 methanol:glacial acetic acid, v/v and washed an additional 
three times with the fixative. Finally, the cell pellet resuspended in 
the fixative was dropped onto a humidified slide. The distribution of 
ecDNA counts in metaphase for COLO320-DM, PC3 and HK359 have 
been described previously1,6. We find that the majority of cells exam-
ined in metaphase are ecDNA+, with a small proportion of HSR+ cells: 
COLO320-DM: 80% (80/100 cells) ecDNA+, 14% (14/100 cells) HSR+, 6% 
(6/100 cells) ecDNA+HSR+; PC3: 80% (43/54 cells) ecDNA+, 11% (6/54 
cells) HSR+, 9% (5/54 cells) ecDNA+HSR+; SNU16-dCas9-KRAB: 100% 
(29/29 cells) ecDNA+.

Metaphase DNA FISH
Slides containing fixed cells in interphase or metaphase were briefly 
equilibrated by 2× SSC, followed by dehydration in 70%, 85% and 100% 
ethanol for 2 min each. FISH probes in hybridization buffer (Empire 
Genomics) were added onto the slide, and the sample was covered by 
a coverslip, denatured at 75 °C for 1 min on a hotplate and hybridized at 
37 °C overnight. The coverslip was then removed, and the sample was 
washed once by 0.4× SSC with 0.3% IGEPAL, and twice by 2× SSC with 
0.1% IGEPAL, for 2 min each. DNA was stained with DAPI and washed 
with 2× SSC. Finally, the sample was mounted by mounting medium 
(Molecular Probes) before imaging.

Interphase DNA FISH
The Oligopaint FISH probe libraries were constructed as described 
previously51. Each oligo consists of a 40-nucleotide (nt) homology to the 
hg19 genome assemble designed from the algorithm developed from 
the laboratory of T. Wu (https://oligopaints.hms.harvard.edu/). Each 
library subpool consists of a unique set of primer pairs for orthogo-
nal PCR amplification and a 20-nt T7 promoter sequence for in vitro 
transcription and a 20-nt region for reverse transcription. Individual 
Oligopaint probes were generated by PCR amplification, in vitro tran-
scription and reverse transcription, in which ssDNA oligos conjugated 
with ATTO488 and ATTO647 fluorophores were introduced during the 
reverse transcription step. The Oligopaint-covered genomic regions 
(hg19) used in this study are as follows: chr8:116,967,673–118,566,852 

(hg19_COLO_nonecDNA_1.5Mbp), chr8:127,435,083–129,017,969 
(hg19_COLO_ecDNA_1.5Mbp), chr8:128,729,248–128,831,223 (hg19_
PC3_ecDNA1_100kb). A ssDNA oligo pool was ordered and synthesized 
from Twist Bioscience. Fifteen-millimetre #1.5 round glass coverslips 
(Electron Microscopy Sciences) were pre-rinsed with anhydrous ethanol 
for 5 min, air-dried, and coated with L-poly lysine solution (100 µg ml−1) 
for at least 2 h. Fully dissociated COLO320-DM or PC3 cells were seeded 
onto the coverslips and recovered for at least 6 h before experiments. 
Cells were fixed with 4% (v/v) methanol-free paraformaldehyde diluted 
in 1× PBS at room temperature for 10 min. Then cells were washed twice 
with 1× PBS and permeabilized in 0.5% Triton-X100 in 1× PBS for 30 min. 
After washing twice in 1× PBS, cells were treated with 0.1 M HCl for 
5 min, followed by three washes with 2× SSC and 30 min incubation 
in 2× SSC + 0.1% Tween20 (2× SSCT) + 50% (v/v) formamide (EMD Mil-
lipore, S4117). For each sample, we prepare 25 µl hybridization mixture 
containing 2× SSCT+ 50% formamide +10% dextran sulfate (EMD Mil-
lipore, S4030) supplemented with 0.5 µl 10 mg ml−1 RNaseA (Thermo 
Fisher Scientific, 12091-021) + 0.5 µl 10 mg ml−1 salmon sperm DNA 
(Thermo Fisher Scientific, 15632011) and 20 pmol probes with distinct 
fluorophores. The probe mixture was thoroughly mixed by vortexing, 
and briefly microcentrifuged. The hybridization mix was transferred 
directly onto the coverslip, which was inverted facing a clean slide. The 
coverslip was sealed onto the slide by adding a layer of rubber cement 
around the edges. Each slide was denatured at 78 °C for 4 min followed 
by transferring to a humidified hybridization chamber and incubated 
at 42 °C for 16 h in a heated incubator. After hybridization, samples 
were washed twice for 15 min in pre-warmed 2× SSCT at 60 °C and then 
were further incubated at 2× SSCT for 10 min at room temperature, at 
0.2× SSC for 10 min at room temperature, and at 1× PBS for 2 × 5 min 
with DNA counterstaining with DAPI. Then coverslips were mounted 
on slides with Prolong Diamond Antifade Mountant (Thermo Fisher 
Scientific P36961) for imaging acquisition.

DNA FISH of primary neuroblastoma samples was performed on 
4-µm sections of FFPE blocks. Slides were deparaffinized, dehydrated 
and incubated in pre-treatment solution (Dako) for 10 min at 95–99 °C. 
Samples were treated with pepsin solution for 2 min at 37 °C. For hybrid-
ization, the ZytoLight SPEC MYCN/2q11 Dual Color Probe (ZytoVision) 
was used. Incubation took place overnight at 37 °C, followed by coun-
terstaining with 4,6-diamidino-2-phenylindole (DAPI).

Nascent RNA FISH
To quantify the MYC gene expression on the ecDNAs, we ordered the 
RNA FISH probes conjugated with a Quasar 570 dye (Biosearch Tech-
nologies ISMF-2066-5) targeting the intronic region of the human (hg19) 
MYC gene for detection of nascent RNA transcript. We also ordered 
the RNA FISH probes conjugated with a Quasar 670 dye targeting the 
exonic region of the human MYC gene (Biosearch Technologies VSMF-
2231-5) for detection of both mature and nascent RNA transcripts. For 
simultaneous detection of both ecDNA and MYC transcription, 125 nM 
RNA FISH probes was mixed with the DNA FISH probes (100-kb probe 
instead of the 1.5-Mbp probe) together in the hybridization buffer with 
RNase inhibitor (Thermo Fisher Scientific, cat# AM2694) and incubated 
at 37 °C overnight for around 16 h. After hybridization, samples were 
washed twice for 15 min in pre-warmed 2× SSCT at 37 °C and then were 
further incubated at 2× SSCT for 10 min at room temperature, at 0.2× 
SSC for 10 min at room temperature, and at 1× PBS for 2 ×5 min with DNA 
counterstaining with DAPI. Then coverslips were mounted on slides 
with Prolong Diamond Antifade Mountant for imaging acquisition.

Microscopy
DNA FISH images were acquired either with conventional fluorescence 
microscopy or confocal microscopy. Conventional fluorescence micros-
copy was performed using an Olympus BX43 microscope, and images 
were acquired with a QiClick cooled camera. Confocal microscopy was 
performed using a Leica SP8 microscope with lightning deconvolution 
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(UCSD School of Medicine Microscopy Core) or a ZEISS LSM 880 
inverted confocal microscope. Z-stacks were acquired over an aver-
age depth of approximately 8 µm, with roughly 0.6 µm step size.

DNA and RNA FISH images were acquired on the ZEISS LSM 880 
Inverted Confocal microscope attached with an Airyscan 32 GaAsP 
PMT area detector. Before imaging, the beam position was calibrated 
centring on the 32-detector array. Images were taken under the Airyscan 
SR mode with a Plan Apochromat 63×/NA 1.40 oil objective in a lens 
immersion medium having a refractive index 1.515 at 30 °C. We used 
405 nm (excitation wavelength) and 460 nm (emission wavelength) for 
the DAPI channel, 488 nm (excitation wavelength) and 525 nm (emission 
wavelength) for the ATTO488 channel, 561 nm (excitation wavelength) 
and 579 nm (emission wavelength) for the Quasar570 channel and 
633 nm (excitation wavelength) and 654 nm (emission wavelength) 
for the ATTO647 channel. Z-stacks were acquired with the optimal 
z-sectioning thickness around 200 nm, followed by post-processing 
using the provided algorithm from the ZEISS LSM880 platform.

DNA FISH images for primary neuroblastoma samples were col-
lected for 50 non-overlapping tumour cells using a fluorescence 
microscope (BX63 Automated Fluorescence Microscope, Olympus). 
Computer-based documentation and image analysis was performed 
with the SoloWeb imaging system (BioView) MYCN amplification (MYCN 
FISH+) was defined as MYCN/2q11.2 ratio > 4.0, as described in the Inter-
national Neuroblastoma Risk Group (INRG) report52. The tumour sam-
ples profiled present with multiple MYCN foci visible as in interphase, 
providing evidence that amplified MYCN is extrachromosomal in origin, 
as is the case for approximately 90% of neuroblastoma cases28,53–55.

Metaphase DNA FISH image analysis
Colocalization analysis for two-colour metaphase FISH data for MYC, 
PCAT1 and PLUT ecDNAs in COLO320-DM cells described in Extended 
Data Fig. 4g was performed using Fiji (v.2.1.0/1.53c)56. Images were 
split into the two FISH colours + DAPI channels, and signal threshold 
set manually to remove background fluorescence. Overlapping FISH 
signals of the same colour were segmented using watershed segmen-
tation. Colocalization was quantified using the ImageJ-Colocalization 
Threshold program and individual and colocalized FISH signals were 
counted using particle analysis.

Colocalization analysis for two-colour metaphase FISH data for MYC and 
FGFR2 ecDNAs in SNU16 cells described in Fig. 4c, Extended Data Fig. 7a 
was performed using ecSeg (https://github.com/UCRajkumar/ecSeg, not 
versioned)57. In brief, ecSeg takes as input metaphase FISH images contain-
ing DAPI and up to two colours of DNA FISH. ecSeg uses the DAPI signal to 
classify signals as nuclear (arising from interphase nuclei), chromosomal 
(arising from metaphase chromosome) or extrachromosomal. It then 
quantifies DNA FISH signal and colocalization segmented by whether the 
signal is present on chromosomal or extrachromosomal DNA.

Interphase DNA FISH clustering analysis
To analyse the clustering of ecDNAs, we applied the autocorrelation 
function as described previously58 in MATLAB (2019). g(r) estimates 
the probability of detecting another ecDNA signal at increasing dis-
tances from the viewpoint of an index ecDNA signal and is equal to 1 
for a uniform, random distribution. Specifically, the pair autocorrela-
tion function g r(→) was calculated by the fast Fourier transform (FFT) 
method described by the equations below.

g r
I

ρ N r
(→) =

FFT (|FFT( )| )
(→)

−1 2

2

N r(→) = FFT (|FFT(Mask)| )−1 2

N r(→) is the autocorrelation of a mask matrix that has the value of 1 
inside the nucleus used for normalization. The fast Fourier transform 

and its inverse (FFT and FFT−1) were computed by the fft2() and ifft2() 
functions in MATLAB, respectively. Autocorrelation functions were 
calculated first by converting the Cartesian coordinates to polar coor-
dinates by the MATLAB cart2pol() function, binning by radius and by 
averaging within the assigned bins. For comparing autocorrelation 
with transcription probability, the value of the autocorrelation function 
at radius of 0 pixels (g(0)) was used to represent the degree of spatial 
clustering. The g(0) values were also used for calculating statistical 
significance among groups. For samples from patients with neuroblas-
toma, we avoided cells that lack ecDNA FISH signal (normal cells in the 
same tissue section may not have ecDNA amplification) for analysis 
and used the DAPI channel from the same cells as a control.

Colocalization analysis for SNU16 MYC and FGFR2 ecDNAs in Fig. 4a 
was performed using confocal images of both metaphase and inter-
phase nuclei from the same slides. Images were split into the two FISH 
colours, and background fluorescence was removed manually for each 
channel. Colocalization for each nucleus was quantified using the 
ImageJ Colocalization Threshold program. Analysis was performed 
across all z-stacks for each nucleus. The Manders coefficient (fraction 
of MYC signal colocalized compared to the total MYC signal) was used 
to quantify colocalization.

ecDNA DNA FISH and nascent RNA FISH image analysis
To characterize the shape and size of ecDNA hubs, we used a synthetic 
model—Surface Objects from Imaris (v.9.1, Bitplane)—and applied a 
Gaussian filter (σ = 1 voxel in xy) and background subtraction for opti-
mal segmentation and quantification of ecDNA hubs. ecDNA hubs 
containing connected voxels were sorted by size and singleton ecDNAs 
were separated from ecDNA hubs (minimum of two ecDNA molecules).

To measure the number of ecDNA or nascent transcripts, we local-
ized the voxels that correspond to the local maximum of identified 
DNA or RNA FISH signal using the Imaris spots function module. We 
validated the accuracy of interphase ecDNA counting by comparing 
to quantification of ecDNA number by metaphase FISH as well as copy 
number estimated by WGS (Extended Data Fig. 1f). The copy number 
distribution from WGS is comparable to that from interphase DNA 
FISH. Although copy number estimates from WGS and interphase FISH 
are slightly higher than those quantified by metaphase FISH imaging, 
this may reflect the fact that individual ecDNAs can contain multiple 
copies of MYC.

WGS
WGS data from COLO320-DM, COLO320-HSR and PC3 cells were gener-
ated by a previously published study1 and raw FASTQ reads obtained 
from the NCBI Sequence Read Archive (SRA), under BioProject acces-
sion number PRJNA506071. Reads were trimmed of adapter con-
tent with Trimmomatic59 (v.0.39), aligned to the hg19 genome using 
BWA-MEM (0.7.17-r1188), and PCR duplicates removed using Picard’s 
MarkDuplicates. WGS data from SNU16 cells were generated by a pre-
viously published study60 and aligned reads in BAM format from the 
NCBI SRA, under BioProject accession numbers PRJNA523380. WGS 
data from HK359 cells were generated by a previously published study6 
and aligned reads in BAM format obtained from the NCBI SRA, under 
BioProject accession number PRJNA338012. Coverage for WGS was 
22× for COLO320-DM, 26× for COLO320-HSR, 1.6× for PC3, 1.2× for 
HK359 and 7.3× for SNU16.

Generation of the ecDNA-TetO array and BRD4-HaloTag 
knock-in for live-cell imaging
Single guide RNA (sgRNA) was designed by E-CRISP (http://www.e-crisp.
org/E-CRISP/designcrispr.html) targeting about 0.5 kb upstream of 
the MYC TSS or N-terminal BRD4 gene. The sgRNA sequences are listed 
in Supplementary Table 2. The sgRNA was cloned into the modified 
pX330 (Addgene, 42230) construct co-expressing wild type SpCas9 
and a PGK-Venus cassette. Around 500-bp homology arms were 
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PCR-amplified from COLO320-DM cells and cloned into a pUC19 
donor vector together with around 96 copies of the TetO array and a 
blasticidin selection cassette (Addgene, 118713) for the ecDNA-TetO 
array or with HaloTag (Addgene, 139747) for BRD4. Two micrograms 
of the donor vector and 1 µg of the sgRNA vector were transfected into 
COLO320-DM cells by Lipofectamine 3000. For the ecDNA-TetO array, 
blasticidin (10 µg ml−1) selection was applied after 7 days. For the 
BRD4-HaloTag knock-in, 100 nM HaloTag ligand JF549 (a gift from 
the laboratory of L. Lavis) was applied to the cells followed by wash-
ing and fluorescence-activated cell sorting (FACS). Individual clones 
were selected, genotyped by PCR and verified by Sanger sequencing 
before being tested for imaging. To detect TetO-array-labelled ecDNA 
molecules, we used the TetR-eGFP construct as described previously61. 
To reduce the dimerization potential associated with wild type eGFP, 
we generated the A206K point mutation according to a previous 
report62. Tet-eGFP-labelled hubs have a slightly smaller size compared 
to monomeric TetR-eGFP(A206K)-labelled hubs, potentially owing to 
eGFP dimerization effects (Extended Data Fig. 2c), but the number of 
ecDNA hubs per cell is not significantly different with Tet-eGFP versus 
TetR-eGFP(A206K) (Extended Data Fig. 2d).

Live-cell-imaging microscopy
We transiently expressed TetR-eGFP or TetR-eGFP(A206K)61,62 and per-
formed imaging experiments two days after transfection. To image 
BRD4, we stained the cells with 200 nM HaloTag ligand JF646 for 30 min 
followed by washing 3 times in culture medium, each for 10 min.

To monitor ecDNA dynamics within the nucleus, the COLO320-DM 
TetO-eGFP cell line was transfected with the PiggyBac vector expressing 
H2B–SNAPf and the super PiggyBac transposase (2:1 ratio) as described 
previously51. Stable transfectants were selected by 500 µg ml−1 G418 and 
sorted by flow cytometry. Cells were seeded in the 8-well Lab-Tek cham-
bered coverglass for long-term time-lapse imaging throughout the cell 
cycle. Before imaging, COLO320-DM TetO-eGFP cells were stained with 
25 nM SNAP ligand JF66963 (a gift from the laboratory of L. Lavis) at 
37 °C for 30 min followed by 3 washes with regular medium for a total 
of 30 min. Then cells were transferred to an imaging buffer containing 
10% serum in the 1× Opti-Klear live-cell imaging buffer pre-warmed at 
37 °C. Cells were imaged at the Zeiss LSM880 microscope pre-stabilized 
at 37 °C for 2 h. We illuminated the sample with 1% 488-nm laser and 
0.75% 633-nm laser with the EC Plan-Neofluar 40×/1.30 Oil lens, beam 
splitter MBS 488/561/633 and filters BP 495–550 + LP 570. Z-stack images 
were acquired with a 0.3 µm z-step size with 3-min intervals between 
each volumetric imaging for up to 12 h. TetO-labelled ecDNA was simi-
larly analysed as described in the previous DNA and RNA FISH section. 
For BRD4 and PVT1p-nLuc colocalization analysis, a straight line was 
drawn across the centre of the objects in a 2D plane and the fluorescent 
intensity was profiled along the line path.

JQ1 treatment
Cells were then treated for 6 h with 500 nM JQ1 in DMSO unless otherwise 
indicated (Sigma-Aldrich SML1524) or an equivalent volume of DMSO.

ChIP–seq library preparation
Three to five million cells per replicate were fixed in 1% formaldehyde 
for 10–15 min at room temperature with rotation and then quenched 
with 0.125 M glycine for 10 min at room temperature with rotation. 
For COLO320-DM and COLO320-HSR BRD4 ChIP, five million cells 
per replicate were fixed for 15 min; for all conditions, three million 
cells per replicate were fixed for 10 min. Fixed cells were pelleted at 
800g for 5 min at 4 °C and washed twice with cold PBS before storing 
at −80 °C. Pellets were thawed and membrane lysis performed in 5 ml 
LB1 (50 mM HEPES pH 8.0, 140 mM NaCl, 1 mM EDTA, 10% glycerol, 0.5% 
NP-40, 0.25% Triton X-100, 1 mM PMSF and Roche protease inhibitors 
11836170001) for 10 min at 4 °C with rotation. Nuclei were pelleted at 
1,350g for 5 min at 4 °C and lysed in 5 ml LB2 (10 mM Tris-Cl pH 8.0, 5 M, 

200 mM NaCl, 1 mM EDTA, 0.5 mM EGTA, 1 mM PMSF, Roche protease 
inhibitors) for 10 min at room temperature with rotation. Chroma-
tin was pelleted at 1,350g for 5 min at 4 °C and resuspended in 1 ml of 
TE buffer + 0.1% SDS before sonication on a Covaris E220. Samples 
were clarified by spinning at 16,000g for 10 min at 4 °C. Supernatant 
was transferred to a new tube and diluted with 1 volume of IP dilution 
buffer (10 mM Tris pH 8.0, 1 mM EDTA, 200 mM NaCl, 1 mM EGTA. 0.2% 
Na-DOC, 1% Na-laurylsarcosine and 2% Triton X-100). Following the 
addition of 20 ng spike-in chromatin (Active Motif 61686) and 2 µg 
spike-in antibody (Active Motif 53083), 50 µl of sheared chromatin was 
reserved as input and ChIP performed overnight at 4 °C with rotation 
with 7.5 µg of antibody per immunoprecipitation: H3K27Ac (Abcam 
ab4729), BRD4 (Bethyl Laboratories A301-985A100).

One hundred microlitres of Protein G Dynabeads per ChIP were 
washed 3 times in 0.5% BSA in PBS and then bound to antibody-bound 
chromatin for 4 h at 4 °C with rotation. Antibody-bound chromatin was 
washed on a magnet 5 times with RIPA wash buffer (50 mM HEPES pH 
8.0, 500 mM LiCl, 1 mM EDTA, 1% NP-40 and 0.7% Na-deoxycholate) and 
once with 1 ml TE buffer (10 mM Tris-Cl pH 8.0 and 1 mM EDTA) with 
500 mM NaCl. Washed beads were resuspended in 200 ml ChIP elution 
buffer (50 mM Tris-Cl pH 8.0, 10 mM EDTA, 1% SDS) and chromatin was 
eluted following incubation at 65 °C for 15 min. Supernatant and input 
chromatin were removed to fresh tubes and reverse cross-linked at 65 °C 
overnight. Samples were diluted with 200 ml TE buffer and treated with 
0.2 mg ml−1 RNase A (Qiagen 19101) for 2 h at 37 °C, then 0.2 mg ml−1 
Proteinase K (New England Biolabs P8107S) for 30 min at 55 °C. DNA was 
purified using the ChIP DNA Clean & Concentrator kit (Zymo Research 
D5205). ChIP sequencing libraries were prepared using the NEBNext 
Ultra II DNA Library Prep Kit for Illumina (New England Biolabs E7645S) 
with dual indexing (New England Biolabs E7600S) following the manu-
facturer’s instructions. ChIP–seq libraries were sequenced on an Illu-
mina HiSeq 4000 with paired-end 76 bp read lengths.

ChIP–seq data processing
Paired-end reads were aligned to the hg19 genome using Bowtie264 
(v.2.3.4.1) with the very-sensitive option after adapter trimming with 
Trimmomatic59 (v.0.39). Reads with MAPQ values less than 10 were fil-
tered using SAMtools (v.1.9) and PCR duplicates removed using Picard’s 
MarkDuplicates (v.2.20.3-SNAPSHOT). MACS265 (v.2.1.1.20160309) was 
used for peak-calling with the following parameters: macs2 callpeak -t 
chip_bed -c input_bed -n output_file -f BED -g hs -q 0.01 --nomodel --shift 
0. A reproducible peak set across biological replicates was defined 
using the IDR framework (v.2.0.4.2). Reproducible peaks from all sam-
ples were then merged to create a union peak set. ChIP–seq signal was 
converted to bigwig format for visualization using deepTools bamCov-
erage66 (v.3.3.1) with the following parameters: --bs 5 --smoothLength 
105 --normalizeUsing CPM --scaleFactor 10. Enrichment of ChIP signal 
at peaks was performed using deepTools computeMatrix on ChIP signal 
in bigwig format containing the ratio of BRD4 ChIP signal over input 
calculated using deepTools bamCoverage66 (v.3.3.1) with the following 
parameters: --operation ratio --bs 5 --smoothLength 105.

RT–qPCR
RNA was extracted using RNeasy Plus mini Kit (Qiagen 74136). Puri-
fied RNA was quantified by Nanodrop (Thermo Fisher Scientific). For 
RT–qPCR, 50 ng of RNA, 1× Brilliant II qRT-PCR mastermix with 1 µl 
RT/RNase block (Agilent 600825), and 200 nM forward and reverse 
primer were used. Each Ct value was measured using Lightcycler 480 
(Roche) and each mean dCt was averaged from a duplicate RT–qPCR 
reaction and performed in biological triplicate. Relative MYC RNA level 
(RT–qPCR primers MYC_exon3_fw and MYC_exon3_rv) was calculated 
by the ddCt method compared to 18S and GAPDH controls (RT–qPCR 
primers GAPDH_fw, GAPDH_rv, 18S_fw, 18S_rv). P values were calculated 
using a Student’s t-test by comparing the relative fold change of biologi-
cal triplicates. Primer sequences are listed in Supplementary Table 1.
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Drug treatments
Approximately 0.6 × 106 COLO320-DM or COLO-320-HSR cells were 
plated in 6-well plates and cultured under standard conditions for 24 h. 
Cells were then treated for 6 h with one of the following: 500 nM JQ1 
(Sigma-Aldrich SML1524), 500 nM MS645 (Sigma Aldrich SML2549), 
1 µM THZ-1 (Selleck Chemicals S7549), 20 µM SGC-SCP30 (Selleck 
Chemicals S7256), 10 µM OICR-9429 (Selleck Chemicals S7833), 50 µM 
MI-3 (Selleck Chemicals S7619), 2 µM trichostatin A (Selleck Chemicals 
S1045), or DMSO. Experiments were performed in biological triplicates. 
RT–qPCR was performed as above in technical triplicates.

Cell viability assay
Cells were plated in 96-well plates at 25,000 cells per well in triplicate 
and incubated either with JQ1 (Sigma-Aldrich SML1524) at the indicated 
concentrations or an equivalent volume of DMSO for 48 h. Cell viabil-
ity was measured using the CellTiterGlo assay kit (Promega G7572) in 
triplicate with luminescence measured on SpectraMax M5 plate reader 
with an integration time of 1 s per well. Luminescence was normalized 
to the DMSO-treated controls and P values calculated using a Student’s 
t-test comparing biological triplicates.

Cell proliferation assay
Cells were plated in 96-well plates at 10,000 cells per well and incubated 
either with JQ1 (Sigma-Aldrich SML1524) at the indicated concentra-
tions or an equivalent volume of DMSO. Every 24 h, cells were collected 
and counted on a Countess 3 Automated Cell Counter (Thermo Fisher 
Scientific) with Trypan Blue used to assess cell viability. P values were 
calculated using a Student’s t-test comparing biological triplicates.

COLO320-DM WGS sequencing and data processing
Genomic DNA was sheared on a Covaris S2 (Covaris) and libraries were 
made using the NEBNext Ultra II DNA Library Prep Kit for Illumina (NEB). 
Indexed libraries were pooled, and paired end sequenced (2 × 75 bp) 
on an Illumina NextSeq 500 sequencer. Read data were processed in 
BaseSpace (https://basespace.illumina.com). Reads were aligned to 
the Homo sapiens genome (hg19) using BWA aligner ve.0.7.13 (https://
github.com/lh3/bwa) with default settings. Coverage for ultra-low WGS 
for COLO320-DM was 0.3×.

COLO320-DM nanopore sequencing and data processing
Genomic DNA from COLO320-DM cells was extracted using a MagAt-
tract HMW DNA Kit (Qiagen 67563) and prepared for long-read sequenc-
ing using a Ligation Sequencing Kit (Oxford Nanopore Technologies 
SQK-LSK109) according to the manufacturer’s instructions. Sequencing 
was performed on a MinION (Oxford Nanopore Technologies). Cover-
age for long-read nanopore sequencing for COLO320-DM was 0.5× 
genome-wide and 50× for the MYC amplicon.

Bases were called from FAST5 files using Guppy (Oxford Nanopore 
Technologies, v.2.3.7). Reads were then aligned using NGMLR67 (v.0.2.7) 
with the following parameters: -x ont–no-lowqualitysplit. Structural 
variants were called using Sniffles67 (v.1.0.11) using the following param-
eters: -s 1 --report_BND --report_seq.

COLO320-DM optical mapping data collection and processing
Ultra-high molecular weight (UHMW) DNA was extracted from frozen 
cells preserved in DMSO following the manufacturer’s protocols (Bio-
nano Genomics). Cells were digested with Proteinase K and RNAse A. 
DNA was precipitated with isopropanol and bound with nanobind mag-
netic disks. Bound UHMW DNA was resuspended in the elution buffer 
and quantified with Qubit dsDNA assay kits (Thermo Fisher Scientific).

DNA labelling was performed following the manufacturer’s proto-
cols (Bionano Genomics). Standard Direct Labeling Enzyme 1 (DLE-1) 
reactions were carried out using 750 ng of purified UHMW DNA. The 
fluorescently labelled DNA molecules were imaged sequentially across 

nanochannels on a Saphyr instrument. A genome coverage of approxi-
mately 400× was achieved.

De novo assemblies of the samples were performed with Bionano’s 
de novo assembly pipeline (Bionano Solve v.3.6) using standard haplo-
type aware arguments. With the Overlap-Layout-Consensus paradigm, 
pairwise comparison of DNA molecules having 248× coverage against 
the reference was used to create a layout overlap graph, which was 
then used to generate the initial consensus genome maps. By realign-
ing molecules to the genome maps (P value cut-off of less than 10−12) 
and by using only the best matched molecules, a refinement step was 
done to refine the label positions on the genome maps and to remove 
chimeric joins. Next, during an extension step, the software aligned 
molecules to genome maps (P < 10−12), and extended the maps based on 
the molecules aligning past the map ends. Overlapping genome maps 
were then merged (P < 10−16). These extension and merge steps were 
repeated five times before a final refinement (P < 10−12) was applied to 
‘finish’ all genome maps.

In vitro ecDNA digestion and PFGE
Genomic DNA from COLO320-DM cells was embedded in agarose beads 
as previously described68. In brief, molten 1% certified low-melt agarose 
(Bio-Rad, 1613112) in PBS and mineral oil (Sigma Aldrich, 69794) was 
equilibrated to 45 °C. Fifty million cells were pelleted, washed twice 
with cold 1× PBS, resuspended in 2 ml PBS, and briefly heated to 45 °C. 
Two millilitres of agarose solution was added to cells followed by the 
addition of 10 ml mineral oil. The mixture was swirled rapidly to create 
an emulsion, then poured into cold PBS with continuous stirring to 
solidify agarose beads. The resulting mixture was centrifuged at 500g 
for 10 min; the supernatant was removed and beads were resuspended 
in 10 ml PBS and centrifuged in a clean conical tube. Supernatant was 
removed, beads were resuspended in buffer SDE (1% SDS, 25 mM EDTA 
at pH 8.0) and placed on a shaker for 10 min. Beads were pelleted again, 
resuspended in buffer ES (1% N-laurolsarcosine sodium salt solution, 
25 mM EDTA at pH 8.0, 50 µg ml−1 proteinase K) and incubated at 50 °C 
overnight. On the following day, proteinase K was inactivated with 
25 mM EDTA with 1 mM PMSF for 1 h at room temperature with shaking. 
Beads were then treated with RNase A (1 mg ml−1) in 25 mM EDTA for 
30 min at 37 °C, and washed with 25 mM EDTA with a 5-min incubation.

To perform in vitro Cas9 digestion, 50–100 µl agarose beads contain-
ing DNA were washed three times with 1× NEBuffer 3.1 (New England 
BioLabs) with 5-min incubations. Next, DNA was digested in a reac-
tion with 30 nM sgRNA (Synthego) and 30 nM spCas9 (New England 
BioLabs, M0386S) after pre-incubation of the reaction mix at room 
temperature for 10 min. Cas9 digestion was performed at 37 °C for 4 h, 
followed by overnight digestion with 3 µl proteinase K (20 mg ml−1) in 
a 200-µl reaction. Proteinase K was inactivated with 1 mM PMSF for 
1 h with shaking. Beads were then washed with 0.5× TAE buffer three 
times with 10-min incubations. Beads were loaded into a 1% certified 
low-melt agarose gel (Bio-Rad, 1613112) in 0.5× TAE buffer with ladders 
(CHEF DNA Size Marker, 0.2–2.2 Mb, Saccharomyces cerevisiae lad-
der: Bio-Rad, 1703605; CHEF DNA Size Marker, 1–3.1 Mb, Hansenula 
wingei ladder: Bio-Rad, 1703667) and PFGE was performed using the 
CHEF Mapper XA System (Bio-Rad) according to the manufacturer’s 
instructions and using the following settings: 0.5× TAE running buffer, 
14 °C, two-state mode, run time duration of 16 h 39 min, initial switch 
time of 20.16 s, final switch time of 2 min 55.12 s, gradient of 6 V cm−1, 
included angle of 120°, and linear ramping. Gel was stained with 3× 
Gelred (Biotium) with 0.1 M NaCl on a rocker for 30 min covered from 
light and imaged. Bands were then extracted and DNA was purified 
from agarose blocks using β-agarase I (New England BioLabs, M0392L) 
following the manufacturer’s instructions.

To sequence the resulting DNA, we first transposed it with Tn5 trans-
posase produced as previously described69, in a 50-µl reaction with TD 
buffer70, 50 ng DNA and 1 µl transposase. The reaction was performed 
at 37 °C for 5 min, and transposed DNA was purified using a MinElute 



 130 

PCR Purification Kit (Qiagen, 28006). Libraries were generated by 
five rounds of PCR amplification using NEBNext High-Fidelity 2X PCR 
Master Mix (NEB, M0541L), purified using a SPRIselect reagent kit (Beck-
man Coulter, B23317) at 1.2× volumes and sequenced on the Illumina 
Miseq platform.

COLO320-DM reconstruction strategy
Owing to the large size of the COLO320DM ecDNA (4.3 Mb), we used 
a scaffolding strategy based on a manual combination of results from 
multiple data sources. All data that required alignment back to a refer-
ence genome used hg19.

The first source of data used was the copy-number aware break-
point graph detected by AmpliconArchitect (v.1.2)35 (AA) generated 
from low-coverage WGS data. The AA graph specified copy numbers 
of amplicon segments as well as genomic breakpoints between them. 
AA was run with default settings and seed regions were identified using 
the PrepareAA pipeline (v.0.931.0, https://github.com/jluebeck/Pre-
pareAA) with CNVKit (v.0.9.6)71. The AA graph file was cleaned with the 
PrepareAA ‘graph_cleaner.py’ script to remove edges which conform 
to sequencing artifact profiles—namely, very short everted (inside-out 
read pair) orientation edges. Such spurious edges appear as numerous 
short brown ‘spikes’ in the AA amplicon image. Second, we used optical 
map (OM) contigs (Bionano Genomics) which we incorporated with the 
AA breakpoint graph. We used AmpliconReconstructor (v.1.01)36 (AR) 
to scaffold together individual breakpoint graph segments against 
the collection of OM contigs. We ran AR with the–noConnect flag set 
and otherwise default settings. Third, we used the OM alignment tool 
FaNDOM (v.0.2)72 (default settings) to correct and infer additional 
OM contig reference alignments and junctions missed by AA and AR. 
OM contigs identified three additional breakpoint edges, which were 
subsequently added into the AA graph file. Finally, we incorporated 
fragment size and sequencing data from PFGE experiments, identifying 
from the separated bands the estimated length and identity of genomic 
segments between CRISPR cut sites.

We explored the various ways in which the overlapping OM scaf-
folds could be joined while conforming to the PFGE fragment sizes 
and identities of the genomic regions suggested from the PFGE data. 
We selected a candidate structure that was concordant with the PFGE 
cut data expected fragment sizes, as well as intra-fragment sequence 
identity and multiplicity of copy count as suggested by AA analysis of 
the sequenced PFGE bands. The reconstruction used all but five discov-
ered genomic breakpoint edges inside the DM region. The remaining 
five edges were scaffolded by two different OM contigs and each scaf-
fold individually suggested a separate site of structural heterogeneity 
within the ecDNA as compared against the reconstruction.

We required that the entirety of the significantly amplified amplicon 
segments was used in the reconstruction. We estimated that at the 
baseline, genomic segments appearing once in the reconstruction 
existed with a copy number between 170 and 190. In the final structure, 
all amplicon segments with a copy number greater than 40 were used. In 
addition, when segments were repeated inside the reconstruction, we 
ensured that the multiplicities of the amplicon segments suggested the 
reconstruction matched the multiplicities of the amplicon segments 
as reported by WGS.

For fine-mapping analysis of the PVT1-MYC breakpoint, reads that 
align to both PVT1 and MYC were extracted from WGS short-read 
sequencing, which identified 10 unique reads supporting the break-
point. Multiple sequence alignment was performed with ClustalW 
(v.2.1) for visualization.

RNA-seq library preparation
COLO320-DM cells were transfected with Alt-R S.p. Cas9 Nuclease 
V3 (IDT, 1081058) complexed with a non-targeting control sgRNA 
(Synthego) with a Gal4 sequence following Synthego’s RNP transfection 
protocol using the Neon Transfection System (Thermo Fisher Scientific, 

MPK5000). A total of 500,000 to 1 million cells were collected, and RNA 
was extracted using the RNeasy Plus Mini Kit (Qiagen, 74136). Genomic 
DNA was removed from samples using the TURBO DNA-free kit (Thermo 
Fisher Scientific, AM1907), and RNA-seq libraries were prepared using 
the TruSeq Stranded mRNA Library Prep (Illumina, 20020595) following 
the manufacturer’s protocol. RNA-seq libraries were sequenced on an 
Illumina HiSeq 4000 with paired-end 75 bp read lengths.

RNA-seq data processing
Paired-end reads were aligned to the hg19 genome using STAR-Fusion73 
(v.1.6.0) and the genome build GRCh37_gencode_v19_CTAT_lib_
Mar272019.plug-n-play. The numbers of reads supporting the PVT1-MYC 
fusion transcript were obtained from the ‘star-fusion.fusion_predic-
tions.abridged.tsv’ output file and the junction read counts and span-
ning fragment counts were combined. Reads supporting the canonical 
MYC exon 1–2 junction were obtained using the Gviz (v.1.30.3) package 
in R (v.3.6.1)74 in a sashimi plot.

Lentivirus production
Lentiviruses were produced as previously described41. In brief, 4 million 
HEK293Ts per 10 cm plate were plated the evening before transfection. 
Helper plasmids, pMD2.G and psPAX2, were transfected along with the 
vector plasmid using Lipofectamine 3000 (Thermo Fisher Scientific, 
L3000) according to the manufacturer’s instructions. Supernatants 
containing lentivirus were collected 48 h later, filtered with a 0.45-µm 
filter and concentrated using Lenti-X concentrator (Clontech, 631232) 
and stored at 80 °C.

Stable CRISPR cell line generation
The pHR-SFFV-dCas9-BFP-KRAB (Addgene, 46911) plasmid was modi-
fied to dCas9-BFP-KRAB-2A-Blast as previously described41. Lentivirus 
was produced using the modified vector plasmid. Cells were transduced 
with lentivirus, incubated for 2 days and selected with 1 µg ml−1 blasti-
cidin for 10–14 days, and BFP expression was analysed by flow cytom-
etry. To generate stable, monoclonal dCas9-KRAB cell lines, single 
BFP-positive cell clones were sorted into 96-well plates and expanded. 
Vector expression was validated by flow cytometry.

CRISPRi in COLO320-DM cells
sgRNAs that target the MYC and PVT1 promoters were previously 
published41. sgRNAs that target enhancers were designed using 
the Broad Institute sgRNA designer online tool (https://portals.
broadinstitute.org/gpp/public/analysis-tools/sgrna-design). An 
additional guanine was appended to each of the protospacers 
that do not start with a guanine. sgRNAs were cloned into either 
mU6(modified)-sgRNA-Puromycin-mCherry or mU6(modifie
d)-sgRNA-Puromycin-EGFP previously generated41 and lentiviruses 
were produced. To evaluate the effects of CRISPRi on gene expression, 
cells were transduced with sgRNA lentiviruses, incubated for 2 days and 
selected with 0.5 µg ml−1 puromycin for 4 days, and the expression of 
BFP, GFP and/or mCherry were assessed by flow cytometry. Cells were 
collected for RT–qPCR assays as described above. All guide sequences 
are in Supplementary Table 2.

Single-cell paired RNA and ATAC–seq library preparation
Single-cell paired RNA and ATAC–seq libraries for COLO320-DM and 
COLO320-HSR were generated on the 10x Chromium Single-Cell Mul-
tiome ATAC + Gene Expression platform following the manufacturer’s 
protocol and sequenced on an Illumina NovaSeq 6000.

Single-cell RNA and ATAC–seq data processing and analysis
A custom reference package for hg19 was created using cellranger-arc 
mkref (10x Genomics, v.1.0.0). The single-cell paired RNA and ATAC–seq 
reads were aligned to the hg19 reference genome using cellranger-arc 
count (10x Genomics, v.1.0.0).
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Subsequent analyses on RNA were performed using Seurat (v.3.2.3)75, 

and those on ATAC–seq were performed using ArchR (v.1.0.1)76. Cells 
with more than 200 unique RNA features, less than 20% mitochondrial 
RNA reads and fewer than 50,000 total RNA reads were retained for 
further analyses. Doublets were removed using ArchR.

Raw RNA counts were log-normalized using Seurat’s Normalize-
Data function and scaled using the ScaleData function, and the data 
were visualized on a uniform manifold approximation and projec-
tion (UMAP) using the first 30 principal components. Dimensionality 
reduction for the ATAC–seq data were performed using iterative latent 
semantic indexing (LSI) with the addIterativeLSI function in ArchR. To 
impute accessibility gene scores, we used addImputeWeights to add 
impute weights and plotEmbedding to visualize scores. To compare 
the accessibility gene scores for MYC with MYC RNA expression, get-
MatrixFromProject was used to extract the gene score matrix and the 
normalized RNA data were used.

To identify variable ATAC–seq peaks on COLO320-DM and 
COLO320-HSR amplicons, we first calculated amplicon copy numbers 
on the basis of background ATAC–seq signals as previously described, 
using a sliding window of 5 Mb moving in 1-Mb increments across the 
reference genome77. We used the copy number z-scores calculated 
for the chr8:124,000,001–129,000,000 interval for estimating copy 
numbers of MYC-bearing ecDNAs in COLO320-DM and MYC-bearing 
chromosomal HSRs in COLO320-HSR. We then incorporated these 
estimated copy numbers into the variable peak analysis as follows. 
COLO320-DM and COLO320-HSR cells were separately assigned into 
20 bins on the basis of their RNA expression of MYC. Next, pseudo-bulk 
replicates for ATAC–seq data were created using the addGroupCover-
ages function grouped by MYC RNA quantile bins. ATAC–seq peaks were 
called using addReproduciblePeakSet for each quantile bin, and peak 
matrices were added using addPeakMatrix. Differential peak testing 
was performed between the top and the bottom RNA quantile bins 
using getMarkerFeatures. An FDR cut-off of 1 × 10−15 was imposed. The 
mean copy number z-score for each quantile bin was then calculated 
and a copy-number fold change between the top and bottom bin was 
computed. Finally, we filtered on significantly differential peaks that are 
located in chr8:127,432,631–129,010,071 and have fold changes above 
the calculated copy number fold change multiplied by 1.5.

HiChIP library preparation
One to four million cells were fixed in 1% formaldehyde in aliquots of 
one million cells each for 10 min at room temperature. HiChIP was per-
formed as previously described43,78 using antibodies against H3K27ac 
(Abcam ab4729; 2 µg antibody for one million cells, 7.5 µg antibody for 
four million cells) with the following optimizations79: SDS treatment at 
62 °C for 5 min; restriction digest with MboI for 15 min; instead of heat 
inactivation of MboI restriction enzyme, nuclei were washed twice with 
1× restriction enzyme buffer; biotin fill-in reaction incubation at 37 °C 
for 15 min; ligation at room temperature for 2 h. HiChIP libraries were 
sequenced on an Illumina HiSeq 4000 with paired-end 76 bp read lengths.

HiChIP data processing
HiChIP data were processed as described previously43. In brief, 
paired-end reads were aligned to the hg19 genome using the HiC-Pro 
pipeline (v.2.11.0)80. Default settings were used to remove duplicate 
reads, assign reads to MboI restriction fragments, filter for valid inter-
actions and generate binned interaction matrices. The Juicer (v.1.5) 
pipeline’s HiCCUPS tool and FitHiChIP (v.8.0) were used to identify 
loops81,82. Filtered read pairs from the HiC-Pro pipeline were converted 
into .hic format files and input into HiCCUPS using default settings. 
Dangling end, self-circularized, and re-ligation read pairs were merged 
with valid read pairs to create a one-dimensional signal bed file. FitHi-
ChIP was used to identify ‘peak-to-all’ interactions at 10-kb resolution 
using peaks called from the one-dimensional HiChIP data. A lower 
distance threshold of 20 kb was used. Bias correction was performed 

using coverage specific bias. HiChIP contact matrices stored in .hic files 
were visualized in R (v.4.0.3) using gTrack (v.0.1.0) at 10-kb resolution 
following Knight-Ruiz normalization. We also compared HiChIP con-
tract matrices following ICE and OneD normalization following copy 
number correction using the dryhic R package (v.0.0.0.9100)83. Virtual 
4C plots were generated from dumped matrices generated with Juicer 
Tools (1.9.9). The Juicer Tools tools dump command was used to extract 
the chromosome of interest from the .hic file. The interaction profile of 
a 10-kb bin containing the anchor was then plotted in R (v.4.0.3) after 
normalization by the total number of valid read pairs and smoothing 
with the rollmean function from the zoo package (v.1.8-9).

Reporter plasmid construction and transfection
We constructed a plasmid containing the 2-kb PVT1 promoter 
(chr8:128,804,981–128,806,980, hg19) or the MYC promoter 
(chr8:128,745,990–128,748,526, hg19) driving NanoLuc luciferase 
(PVT1p-nLuc) and a constitutive thymidine kinase (TK) promoter 
driving Firefly luciferase as an internal control (Fig. 3b). In brief, 
pGL4-tk-luc2 (Promega) was digested with KpnI and PciI. A sequence 
containing multiple cloning sites (GTACCTGAGCTCGCTAGCCTCGAGA-
AGATCTGCGTACGGTCGAC), NanoLuc and BGH polyA sequence were 
inserted in tandem into the vector using Gibson assembly (NEBuilder 
DNA assembly mix). Next, the PVT1 promoter or the MYC promoter was 
inserted into the vector using NheI and SalI digestion to generate the 
final reporter construct. For the negative control, a minimal promoter 
(TAGAGGGTATATAATGGAAGCTCGACTTCCAGCTT) was used in place of 
the PVT1 promoter. For constructing plasmids with a cis-enhancer, an 
enhancer (chr8:128,347,148–128,348,310, hg19; positive H3K27ac mark 
and looping to the PVT1 promoter in HiChIP, overlapping with BRD4 
ChIP peak and ATAC–seq peak in COLO320-DM) was inserted directly 
5′ to the promoter into the region with multiple cloning sites. To assess 
luciferase reporter expression, COLO320-DM or COLO320-HSR cells 
were seeded into a 24-well plate with 75,000 cells per well. Reporter 
plasmids were transfected into cells the next day with Lipofectamine 
3000 following the manufacturer’s protocol, using 0.25 µg DNA per 
well. Two days later, cells were treated with either JQ1 (500 nM) or DMSO 
for 6 h before collection. Luciferase levels were quantified using the 
Nano-Glo Dual reporter luciferase assay (Promega). The reporter level 
was calculated as the ratio of NanoLuc reading over Firefly reading using 
Tecan M1000. Mean and standard errors were calculated based on three 
biological replicates with three technical replicate each.

To analyse the spatial relationship of NanoLuc activity with ecDNA hubs 
in situ, we designed and ordered the RNA FISH probe sets for NanoLuc 
luciferase gene (30 probes mix) and Firefly luciferase gene (47 probes mix) 
conjugated with the Quasar 570 dye and Quasar 670 dye, respectively (Bio-
search Technologies). We transfected 0.5 µg PVT1 promoter or minimal 
promoter reporter plasmid into COLO320-DM cells seeded on the 12-mm 
#1.5 round glass coverslips (Electron Microscopy Sciences). Two days 
after transfection, DNA and RNA FISH were performed as described in the 
‘Nascent RNA FISH’ section except that a 1.5-Mb probe conjugated with 
Atto488 was applied together with the NanoLuc Quasar 570 probe and 
Firefly Quasar 670 probe. We applied the same Gaussian smoothing with 
Gaussian filter (σ = 1 voxel in xy) and background subtraction in all images 
for proper segmentation of the active transcription sites of luciferase 
genes. The size of the active transcription sites was estimated from the 
diameter of the sphere with identical volume of the segmented objects 
and the luciferase transcription activity was quantified from the sum of 
the fluorescence intensity within the segmented transcription sites. The 
ecDNA hubs were similarly segmented and the binary overlap between 
the two surfaces was used to determine the spatial relationship between 
the luciferase gene transcription sites and ecDNA hubs.

SNU16-dCas9-KRAB WGS and data processing
DNA was extracted from collected cells using the DNeasy Blood & Tissue 
Kit (Qiagen) according to the manufacturer’s instructions. Libraries 
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were prepared using a modified Nextera library preparation protocol. 
Eight nanograms of input DNA was combined with 1× TD buffer70 and 1 µl 
transposase69 (40 nM final) in a reaction volume of 50 µl and incubated 
at 37 °C for 5 min. Transposed DNA was purified using a MinElute PCR 
Purification Kit (Qiagen) according to the manufacturer’s instructions. 
Libraries were generated by five rounds of PCR amplification, purified 
using SPRIselect reagent kit (Beckman Coulter, B23317) at 1.2× volumes 
and sequenced on an Illumina HiSeq 6000 with paired end 2 ×150 bp 
reads. Coverage for SNU16-dCas9-KRAB WGS was 12×.

Reads were trimmed of adapter content with Trimmomatic59 
(v.0.39), aligned to the hg19 genome using BWA-MEM (0.7.17-r1188), 
and PCR duplicates removed using Picard’s MarkDuplicates (version 
2.20.3-SNAPSHOT). Regions of copy number alteration were identified 
using ReadDepth (version 0.9.8.5) with parameters recommended by 
AmpliconArchitect (version 1.0), and amplicon reconstruction per-
formed using the default parameters. Structural variant junctions 
were extracted from the edges_cnseg.txt output files and used for 
visualization.

ATAC–seq library preparation and data processing
ATAC–seq library preparation was performed as previously described70 
and sequenced on the NovaSeq 6000 platform (Illumina) with 
2 × 75 bp reads. Adapter-trimmed reads were aligned to the hg19 
genome using Bowtie2 (2.1.0). Aligned reads were filtered for qual-
ity using SAMtools (v.1.9), duplicate fragments were removed using 
Picard (v.2.21.9-SNAPSHOT) and peaks were called using MACS2 
(v.2.1.0.20150731) with a q-value cut-off of 0.01 and with a no-shift 
model. Peaks from replicates were merged, read counts were obtained 
using bedtools (v.2.17.0) and normalized using DESeq2 (v.1.26.0).

To identify accessible elements in MYC and FGFR2 ecDNAs in SNU16, 
we filtered on all ATAC–seq peaks within known ecDNA-amplified 
regions (chr8:128,200,000–129,200,000 for the MYC ecDNA, 
chr10:122,000,000–123,680,000 for the FGFR2 ecDNA) for which 
the normalized read counts (using the ‘counts’ function in DESeq2 
with normalized = TRUE) exceeded a manually determined threshold 
(500 for the MYC amplicon, 1,000 for the FGFR2 amplicon). Peaks that 
met all criteria for two technical replicates were included as candidate 
DNA elements in the CRISPRi study.

CRISPRi screen
After generation of monoclonal SNU16-dCas9-KRAB cells, MYC and 
FGFR2 ecDNAs in single clones were assessed using metaphase FISH. 
A clone with distinct MYC and FGFR2 amplicons on the vast majority 
of ecDNAs was selected for CRISPRi experiments.

For the pooled experiments in SNU16-dCas9-KRAB, sgRNAs target-
ing ATAC–seq peaks were designed using the Broad Institute sgRNA 
designer online tool. An additional guanine was appended to each of 
the protospacers. Pooled sgRNA cloning was performed as described 
previously84. In brief, sgRNA sequences were designed with flanking 
Esp3I digestion sites and two nested PCR handles. Oligos were ampli-
fied by PCR and then cloned into the lentiGuidePuro vector modified 
to express a 2A-GFP fusion in frame with puromycin. The vector was 
pre-digested and then sgRNA cloning was done by one-step digestion–
ligation of the insert. One microlitre of this reaction was transformed 
via electroporation and purified with maxiprep. sgRNA representation 
was confirmed by sequencing.

SNU16-dCas9-KRAB cells were transduced with the lentiviral guide 
pool at an effective multiplicity of infection of 0.2. Cells were incubated 
for 2 days, selected with puromycin for 4 days, and rested for 3–5 days 
in culture medium without puromycin. Twenty million cells were fixed 
and a two-colour RNA flowFISH was performed for ACTB and either MYC 
or FGFR2 using the PrimeFlow RNA Assay Kit (Thermo Fisher Scientific) 
following the manufacturer’s protocol and corresponding probe sets 
(MYC: VA1-6000107-PF; FGFR2: VA1-14785-PF; ACTB: VA6-10506-PF). 
ACTB labels a housekeeping control gene to control for noise in RNA 

flowFISH due to variable staining intensity. Cells were sorted by FACS 
using the gating strategy shown in Extended Data Fig. 8c and as previ-
ously described44. The oncogene (MYC or FGFR2) was labelled with Alexa 
Fluor 647 and ACTB was labelled with Alexa Fluor 750. On the basis of 
the assumption that the expression of the housekeeping gene is not cor-
related with the oncogene, any correlation in fluorescence intensities 
between the ACTB and the oncogene was attributed to flowFISH stain-
ing efficiency and manually regressed using the FACS compensation 
tool. The degree of compensation was determined so that the top and 
bottom 25% of cells based on Alexa Fluor 647 signal intensity deviated 
no more than 15% from the population mean in Alexa Fluor 750 signal 
intensity. After compensation, we gated on cells with positive ACTB 
labelling and sorted cells into six bins using Alexa Fluor 647 MFI cor-
responding to the following percentile ranges: 0–10% (bin 1), 10–20% 
(bin 2), 35–45% (bin 3), 55–65% (bin 4), 80–90% (bin 5), 90–100% (bin 
6). FACS data were analysed using FlowJo (10.7.0).

Cells were pelleted at 800g for 5 min and resuspended in 100 µl lysis 
buffer (50 mM Tris-HCl pH 8, 10 mM EDTA, 1% SDS). The lysate was 
incubated at 65 °C for 10 min for reverse cross-linking and cooled to 
37 °C. RNase A (10 mg ml−1) was added at 1:50 by volume and incubated 
at 37 °C for 30 min. Proteinase K (20 mg ml−1) was added at 1:50 by vol-
ume and samples were incubated at 45 °C overnight. Genomic DNA was 
extracted using a Zymo DNA miniprep kit. Libraries were prepared using 
three rounds of PCR as previously described84. Amplified product sizes 
were validated on a gel, and the final products were purified using an 
SPRIselect reagent kit (Beckman Coulter, B23318) at 1.2× sample vol-
umes following the manufacturer’s protocol. Libraries were sequenced 
on an Illumina Miseq with paired-end 75 bp read lengths. Read 1 was 
used for downstream analysis.

Relative abundances of sgRNAs were measured using MAGeCK 
(v.0.5.9.4)85. sgRNA counts were obtained using the ‘mageck count’ 
command. For samples with PCR replicates, if a PCR replicate has fewer 
than 1,000 total sgRNAs passing filter (raw counts > 20), the replicate 
was excluded. Next, each sgRNA count was divided by total sgRNA 
counts for each library and multiplied by one million to give a normal-
ized count (counts per million, CPM). For samples with PCR replicates, 
the mean CPM was calculated for each sgRNA. sgRNAs that have CPMs 
lower than 20 in the unsorted cells were classified as dropouts and 
removed from the analysis. We then calculated the log2-transformed 
fold change of each sgRNA in each sorted cell bin over unsorted cells by 
dividing the respective CPMs followed by log-transformation. sgRNA 
enrichment was then quantified as previously described84. In brief, the 
log2-transformed fold change in the high-expression bin was subtracted 
from that in the low-expression bin (log2(low/high)) for each sgRNA. 
The resulting log2(low/high) values were averaged for each candidate 
regulatory element and z-scores were calculated using the formula z =  
(x − m)/s.e., where x is the mean log2(low/high) of the candidate ele-
ment, m is the mean log2(low/high) of negative control sgRNAs, and s.e. 
is the standard error calculated from the standard deviation of negative 
control sgRNAs divided by the square root of the number of sgRNAs 
targeting the candidate element in independent biological replicates. 
Z-scores were used to compute upper-tail P values using the normal 
distribution function, which were adjusted with p.adjust in R (v.3.6.1) 
using the Benjamini–Hochberg procedure to produce FDR values. For 
assessing sgRNA correlations across all six sorted bins for individual 
elements, we computed Spearman coefficients for all individual sgRNAs 
across the six fluorescence bins using log2-transformed fold changes 
over unsorted cells. All sgRNA sequences used in the CRISPRi experi-
ments in SNU16-dCas9-KRAB cells are listed in Supplementary Table 3.

TR14 amplicon reconstruction
We obtained WGS data for TR14 cells as follows. DNA was extracted 
from collected cells (NucleoSpin Tissue kit, Macherey-Nagel GmbH & 
Co. KG). Libraries were prepared (NEBNext Ultra II FS DNA Library Prep 
Kit for Illumina, New England BioLabs) and sequenced on the NovaSeq 
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6000 platform (Illumina) with 2 × 50 bp reads. Adapters were trimmed 
with BBMap 38.58. Reads were then aligned to hg19 using BWA-MEM 
0.7.1586 with default parameters and duplicate reads were removed 
(Picard 2.20.4). Coverage was computed in 20-bp bins, normalized 
as CPM, using deepTools 3.3.066. Copy-number variation was called 
using QDNAseq 1.22.087, binning primary alignments with MAPQ ≥ 20 
in 10-kb bins, default filtering and additional filtering of bins with more 
than 5% Ns in the reference. Bins were corrected for GC content and 
normalized. Segmentation was performed using the CBS method with 
no transformation of the normalized counts and parameter α = 0.05.

Genomic DNA from TR14 cells was extracted using a MagAttract 
HMW DNA Kit and fragments larger than 10 kb were selected using 
the Circulomics SRE kit (Circulomics). Libraries were prepared using 
a Ligation Sequencing Kit and sequenced on a R9.4.1 MinION flow-
cell (FLO-MIN106). Reads were aligned to hg19 using NGMLR v.0.2.7. 
Structural variants were called using Sniffles v.1.0.11 and parameters 
–min_length 15–genotype–min_support 3–report_seq.

To reconstruct the coarse structure of oncogene amplifications in 
TR14, we compiled all Sniffles structural variants larger than 10 kb with 
a minimum read support of 15 into one genome graph using gGnome 
0.188. In such a graph, nodes represent genomic segments and edges 
indicate adjacency in the reference genome or resulting from struc-
tural variation. Non-amplified segments (that is, mean Illumina WGS 
coverage less than 10-fold the median chromosome 2 coverage) were 
discarded from the graph. Strong clusters in the genome graph were 
identified, partitioning the graph into groups of segments that could 
be reached from one another. We identified the clusters containing 
the four amplified oncogenes (MYCN, CDK4, MDM2 and ODC1) and 
manually selected circular paths through each cluster that could 
account for the main copy number steps around the oncogenes. We 
used gTrack (https://github.com/mskilab/gTrack) for visualization. 
Hi-C data were used to validate these reconstructions, confirming that 
all strong off-diagonal signals indicative of structural rearrangements 
were captured by the reconstruction. Previous studies suggest that the 
identified amplicons exist as ecDNA89,90.

Hi-C
Hi-C libraries were prepared as described previously23. Samples were 
sequenced with Illumina Hi-Seq according to standard protocols in 
100-bp paired-end mode at a depth of 433.7 million read pairs. FASTQ 
files were processed using the Juicer pipeline v.1.19.02, CPU version91, 
which was set up with BWA v.0.7.1786 to map short reads to reference 
genome hg19, from which haplotype sequences were removed and to 
which the sequence of Epstein-Barr virus (NC_007605.1) was added. 
Replicates were processed individually. Mapped and filtered reads 
were merged afterwards. A threshold of MAPQ ≥ 30 was applied for the 
generation of Hi-C maps with Juicer tools v.1.7.591. Knight-Ruiz normali-
zation per hg19 chromosome was used for Hi-C maps82,92; interaction 
across different chromosome pairs should therefore only carefully 
be interpreted.

For TR14, we created a custom genome containing the amplicon 
reconstructions in addition to standard chromosomes. The sequences 
of amplicons were composed from hg19 on the basis of the order and 
orientation of their chromosomal fragments. The original fragment 
locations on hg19 were masked to allow unambiguous mapping. Note, 
by this also Hi-C reads from wild-type alleles are mapping to the ampli-
con sequences leading to a mix of signal, depending on the fraction of 
amplicons and wild-type allele. After mapping, we kept only amplicons 
and removed all other chromosomes to create Hi-C maps and apply 
GW_KR normalization using Juicer Tools v.1.19.0291.

TR14 interaction analysis
TR14 H3K27ac ChIP–seq raw data were downloaded from the Gene 
Expression Omnibus (GEO) (GSE90683)93. We trimmed adapters with 
BBMap 38.58 and aligned the reads to hg19 using BWA-MEM 0.7.1586 with 

default parameters. Coverage tracks were created by extending reads 
to 200 bp, filtering using the ENCODE DAC blacklist and normalizing 
to CPM in 10-bp bins with deepTools 3.3.066. Enhancers were called 
using LILY (https://github.com/BoevaLab/LILY, not versioned)93 with 
default parameters.

The HPCAL1 enhancer region was defined by two LILY-defined bound-
ary enhancers as chr2:10,424,449–10,533,951. A virtual 4C track was gen-
erated by the mean genome-wide interaction profile (KR-normalized 
Hi-C signal in 5-kb bins) across all overlapping 5-kb bins.

For the aggregate analysis of the effect of H3K27 acetylation on inter-
action, all 5-kb bin pairs located on different amplicons were analysed 
for their KR-normalized Hi-C signal depending on the mean H3K27ac 
fold change over input of each of the two bins. We used a 5-fold change 
threshold to distinguish low- from high-H3K27ac bins.

Reporting summary
Further information on research design is available in the Nature 
Research Reporting Summary linked to this paper.

Data availability
ChIP–seq, HiChIP, Hi-C, RNA-seq and single-cell multiomics (10x Chro-
mium Single Cell Multiome ATAC + Gene Expression) data generated in 
this study have been deposited in the GEO and are available under acces-
sion number GSE159986. Nanopore sequencing data, WGS data, sgRNA 
sequencing data and targeted ecDNA sequencing data after CRISPR–
Cas9 digestion and PFGE generated in this study have been deposited 
in the SRA and are available under accession number PRJNA670737. 
Optical mapping data generated in this study have been deposited in 
GenBank with BioProject code PRJNA731303. The following publicly 
available data were also used in this study: TR14 H3K27ac ChIP–seq93 
(GEO: GSE90683); COLO320-DM, COLO320-HSR and PC3 WGS1 (SRA: 
PRJNA506071); SNU16 WGS60 (SRA: PRJNA523380); and HK359 WGS6 
(SRA: PRJNA338012). Microscopy image files are available on figshare 
at https://doi.org/10.6084/m9.figshare.c.5624713.

Code availability
Custom code used in this study is available at https://github.com/
ChangLab/ecDNA-hub-code-2021.
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Extended Data Fig. 1 | ecDNA FISH strategies and copy number estimation. 
a, WGS tracks with DNA FISH probe locations. For COLO320-DM and PC3, a 1.5 
Mb MYC FISH probe (Fig. 1a, b), a 100 kb MYC FISH probe (Fig. 1d–f), or a 1.5 Mb 
chromosome 8 FISH probe was used. Commercial probes were used in SNU16 
and HK359 cells. b, Representative DNA FISH image using chromosomal and 1.5 
Mb MYC probes in non-ecDNA amplified HCC1569 showing paired signals as 
expected from the chromosomal loci. c, ecDNA clustering of individual 
COLO320-DM cells by autocorrelation g(r). d, Representative FISH images 
showing ecDNA clustering in primary neuroblastoma tumours (patients 11 and 
17). e, ecDNA clustering of individual primary tumour cells from all three 
patients using autocorrelation g(r). f, Comparison of MYC copy number in 
COLO320-DM calculated based on WGS (n=7 genomic bins overlapping with 
DNA FISH probes), metaphase FISH (n=82 cells) and interphase FISH (n=47 
cells). P-values determined by two-sided Wilcoxon test. g, Representative 

images of nascent MYC RNA FISH showing overlap of nascent RNA (intronic) 
and total RNA (exonic) FISH probes in PC3 cells (independently repeated 
twice). h, Representative images from combined DNA FISH for MYC ecDNA (100 
kb probe) and chromosomal DNA with nascent MYC RNA FISH in COLO320-DM 
cells (independently repeated four times). i, MYC transcription probability 
measured by nascent RNA FISH normalized to DNA copy number by FISH 
comparing singleton ecDNAs to those found in hubs in COLO320-DM (box 
centre line, median; box limits, upper and lower quartiles; box whiskers, 1.5x 
interquartile range). To control for noise in transcriptional probability for small 
numbers of ecDNAs, we randomly re-sampled RNA FISH data grouped by hub 
size and calculated transcription probability. The violin plot represents 
transcriptional probability per ecDNA hub based on the hub size matched 
sampling. P-value determined by two-sided Wilcoxon test.
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Extended Data Fig. 2 | Generation of TetR-GFP COLO320-DM cells for ecDNA 
imaging in live cells. a, ecDNA imaging based on TetO array knock-in and 
labelling with TetR-eGFP (left). Representative images of TetR-eGFP signal in 
TetO-eGFP COLO320-DM cells at indicated timepoints in a time course (right; 
independently repeated twice). b, GFP signal in ecDNA-TetO COLO320-DM 
cells. TetR-eGFP and monomeric TetR-eGFP(A206K)-labelled ecDNA hubs 
appear to be smaller in living cells than in DNA FISH studies of fixed cells, 
probably because the TetO array is not integrated in all ecDNA molecules and 
there are potential differences caused by denaturation during DNA FISH and 
eGFP dimerization. c, ecDNA hub diameter in microns (box centre line, median; 
box limits, upper and lower quartiles; box whiskers, 1.5x interquartile range). 
Tet-eGFP-labelled hubs are slightly smaller than monomeric TetR-
eGFP(A206K)-labelled hubs, potentially due to eGFP dimerization effects 
(Methods). P-value determined by two-sided Wilcoxon test. d, ecDNA hub 
number per cell. Line represents median. P-value determined by two-sided 
Wilcoxon test. e, TetR-eGFP signal in chr8-chromosomal-TetO 
(chr8:116,860,000–118,680,000, left) and ecDNA-TetO (TetO-eGFP COLO320-
DM, right) COLO320-DM cells. f, Fluorescence intensity for chr8-chromosomal-

TetO and ecDNA-TetO foci. g, h, Inferred ecDNA copy number per foci (g; n = 
number of foci/cell) and per cell (h; n = number of cells) for ecDNA-TetO labelled 
cells based on summed fluorescence intensity relative to chr8-chromosomal-
TetO foci. Line represents median. i, Representative images of TetR-GFP signal 
in parental COLO320-DM without TetO array integration which shows minimal 
TetR-GFP foci. j, Mean fluorescence intensities for ecDNA (TetO-eGFP) and 
BRD4 (HaloTag) foci across a line drawn across the centre of the largest ecDNA 
(TetO-eGFP) signal. Data are mean ± SEM for n=5 ecDNA foci. k, Representative 
image of TetR-eGFP signal in COLO320-DM cells without TetO array integration 
overlaid with BRD4-HaloTag signal. Dashed line indicates nucleus boundary. 
We noted cytoplasmic TetR-eGFP signal in a subset of COLO320-DM cells 
without TetO array integration but it did not colocalize with BRD4-HaloTag.  
l, MYC RNA measured by RT–qPCR for parental COLO320-DM and BRD4-
HaloTag COLO320-DM cells treated with DMSO or 500 nM JQ1 for 6 h which 
shows similar levels of MYC transcription and sensitivity to JQ1 inhibition 
following epitope tagging of BRD4. Data are mean ± SD between 3 biological 
replicates. P values determined by two-sided Student’s t-test.
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Extended Data Fig. 3 | BET inhibition leads to ecDNA hub dispersal.  
a, Representative metaphase FISH images and schematic showing ecDNA in 
COLO320-DM and chromosomal HSRs in COLO320-HSR (independently 
repeated twice for COLO320-DM and not repeated for COLO320-HSR).  
b, Ranked BRD4 ChIP–seq signal. Peaks in ecDNA or HSR amplifications are 
highlighted and labelled with nearest gene. c, ATAC–seq, BRD4 ChIP–seq, 
H3K27ac ChIP–seq and WGS at amplified MYC locus. d, Number of ecDNA 
locations (including ecDNA hubs with >1 ecDNA and singleton ecDNAs) from 
interphase FISH imaging for individual COLO320-DM cells after treatment with 
DMSO or 500 nM JQ1 for 6 h. N = number of cells quantified per condition. 
P-value determined by two-sided Wilcoxon test. e, ecDNA copies in each ecDNA 
location from interphase FISH imaging in COLO320-DM after treatment with 
DMSO or 500 nM JQ1 for 6 h (box centre line, median; box limits, upper and 
lower quartiles; box whiskers, 1.5x interquartile range). N = number of ecDNA 
locations quantified per condition. P-value determined by two-sided Wilcoxon 
test. f, Representative live images of TetR-eGFP-labelled ecDNA after treatment 
with DMSO or 500 nM JQ1 at indicated timepoints in a time course (top; 
independently repeated twice) and ecDNA hub zoom-ins (bottom).  
g, Representative image from combined DNA/RNA FISH in COLO320-DM cells 
treated with DMSO, 500 nM JQ1, or 1% 1,6-hexanediol for 6 h. h, MYC 
transcription probability measured by dual DNA/RNA FISH after treatment 
with DMSO, 1% 1,6-hexanediol, or 100 µg/mL alpha-amanitin for 6 h (box centre 
line, median; box limits, upper and lower quartiles; box whiskers, 1.5x 
interquartile range; n = number of cells). P-values determined by two-sided 

Wilcoxon test. i, Representative DNA FISH images for MYC ecDNA in interphase 
COLO320-DM treated with either 1% 1,6-hexanediol or 100 µg/mL alpha-
amanitin for 6 h. j, ecDNA clustering in interphase cells by autocorrelation g(r) 
for COLO320-DM treated with DMSO, 1% 1,6-hexanediol, or 100 µg/mL alpha-
amanitin for 6 h. Data are mean ± SEM (n = 10 cells quantified per condition).  
k, Averaged BRD4 ChIP–seq signal and heat map over all BRD4 peaks for cells 
treated with DMSO or 500 nM JQ1 for 6 h. l, Cell viability measured by ATP levels 
(CellTiterGlo) after treatment with different JQ1 concentrations for 48 h 
normalized to DMSO-treated cells. Data are mean ± SD between 3 biological 
replicates. P values determined by two-sided Student’s t-test. m, Cell 
proliferation after treatment with different JQ1 concentrations over 72 h. Data 
are mean ± SD between 3 biological replicates. n, Cell doubling times after 
treatment with different JQ1 concentrations over 72 h in hours (top) or after 
normalization to DMSO-treated cells (bottom). Data are mean ± SD between 3 
biological replicates. P values determined by two-sided Student’s t-test. o, MYC 
RNA measured by RT–qPCR after treatment with indicated inhibitors for 6 h 
(top; each point represents a biological replicate, n=6 for DMSO and JQ1 
treatments, n=3 for all other drug treatments). Data are mean ± SD. P values 
determined by two-sided Student’s t-test. Details of inhibitor panel, protein 
target, significance of effect on MYC transcription, and comparison of effect on 
ecDNA and HSR transcription (bottom). p, q, Representative DNA FISH images 
(p) and clustering by autocorrelation g(r) (q) for MYC ecDNAs in COLO320-DM 
treated with DMSO or 500 nM MS645 for 6 h. Data are mean ± SEM. P-value 
determined by two-sided Wilcoxon test at radius = 0.
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Extended Data Fig. 4 | Reconstruction of COLO320-DM ecDNA amplicon 
structure. a, Structural variant (SV) view of AmpliconArchitect (AA) 
reconstruction of the MYC amplicon in COLO320-DM cells. b, Nanopore 
sequencing of COLO320-DM cells (left) and distribution of read lengths.  
c, WGS for COLO320-DM with junctions detected by WGS and nanopore 
sequencing. d, Molecule lengths used for optical mapping and statistics.  
e, Reconstructed COLO320-DM ecDNA after integrating WGS, optical 
mapping, and in-vitro ecDNA digestion. Chromosomes of origin and 
corresponding coordinates (hg19) are labelled. Three inner circular tracks 
(light tan, slate and brown in colour; guides A, B and C, respectively) 
representing expected fragments as a result of Cas9 cleavage using three 
distinct sgRNAs and their expected sizes. Guide sequences are in 
Supplementary Table 2 (PFGE_guide_A-C). f, In-vitro Cas9 digestion of 
COLO320-DM ecDNA followed by PFGE (left). Fragment sizes were determined 
based on H. wingei and S. cerevisiae ladders. Uncropped gel image is in 
Supplementary Fig. 1. Middle panel shows short-read sequencing of the MYC 

ecDNA amplicon for all isolated fragments, ordered by fragment size. Right 
panel shows concordance of expected fragment sizes by optical mapping 
reconstruction, and observed fragment sizes by in-vitro Cas9 digestion 
(discordant fragments circled). Each sgRNA digestion was performed in one 
independent experiment. g, Metaphase FISH images showing colocalization of 
MYC, PCAT1 and PLUT as predicted by optical mapping and in-vitro digestion. N 
= 20 cells and 1,270 ecDNAs quantified for MYC/PCAT1 DNA FISH and n = 15 cells 
and 678 ecDNAs for MYC/PLUT DNA FISH from one experiment. h, RNA 
expression measured by RT–qPCR for indicated transcripts in COLO320-DM 
cells stably expressing dCas9-KRAB and indicated sgRNAs (n=2 biological 
replicates). Canonical MYC was amplified with primers MYC_exon1_fw and 
MYC_exon2_rv; fusion PVT1-MYC was amplified with PVT1_exon1_fw and MYC_
exon2_rv; total MYC was amplified with total_MYC_exon2_fw and total_MYC_
exon2_rv. All primer sequences are in Supplementary Table 1 and guide 
sequences are in Supplementary Table 2. i, Alignment of junction reads at the 
PVT1-MYC breakpoint.
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Extended Data Fig. 5 | Single-cell multiomic analysis reveals combinatorial 
and heterogeneous ecDNA regulatory element activities associated with 
MYC expression. a, Joint single-cell RNA and ATAC–seq for simultaneously 
assaying gene expression and chromatin accessibility and identifying 
regulatory elements associated with MYC expression. b, Unique ATAC–seq 
fragments and RNA features for cells passing filter (both log2-transformed).  
c, Correlation between MYC accessibility score and normalized RNA 
expression. d, UMAP from the RNA or the ATAC–seq data (left). Log-normalized 
and scaled MYC RNA expression (top right) and MYC accessibility scores 
(bottom right) were visualized on the ATAC–seq UMAP, showing cell-level 
heterogeneity in MYC RNA-seq and ATAC-seq signals in ecDNA-
containing COLO320-DM. e, Gene expression scores (calculated using Seurat 
in R) of MYC-upregulated genes (Gene Set M6506, Molecular Signatures 
Database; MSigDB) across all MYC RNA quantile bins. Horizontal line marks 
median. Population variances for all individual cells are shown (top). P-value 
determined by two-sided F-test. f, MYC expression levels of top and bottom 
bins (left). Normalized ATAC–seq coverages are shown (right). g, Number of 
variable elements identified on COLO320-DM ecDNAs compared to 
chromosomal HSRs in COLO320-HSR (left). 45 variable elements were uniquely 
observed on ecDNA. All variable elements on ecDNA are shown on the right 
(y-axis shows -log10(FDR) and dot size represents log2 fold change. Five most 

significantly variable elements are highlighted and named based on relative 
position in kb to the MYC TSS (negative, 5′; positive, 3′). h, Correlation between 
estimated MYC copy numbers and normalized log2-transformed MYC 
expression of all individual cells showing a high level of copy number 
variability associated with increased expression, in particular for COLO320-
DM. i, Estimated MYC amplicon copy number of all cell bins separated by MYC 
RNA expression. j, Zoom-ins of the ATAC–seq coverage of each of the five most 
significantly variable elements identified in g (marked by dashed boxes).  
k, Similar distributions of TSS enrichment in the high and low cell bins, 
indicating differences in accessibility at variable elements are not an artifact of 
differences in data quality. l, Mean copy number regressed, log-normalized, 
scaled ATAC–seq coverage of the differential peaks against mean MYC RNA 
(log-normalized, mean-centred, scaled) for each cell bin in orange. Same 
number of random non-differential peaks from the same amplicon interval and 
shown in grey. Error bands show 95% confidence intervals for the linear models. 
m, Cumulative probability of MYC amplicon copy number distributions (mean-
centred, scaled) of single-cell ATAC–seq data and DNA FISH data, suggesting 
that copy number estimates from single cell ATAC-seq data reflect 
heterogeneity in ecDNA copy number as measured by DNA FISH. P-values 
determined by Kolmogorov-Smirnov test (1,000 bootstrap simulations).
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Extended Data Fig. 6 | Endogenous enhancer connectome of COLO320-DM 
MYC ecDNA amplicon and effect of promoter sequence, cis enhancers, and 
BET inhibition on episomal reporter activation. a, Top to bottom: COLO320-
DM H3K27ac HiChIP contact map (KR-normalized read counts, 10-kb 
resolution), reconstructed COLO320-DM amplicon, H3K27ac ChIP–seq signal, 
BRD4 ChIP–seq signal, WGS coverage, interaction profile of PVT1  (top, dark 
pink) and MYC (bottom, light pink) promoters at 10-kb resolution with 
FitHiChIP loops shown below, coloured by adjusted p-value. Active elements 
identified by scATAC and overlapping H3K27ac HiChIP contacts named by 
genomic distance to MYC start site: −1132E, −1087E, −679E, −655E, −401E, 
−328E, −85E. b, Comparison of HiChIP matrix normalization  methods for 
COLO320-DM H3K27ac HiChIP at 10-kb resolution. HiChIP signal is robust to 
different normalization methods. c, Quantification of NanoLuc luciferase 
signal for plasmids with PVT1p-, minp-, or MYCp-driven NanoLuc reporter 
expression. Luciferase signal was calculated by normalizing NanoLuc readings 

to Firefly readings. Bar plot shows mean ± SEM. P values were calculated using a 
two-sided Student’s t-test (n=3 biological replicates). d, Violin plots showing 
mean fluorescence intensities and signal sizes of the NanoLuc reporter RNA in 
PVT1p-reporter and minp-reporter transfected cells. P-values were calculated 
using a two-sided Wilcoxon test. e, Schematic of PVT1 promoter-driven 
luciferase reporter plasmid with a cis-enhancer. Details of cis-enhancer are in 
Methods. f, Bar plot showing luciferase signal driven by PVT1p, MYCp or the 
constitutive TKp with or without a cis-enhancer (mean ± SEM). All values are 
normalized to the corresponding promoter-only construct without a cis-
enhancer. P values were calculated using a two-sided Student’s t-test (n=3 
biological replicates). g, Dot plots showing fold change in luciferase signal 
(Firefly-normalized NanoLuc signal) in JQ1-treated over DMSO-treated 
COLO320-DM and COLO320-HSR cells after transfection with the PVT1p or the 
MYCp plasmid with or without a cis-enhancer. P values were calculated using a 
two-sided Student’s t-test (n=3 biological replicates).
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Extended Data Fig. 7 | Generation of monoclonal SNU16-dCas9-KRAB with 
reduced ecDNA fusions. a, Representative DNA FISH images showing 
extrachromosomal single-positive MYC and FGFR2 amplifications (top left and 
top middle) and double-positive MYC and FGFR2 amplifications in metaphase 
spreads in parental SNU16 cells (top right) with zoom in (top right). N = 42 cells 
and 8,222 ecDNAs. Representative DNA FISH images showing distinct 
extrachromosomal MYC and FGFR2 amplifications in metaphase spreads in 
SNU16-dCas9-KRAB cells (bottom). N = 29 cells and 3,893 ecDNAs. b, Ranked 
plot showing number of junction reads supporting each breakpoint in 
AmpliconArchitect. Breakpoints are coloured based on whether they span 

regions from the same amplicon (MYC/FGFR2) or regions from two distinct 
amplicons. c, HiChIP contact matrices at 10-kb resolution with KR 
normalization for parental SNU16 cell line (left) and SNU16-dCas9-KRAB cell 
line (right). Contact matrix for parental cells contains regions of increased cis-
contact frequency between chr8 and chr10 as indicated, as compared to 
SNU16-dCas9-KRAB cells with highly reduced contact frequency between chr8 
and chr10. Regions of increased focal interaction overlapping low frequency 
structural rearrangements between chr8 and chr10 described in b indicated 
with boxes.
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Extended Data Fig. 8 | Perturbations of ecDNA enhancers by CRISPRi reveal 
functional intermolecular enhancer–gene interactions. a, CRISPRi 
experiments perturbing candidate enhancers in SNU16-dCas9-KRAB cells. 
Single-guide RNAs (sgRNAs) were designed to target candidate enhancers on 
FGFR2 and MYC ecDNAs based on chromatin accessibility. b, Experimental 
workflow for pooled CRISPRi repression of putative enhancers. Stable SNU16-
dCas9-KRAB cells were generated from a single cell clone. Cells were 
transduced with a lentiviral pool of sgRNAs, selected with antibiotics and 
oncogene RNA was assessed by flowFISH. Cells were sorted into six bins by 
fluorescence-activated cell sorting (FACS) based on oncogene expression. 
sgRNAs were quantified for cells in each bin. c, FACS gating strategy. d, Log2 
fold changes of sgRNAs for each candidate enhancer element compared to 
unsorted cells for CRISPRi libraries targeting either MYC or FGFR2 ecDNAs, 
followed by cell sorting based on expression levels of MYC or FGFR2. Each dot 

represents the mean log2 fold change of 20 sgRNAs targeting a candidate 
element. Elements negatively correlated with oncogene expression as 
compared to the negative control sgRNA distributions in the same pools are 
marked in red. e, Bar plot showing significance of CRISPRi repression of 
candidate enhancer elements as in Fig. 4e (top). Significant in-trans and in-cis 
enhancers are coloured as indicated. SNU16-dCas9-KRAB H3K27ac HiChIP 1D 
signal track and interaction profiles of FGFR2 and MYC promoters at 10-kb 
resolution with cis FitHiChIP loops shown below. Interaction profiles in cis 
shown in purple and in trans shown in orange. f, Spearman correlations of 
individual sgRNAs that target MYC TSS across fluorescence bins 
corresponding to MYC and FGFR2 expression. P values using the lower-tailed 
t-test comparing target sgRNAs with negative control sgRNAs (negcontrols) 
are shown. Each dot represents an independent sgRNA.
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Extended Data Fig. 9 | Intermolecular enhancers and MYC are located on 
distinct molecules for the vast majority of ecDNAs. a, Top: two-colour DNA 
FISH on metaphase spreads for quantifying the frequency of colocalization of 
the MYC gene and intermolecular enhancers shown in Fig. 4e. Above-random 
colocalization would indicate fusion events. Bottom: representative DNA FISH 
images. DNA FISH probes target the following hg19 genomic coordinates: E1, 
chr10:122,635,712–122,782,544 (RP11-95I16; n = 11 cells); E2, chr10:122,973,293–
123,129,601 (RP11-57H2; n = 12 cells); E3/E4/E5, chr10:123,300,005–123,474,433 
(RP11-1024G22; n = 10 cells). b, Top: numbers of distinct and colocalized FISH 
signals. To estimate random colocalization, 100 simulated images were 
generated with matched numbers of signals and mean simulated frequencies 
were compared with observed colocalization. P values determined by two-
sided t-test (Bonferroni-adjusted). Bottom: number of colocalized signals 
significantly above random chance. Colocalization above simulated random 

distributions is the sum of colocalized molecules in excess of random means in 
all FISH images in which total colocalization was above the random mean plus 
95% confidence interval (100 simulated images per FISH image). c, In vitro Cas9 
digestion of MYC-containing ecDNA in SNU16-dCas9-KRAB followed by PFGE 
(one independent experiment). Fragment sizes were determined based on H. 
wingei and S. cerevisiae ladders. Uncropped gel image is in Supplementary 
Fig. 1. MYC CDS guide corresponds to guide B in Supplementary Table 2.  
d, Enrichment of enhancer DNA sequences in isolated MYC ecDNAs bands  
from c over background (DNA isolated from a separate PFGE lane in the 
corresponding size range resulting from undigested genomic DNA) based on 
normalized reads in 5kb windows. Each dot represents DNA from a distinct gel 
band. Red indicates fold change above 4. e, Sequencing track for a gel-purified 
MYC ecDNA showing enrichment of the MYC amplicon and depletion of the 
FGFR2 amplicon containing enhancers E1-E5.
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Extended Data Fig. 10 | Reconstruction of four distinct amplicons in TR14 
neuroblastoma cell line and intermolecular amplicon interaction patterns 
associated with H3K27ac marks. a, Top to bottom: long read-based 
reconstruction of four different amplicons; genome graph with long read-
based structural variants of >10kb size and >20 supporting reads indicated by 
red edges; copy number variation and coverage from short-read whole-genome 
sequencing, positions of the selected genes. b, A representative DNA FISH 
image of MYCN ecDNAs in interphase TR14 cells (top) and ecDNA clustering 
compared to DAPI control in the same cells assessed by autocorrelation g(r) 
(bottom). Data are mean ± SEM (n = 14 cells). c, Custom Hi-C map of 
reconstructed TR14 amplicons. The MYCN/CDK4 amplicon and the MYCN 
ecDNA share sequences, which prevented an unambiguous short-read 
mapping in these regions and appear as white areas. Trans interactions appear 
locally elevated between MYCN ecDNA and ODC1 amplicon (indicated by 
arrows). Cis- and trans-contact frequencies are coloured as indicated. d, Read 
support for structural variants identified by long read sequencing linking 
amplicons. Only one structural variant between distinct amplicons (MYCN and 

MDM2 amplicons) was identified with 3 supporting reads. e, Variant allele 
frequency for structural variants linking amplicons. f, Trans-interaction 
pattern between enhancers on a MYCN amplicon fragment (vertical) and an 
ODC1 amplicon fragment (horizontal). Short-read WGS coverage (grey), 
H3K27ac ChIP–seq track showing mean fold change over input in 1kb bins 
(yellow) and Hi-C contact map showing (KR-normalized counts in 5kb bins).  
g, Top to bottom: three amplicon reconstructions, virtual 4C interaction 
profile of the enhancer-rich HPCAL1 locus on the ODC1 amplicon with loci on 
other amplicons (red), and H3K27ac ChIP–seq (fold change over input; yellow). 
h, Trans interaction between different amplicons (KR-normalized counts in 5kb 
bins) depending on H3K27ac signal of the interaction loci (left; box centre line, 
median; box limits, upper and lower quartiles; box whiskers, 1.5x interquartile 
range). Trans interaction (KR-normalized counts in 5kb bins) separated by 
amplicon pair (right). H3K27ac High vs. Low denotes at least vs. less than 3-fold 
mean enrichment over input in 5kb bins. N = 114,636 H3K27ac Low + Low pairs, n 
= 11,990 H3K27ac High + Low pairs, n = 296 H3K27ac High + High pairs.



 154 

ecDNA hubs drive cooperative 
intermolecular oncogene expression
In the format provided by the 
authors and unedited

Nature | www.nature.com/nature

Supplementary information

https://doi.org/10.1038/s41586-021-04116-8



 155 

 1 

Supplementary Tables  
 
Supplementary Table 1.  
primer sequence assay 
MYC_exon1_fw AGGCTCTCCTTGCAGCTGCTTA RT_qPCR 

MYC_exon2_rv GCTAACGTTGAGGGGCATCGTC RT_qPCR 

PVT1_exon1_fw GAAAGGATGTTGGCGGTCCCTG RT_qPCR 

total_MYC_exon2_fw TCCACCTCCAGCTTGTACCT RT_qPCR 

total_MYC_exon2_rv CGTCGAGGAGAGCAGAGAAT RT_qPCR 

GAPDH_fw GGAGCGAGATCCCTCCAAAAT RT_qPCR 

GAPDH_rv GGCTGTTGTCATACTTCTCATGG RT_qPCR 

18S_fw TAAAGGAATTGACGGAAGGGCA RT_qPCR 

18S_rv ATCTGTCAATCCTGTCCGTGTC RT_qPCR 

MYC_exon3_fw GGCTCCTGGCAAAAGGTCA RT_qPCR 

MYC_exon3_rv CTGCGTAGTTGTGCTGATGT RT_qPCR 

FGFR2_fw GGTCGTTTCATCTGCCTGGT RT_qPCR 

FGFR2_rv CCTTCCCGTTTTTCAGCCAC RT_qPCR 
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Supplementary Table 2.  
ID gRNA_sequence gRNA_info 
1 GCCTCCGGGCAGAGCGCGTG sgPVT1, targets PVT1 TSS in Extended Data 

Figure 4i 
2 GGAATAGGGGGCTTCGCCTC sgMYC, targets MYC TSS in Extended Data 

Figure 4i 
3 GATGGATGGACCACAACAGGG sgRNA1, targets enhancer in Extended Data 

Figure 4i 
4 GGTTTCCTTATCTATGAACCG sgRNA2, targets enhancer in Extended Data 

Figure 4i 
5 GAGTGCATTAGAGGTACACAG sgRNA3, targets enhancer in Extended Data 

Figure 4i 
6 GATAAAAAGTGCCCGACAATG sgRNA4, targets enhancer in Extended Data 

Figure 4i 
7 GGGTTGGACTGATGACCTCAG sgRNA5, targets enhancer in Extended Data 

Figure 4i 
8 GAGGTTTGGAGACATACACAT sgRNA6, targets enhancer in Extended Data 

Figure 4i 
9 GAACGACTAGTTAGGCGTGTA sgGal4, non-targeting guide in RNA-seq 

experiment 

10 GGAGAGCTTGTGGACCGAGC MYC ecDNA TetO insertion 

11 GGGATCACTAGCATGTCTG BRD4 HaloTag knockin 

12 CCAGCAATCGTTAACCACTG PFGE_guide_A, used in in vitro Cas9 ecDNA 

digestion 

13 CTTCGGGGAGACAACGACGG PFGE_guide_B, used in in vitro Cas9 ecDNA 

digestion 

14 GTCTTGCTAGACTATACCAG PFGE_guide_C, used in in vitro Cas9 ecDNA 

digestion 
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Supplementary Table 1: Primer sequences. All primers used for RT-qPCR are listed. 

 

Supplementary Table 2: sgRNA sequences. sgRNAs used in the COLO320-DM CRISPR 

interference experiments and ecDNA editing for TetO insertion are listed. 

 

Supplementary Table 3: FlowFISH CRISPRi sgRNA sequences. All sgRNA sequences used in 

the CRISPRi experiments in SNU16-dCas9-KRAB are listed. 

 



8 Curriculum vitae 

Mein Lebenslauf wird aus datenschutzrechtlichen Gründen in der elektronischen Version meiner 

Arbeit nicht veröffentlicht. 
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