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Abstract 

Extrachromosomal DNA circularization is a common event in cancer that can occur in 

various forms. Many small circular DNAs, generated through DNA fragmentation pro-

cesses such as DNA damage and apoptosis, exist in both normal and cancerous tissues. 

Other large, cancer-specific circular DNAs, commonly referred to as ecDNA, serve as 

potent vehicles for oncogene amplification in aggressive tumors. Extrachromosomal ele-

ments undergo random segregation during mitosis, facilitating rapid intercellular hetero-

geneity and enabling tumors to evolve and evade therapy at an accelerated pace. A better 

understanding of circular DNA dynamics and their impact on intercellular heterogeneity 

in cancer is crucial. Therefore, there is a need for novel single-cell methodologies that 

enable the profiling of all types of circular DNAs in single cancer cells. In this doctoral 

thesis, we introduce scEC&T-seq (single-cell extrachromosomal circular DNA and tran-

scriptome sequencing), a new single-cell method that enables the simultaneous detection 

of circular DNA and full-length mRNA from the same single cell. Applying scEC&T-seq to 

neuroblastoma cell lines and primary tumors, we characterized hundreds of circular DNA 

elements per single cell. While large, ecDNAs were recurrently identified in most cancer 

cells, small circular DNAs were mostly private and not shared between individual cells, 

indicating differences in their selection and propagation. scEC&T-seq successfully reca-

pitulated the complexity of ecDNA structures in single cells and characterized intercellular 

differences in ecDNA structure. This enabled the inference of ecDNA structural dynamics 

over time in primary neuroblastoma tumors.  Additionally, the parallel interrogation of ec-

DNA and gene expression data revealed that intercellular differences in ecDNA content 

drive oncogene expression differences in single cells. We anticipate that applying 

scEC&T-seq to samples from different biological contexts will unravel new insights into 

the role of both large and small extrachromosomal circular DNAs in cancer and beyond.   
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Zusammenfassung 

Extrachromosomale DNA-Zirkularisierung ist ein häufiges Ereignis bei Krebs, das in 

verschiedenen Formen auftreten kann. Viele kleine zirkuläre DNAs, die durch DNA-

Fragmentierungsprozesse entstehen, existieren sowohl in gesundem Gewebe als auch 

in bösartigem Gewebe. Andere große, tumorspezifische zirkuläre DNAs, allgemein als 

ecDNA bezeichnet, dienen als effektives Mittel zur Verstärkung von Onkogenen in 

aggressiven Tumoren. Aufgrund ihres Fehlens von Zentromeren segregieren sich 

zirkuläre DNAs zufällig auf Tochterzellen während der Mitose. Dies kann eine schnelle 

interzelluläre Heterogenität fördern, wodurch Tumoren die Fähigkeit erhalten, sich schnell 

zu entwickeln und der Therapie zu entkommen. Das Verständnis der Dynamik zirkulärer 

DNA und ihres Beitrags zur interzellulären Heterogenität bei Krebs ist jedoch nach wie 

vor von großer Bedeutung, da Methoden für eine unvoreingenommene Charakterisierung 

sowohl großer als auch kleiner zirkulärer DNAs in einzelnen Zellen fehlen. In diesem 

Projekt haben wir uns zum Ziel gesetzt, scEC&T-seq (single-cell extrachromosomal 

circular DNA and transcriptomic sequencing) zu etablieren, eine Methode für die parallele 

Detektion zirkulärer DNAs und vollständiger mRNA in einzelnen Zellen. Durch 

Anwendung von scEC&T-seq auf Neuroblastom-Zelllinien und primäre Tumore haben wir 

hunderte zirkuläre DNA-Elemente pro Einzelzelle charakterisiert. Während große, 

Onkogene enthaltende ecDNAs wiederholt in den meisten Krebszellen identifiziert 

wurden, waren kleine zirkuläre DNAs hauptsächlich auf einzelne Zellen beschränkt, was 

auf Unterschiede in ihrer Auswahl und Vermehrung hinweist. scEC&T-seq konnte 

erfolgreich die komplexe Struktur von ecDNAs in einzelnen Zellen wiedergeben, und 

lieferte ausreichende Details, um Unterschiede in der ecDNA-Struktur zwischen den 

Zellen zu charakterisieren. Dies ermöglichte die Ableitung von ecDNA-Strukturdynamiken 

im Laufe der Zeit in primären Tumoren. Zusätzlich offenbarte die gleichzeitige 

Untersuchung von ecDNA- und Genexpressionsdaten, dass interzelluläre Unterschiede 

im ecDNA-Gehalt Unterschiede in der Onkogenexpression in einzelnen Zellen 

beeinflussen. Wir gehen davon aus, dass die Anwendung von scEC&T-seq auf Proben 

aus verschiedenen biologischen Kontexten neue Erkenntnisse über die Rolle großer und 

kleiner extrachromosomaler zirkulärer DNAs bei Krebs und darüber hinaus ermöglichen 

wird. 
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1. Introduction 

While the majority of the human genome consists of large linear strands of DNA that are 

packaged in chromosomes, extrachromosomal circular DNA elements have long been 

identified in the nucleus of human cells(1-6). These closed DNA circles are derived from 

the linear chromosomal genome becoming independent structures in the cell’s nucleus. 

Recent reports have shown the unexpectedly high prevalence of circular DNA in human 

tissues(2, 4, 5). Since their discovery more than five decades ago(7, 8), many forms of 

circular DNA have been described in human cells. Based on differences in size, content, 

and copy number, they can be classified into two main categories: i. small (<100kb), cir-

cular DNA, commonly referred to as eccDNA, this category includes: microDNAs(5), 

apoptosis-derived circular DNAs(9), small polydispersed circular DNAs(10) (spcDNA), 

and telomeric circles(11); ii. large (>100kb), cancer-specific, copy number-amplified ex-

trachromosomal DNA, known as ecDNA(3). Although in the past decade, important pro-

gress has been made in characterizing both small and large circular DNAs, many ques-

tions about their function and relevance in normal and cancer development remain unan-

swered.   

In the cancer field, cancer-specific ecDNAs are of particular interest due to their described 

role as powerful drivers of oncogene amplification(1). These mega-base-sized circular 

DNAs were initially discovered as double minute chromosomes (DM) in the 1960s through 

microscopic examination of stained metaphases of neuroblastoma cell lines(7). They 

were soon found to carry copies of proto-oncogenes and other functional regulatory ele-

ments and, by accumulating in the cell, they led to abnormally high oncogene expression 

levels(1, 3, 12-14). Recently, a re-evaluation of ecDNA in large-scale DNA sequencing 

datasets revealed that extrachromosomal amplification is a more frequent event in cancer 

than previously anticipated(15). Most importantly, this study revealed that patients with 

ecDNA-driven tumors present a decreased survival compared to those carrying other 

types of focal amplifications(15, 16). The aggressive behavior of ecDNA-containing tu-

mors may be attributed to their capacity for rapid adaptation to selective pressures(12, 

17, 18). This rapid adaptation has been linked to ecDNA’s ability to be replicated and, 

since it lacks centromeres, randomly segregated to daughter cells in mitosis(12, 19-21). 

This missegregation is expected to yield high ecDNA copy number heterogeneity in the 

cancer population, which is suggested to enable more rapid changes in DNA content, 
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such as changes in oncogene copy number, and support rapid adaptation to new selec-

tive pressures(12). In addition to diversity in copy number, ecDNAs can exhibit diverse 

structural compositions(22-26). EcDNAs can present complex structures resulting from 

the rearrangement of multiple genomic regions from the same or different chromo-

somes(16, 23, 27). Recent studies have also shown that in some tumor populations, ex-

trachromosomal elements can be highly heterogeneous. In certain cases, multiple ecDNA 

structures may be present, sometimes carrying different oncogenes, and they can be-

come more complex over time and in response to therapy(23, 28, 29). Even in some 

cases, ecDNAs carrying no oncogene but only functional regulatory elements, such as 

enhancers, have been identified to co-exist with other oncogene-containing ecDNAs(20). 

The molecular mechanisms generating this diversity in ecDNA content, its extent, and its 

functional impact on tumor evolution are, however, not yet completely understood. 

Besides ecDNA, other smaller types of extrachromosomal circular DNAs have been de-

scribed in cancer cells(30). Their discovery was parallel to that of ecDNAs(8). Unlike ec-

DNAs, which are specific to cancer cells, small circular DNAs have been identified in all 

tested eukaryotic cells, both malignant and non-malignant(6). Compared to large ec-

DNAs, small circular DNA elements are not present in high copy numbers (non-amplified) 

(2, 5) and their mechanism of inheritance is largely unknown. Moreover, their sequence 

is often too short to contain full genes or promoter regions(2, 5).  Some reports indicate 

that small circular DNA formation is linked to DNA damage and aberrant repair, as ob-

served by the elevated levels of small circular DNAs in genetically unstable cells or after 

DNA damage induction(10, 31). A recent study has demonstrated that apoptosis can sig-

nificantly increase the formation of small circular DNAs through a process that depends 

on DNase γ endonuclease activity and Ligase 3-mediated DNA ligation(9). These in-

creased numbers of small circular DNAs can also stimulate innate immunity(9). Although 

cancers can harbor thousands of small circular DNAs of varying sizes and genetic con-

tent(6), their role in cancer biology has been understudied and it is currently poorly un-

derstood, with most of the research focusing on oncogene-containing ecDNAs.  

Our research group recently described the landscape of DNA circularization in neuroblas-

toma(4), a tumor entity in which extrachromosomal amplification of the MYCN oncogene, 

which was first described in the 60s(7), is frequently identified and is associated with 

unfavorable outcomes and risk of relapse(32-34). Our findings revealed the presence of 



 5 

ecDNA in approximately 30% of neuroblastoma tumors, with MYCN being the most com-

monly amplified gene in this context(4). In addition, we identified thousands of other small, 

non-amplified circular DNAs per tumor of yet unknown functional relevance(4). The prev-

alence and diversity of both large ecDNAs and small circular DNAs observed in neuro-

blastoma tumors raised several important questions, including: (1) How does the overall 

content of circular DNA vary in cell populations? For instance, how are (i) small, non-

amplified circular DNAs (ii) or ecDNA copy numbers distributed in a cell population? (2) 

How are multiple ecDNA structures distributed among cancer cells? Do these structures 

co-exist within cells, or are they only present in a subset of cells but not others? (3) What 

impact does this heterogeneity have on cell phenotype?  

To answer these relevant questions, gaining a better understanding of circular DNA’s 

contribution to intercellular heterogeneity is crucial. While recent advances have been 

made, current methodologies have limitations that hinder a comprehensive understand-

ing of the contribution of both large and small circular DNAs to intercellular tumor hetero-

geneity. Most studies have relied on either cytogenetic identification of ecDNAs using 

fluorescence in situ hybridization (FISH), or computational inference of ecDNA sequence 

from bulk whole-genome sequence (WGS) data(1). These methods are, however, limited 

in their ability to deconvolute ecDNA diversity and can’t detect non-amplified, small circu-

lar DNAs. Other targeted exonuclease-based circular DNA enrichment protocols, such as 

Circle-seq(4, 35), have allowed the detection of both small and large circular DNAs in 

tumors(4). However, this data only provides an average of circular DNA content across a 

population of cells and does not reflect intercellular heterogeneity. A promising alternative 

to bulk sequencing methods is single-cell sequencing approaches. Current single-cell ge-

nomic approaches, however, present similar limitations only relying on high copy num-

bers for circular DNA detection(36). To overcome these limitations, in this PhD, we set up 

to establish scEC&T-seq (single-cell extrachromosomal circular DNA and transcriptome 

sequencing), a new method for sequencing and characterization of all extrachromosomal 

circular DNA types, independent of their size, content, and copy number, combined with 

parallel detection of full-length mRNA transcripts in single cells. We demonstrate its utility 

for profiling intercellular heterogeneity in single cancer cells containing both structurally 

complex multi-fragmented ecDNAs and small circular DNAs, while interrogating the ef-

fects of this heterogeneity on gene expression.  
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2. Methods 

This methods section has been adapted from Chamorro González et al.(37) 

Cell culture 

The two human cancer cell lines used in this study were obtained from the American Type 

Culture Collection (CHP-212; ATCC; Manassas, VA, USA) or provided by J. J. Molenaar 

(TR14; Princess Máxima Center for Pediatric Oncology, Utrecht, Netherlands). STR gen-

otyping (Genetica DNA Laboratories and IDEXX BioResearch) was used to confirm the 

identity of both cell lines, and absence of Mycoplasma sp. contamination was verified with 

a Lonza MycoAlert system (Lonza). Cells were grown in RPMI-1640 medium (Thermo 

Fisher Scientific) supplemented with 1% penicillin/streptomycin (PS; Thermo Fisher Sci-

entific), and 10% fetal calf serum (FCS; Thermo Fisher Scientific).  

Patient samples and clinical data access 

Tumor tissue and blood samples of patients diagnosed with neuroblastoma between 

1991 and 2022 were used in this study. Informed consent from patients or their legal 

guardians was obtained in all cases. The institutional review boards of Charité-Universi-

tätsmedizin Berlin and the Medical Faculty, University of Cologne approved the collection 

and use of patient specimens for this study. Access to specimens and clinical data was 

granted by Charité-Universitätsmedizin Berlin or the National Neuroblastoma Biobank 

and Neuroblastoma Trial Registry (University Children’s Hospital Cologne) of the German 

Society of Pediatric Oncology and Hematology (GPOH).  

Single-cell or single-nuclei suspension preparation 

Nuclei isolation from tissue samples was performed by tissue homogenization using a 

pre-cooled glass dounce homogenizer (Wheaton) in 1 mL of ice-cold EZ PREP buffer 

(Sigma). The tissue was homogenized using ten strokes with the loose pestle, followed 

by five additional strokes with the tight pestle, then filtered through a BD Falcon tube with 

a 35µm cell strainer cap (Becton Dickinson). Intact nuclei were stained and counted with 

0.02% trypan Blue (Thermo Fisher Scientific). To isolate peripherial blood mononuclear 

cells (PBMCs) from patient blood samples, density gradient centrifugation with Ficoll-

PlaqueTM Plus (Cytiva) was used. Blood samples were mixed 1:1 with free-calcium PBS 
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and slowly added to 12mL of Ficoll (Cytiva). After centrifugation for 30 min at 200g without 

breaking, an upper layer containing PBMCs was isolated and washed in 40 mL of PBS. 

After washing, PBMCs were collected by centrifugation at 500g for 5 minutes and resus-

pended in 10% DMSO in FCS.  

Fluorescence-activated cell sorting (FACS)  

For single-cell sorting, one to ten million neuroblastoma cells or PBMCs were stained with 

Propidium Iodide (PI, Thermo Fisher Scientific) in 1× PBS, and viable cells were selected 

based on the forward and side scattering properties as well as PI staining. PBMCs sus-

pensions were additionally stained with a 1:400 dilution of anti-human CD3 (Ax700, Bio-

legend). Nuclei suspensions were stained with DAPI (Thermo Fisher Scientific, final con-

centration 2 μM). Viable cells, CD3-positive PBMCS or DAPI-positive nuclei were sorted 

using a FACSAria Fusion flow cytometer (Biosciences) into 2.5 μl of RLT Plus buffer (Qi-

agen) in low binding 96-well plates (4titude) sealed with foil (4titude) and stored at −80 

°C until processing.  

scEC&T sequencing 

A comprehensive protocol for scEC&T-seq can be accessed on “Nature protocol ex-

change”(37). To separate DNA and mRNA, the procedure described by Macaulay et al. 

was followed(38). Briefly, oligo-dT primers (5′-biotin-triethyleneglycol-AAGCAGTGG-

TATCAACGCAGAGTACT30VN-3′) conjugated to streptavidin-coupled magnetic beads 

(Dynabeads® MyOne Streptavidin C1, Invitrogen) were used to capture polyadenylated 

mRNA. 10 μl of the conjugated beads were added to the cell lysate and mixed at 800 rpm 

for 20 min (MixMate, Eppendorf). The captured mRNA was separated from the genomic 

DNA (gDNA), present in the supernatant, using a magnet (Alpaqua). The mRNA-bound 

beads were washed three times at RT in 200 μl of a mixture of 50 mM Tris-HCl (pH 8.3), 

75 mM KCl, 3 mM MgCl2, 10 mM DTT, 0.05% Tween-20 and 0.2× RNAse inhibitor 

(SUPERasin, Life Technologies). Each washing step involved mixing the beads for 5 min 

at 2,000 rpm using a MixTape (Eppendorf). The supernatant from each wash was pooled 

with the original supernatant using the same pipette tips to minimize DNA loss. The 

mRNA captured on the beads was then eluted into 10 μl of a reverse-transcription master 

mix containing 10 U/μl SuperScript II reverse transcriptase (Life Technologies), 1× Su-
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perscript II First-Strand Buffer (Life Technologies), 1 U/μl RNAse inhibitor (Life Technol-

ogies), 2.5 mM DTT (Life Technologies), 6 mM MgCl2 (Life Technologies), 1 M betaine 

(Sigma), ),  dNTP mix 1mM each (dATP, dCTP, dGTP and dTTP) (Thermo Scientific) 1 

μM Template-Switching Oligo (TSO, 5′-AAGCAGTGGTATCAACGCAGAGTACrGrG+G-

3′, where “r” indicates a ribonucleic acid base and “+” indicates a locked nucleic acid 

base) and  nuclease-free water (Life Technologies) up to the final volume (10 μl). The 

reverse transcription reaction was carried out on a thermocycler at 42 °C for 60 min fol-

lowed by 10 cycles of 2 min at 50 °C and 2 min at 42 °C and a final 10-min incubation at 

60 °C. Immediately after reverse transcription,  the cDNA was PCR-amplified by adding 

12 μl of PCR master mix including 1× KAPA HiFi HotStart ReadyMix (Kapa) and  0.1 μM 

ISPCR primer (5′-AAGCAGTGGTATCAACGCAGAGT-3, 10 mM) to the 10 μl of the re-

verse-transcription reaction mixture. The PCR reaction was performed on a thermocycler 

and consisted of 7 cycles of 3 min at 98 °C; followed by 18 cycles of 15 s at 98 °C, 20 s 

at 67 °C, and 6 min at 72 °C; and a final 5-min incubation at 72 °C. The amplified cDNA 

was purified using AMPure beads (Beckman Coulter) at a volumetric ratio of 1:0.9 and 

eluted into 20 μl of elution buffer (Buffer EB, Qiagen). For circular DNA isolation, a previ-

ously described method used in bulk populations was employed(35, 39). The isolated 

DNA was incubated with a 1:0.8 volumetric ratio of Ampure Beads (Beckman Coulter) for 

20 min at RT with mixing at 800 rpm (MixMate, Eppendorf). The DNA was directly eluted 

from the beads into 20 μl of an exonuclease digestion master mix consisting of 20 units 

of Plasmid-Safe ATP dependent DNase (Epicentre), 1mM ATP (Epicentre), 1× Plasmid-

Safe buffer (Epicentre). In a subset of cases for the endonuclease controls, 1 μl of the 

endonuclease MssI/PmeI (New England Biolabs, 20 U/μl) was added. Linear DNA diges-

tion was performed for either 1 or 5 days at 37 ºC. For the 5-day digestion regimen, 10 

units of Plasmid-Safe DNase and 4 μl of ATP (25mM) were added every 24 hours to 

sustain enzymatic digestion.  After digestion, the exonuclease was inactivated by heating 

at 70 ºC for 30 min. To purify the exonuclease-resistant DNA, 32 μl of PEG buffer (18% 

(w/v) PEG (Sigma), 25 M NaCl, 10 mM Tris-HCl, pH 8.0, 1 mM EDTA, 0.05% Tween - 

20) were added and incubated for 20 min at RT with mixing at 800 rpm (MixMate, Eppen-

dorf). Rolling circle amplification of exonuclease-digested DNA was performed by Multiple 

Displacement Amplification (MDA) with the REPLIg single-cell kit (Qiagen). Following in-

cubation with the AMPure beads, the beads were washed with 80% ethanol twice and 

eluted directly into 7 μl of denaturation buffer (D2) from the REPLIg single-cell kit (Qi-

agen). The reaction was incubated at 65 ºC for 10 min. After incubation, the denaturation 
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was stopped by adding 3 μl of STOP solution. The MDA reaction was then initiated by 

adding 40 μl of reaction master mix and was incubated at 30 ºC for 8 hours. The DNA 

polymerase was inactivated by heating at 65 ºC for 3 min. The amplified circular DNA 

was then purified using Ampure beads (Beckman Coulter) at a volumetric ratio of 1:0.8 

and eluted in 100 μl of elution buffer (Buffer EB, Qiagen). For library preparation, 20 ng 

of amplified cDNA or circular DNA was used with the NEBNext Ultra II FS (New England 

Biolabs), following the manufacturer's instructions. Sample barcoding was performed us-

ing unique dual index primer pairs (New England Biolabs), and libraries were pooled. 

Sequencing was performed on a HiSeq 4000 instrument (Illumina) or a NovaSeq 6000 

instrument using 2× 150bp paired-end reads for Circle-seq libraries and 2× 75 bp paired-

end reads for RNA-seq libraries.  

Circle-seq and RNA-seq read alignments 

Circle-seq sequencing reads were trimmed using Trim Galore (version 0.6.4)(40) and 

subsequently aligned to the human genome build 19 (hg19) using bwa mem (version 

0.7.17)(41). Using hisat2 (version 2.2.1)(42), RNA-seq data were aligned against a tran-

scriptome reference created from human genome build 19 (hg19) and ENCODE annota-

tion v19(43). Genes and isoforms were then quantified using rsem (version 1.3.1)(44) 

incorporating a single cell prior. 

Single-cell Circle-seq analysis  

Circular DNA analysis was performed as previously described in Koche et al.(39). In 

short, sequencing reads were 3′ trimmed for quality, and adapter sequences with reads 

shorter than 20 nucleotides were removed. The alignment of reads to the human refer-

ence assembly hg19 was performed using Bwa mem (version 0.7.15) with default param-

eters. PCR and optical duplicates were removed using Picard (version 2.16.0). The clas-

sification of putative circles was accomplished in two steps. First, a new bam file was 

generated including all split reads and read pairs containing an outward-facing read ori-

entation. Second, in the bam file including all reads, regions with enriched signal over 

background with a false rate discovery (FDR) < 0.001 were detected using variable-width 

windows from Homer v.4.11 findPeaks (http://homer.ucsd.edu/). The edges of these en-

riched regions were then intersected with the circle-supporting reads from the previously 

created bam file including split reads and outward-facing reads. The threshold for circle 

http://homer.ucsd.edu/
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detection was determined empirically based on a positive control set of circular DNAs 

obtained from bulk sequencing data. Regions enriched and intersected by at least two 

circle-supporting reads were classified as circular regions. 

QC filtering of single-cell Circle-seq data  

Mitochondrial DNA was used as an internal control to evaluate circular DNA enrichment. 

Cells that exhibited less than 10 reads per base pair sequence-read depth over mitochon-

drial DNA or less than 85% genomic bases captured in mitochondrial DNA were excluded 

from further analyses. The chosen cut-off values were determined based on the maximal 

read depth values detected in endonuclease controls. Since mitochondrial DNA is not 

present in nuclei, single-nuclei Circle-seq data was filtered only based on RNA QC, mean-

ing that those cells that did not pass RNA QC, were also excluded from further Circle-seq 

analyses. 

Circular DNA recurrence analysis 

Using bedtools multicov (https://bedtools.readthedocs.io), read counts from scCircle-seq 

bam files were quantified in 100 kb bins across all chromosomes from the genome as-

sembly hg19. To account for differences in sequencing depth among cells, counts were 

normalized to library size. Only 100-kb bins that contained circle read enrichment with p 

< 0.05 compared to the background read distribution were considered. Based on their 

genomic coordinates, bins were then classified into three groups: i) ecDNA if the region 

overlapped the reconstructed ecDNA assembled from bulk WGS sequencing data, ii) 

chrM, mitochondrial DNA, iii) all other sites of the genome. Recurrence was then as-

sessed by plotting the fraction of cells containing a detected circular region in each of the 

three abovementioned categories. 

Identification of Structural Variants (SV) 

Structural variant calling from single-cell Circle-seq data was performed using lumpy-sv55 

(version 0.2.14) and SvABA56 (version 1.1.0). For SV detection in pseudobulk and WGS 

data, lumpy-sv(45) (version 0.3.1) and SvABA(46) (version 1.1.0) were used, both with 

standard parameters. To merge all alignment files from the same cell line into one pseu-

dobulk alignment, Samtools(47) (version 1.11) was used. The pseudobulk merged bam 

https://bedtools.readthedocs.io/
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file was then downsampled to ten percent its original size to achieve coverage close to 

bulk sequencing. 

QC filtering and clustering of scRNA-seq data  

Seurat(48) (version 4.10) was used for single-cell RNA-seq analyses. Cells from cell lines 

with less than 5,000 features and T-cells and nuclei with less than 2,000 features were 

considered low quality and filtered out for further analyses. Cells or nuclei with high ex-

pression of mitochondrial genes, exceeding 15% in cells and 2.5% in nuclei, were also 

excluded. Normalization was performed using transcripts per million (TPM), then a 

pseudo count of one was added and natural-log transformation was applied. For cell clus-

tering, the first 5 PCs were used for FindNeighbors and RunUMAP as the first 4 PC were 

found to be significant. The resolution for FindClusters was set to 0.5.  

Differential expression and pathway enrichment analyses 

First, CHP-212 cells were classified based on their very small circular DNA (<3kb) con-

tent. In each cell, the number of circular DNAs shorter than 3kb was counted and divided 

by the total number of circular DNAs. CHP-212 cells were then ranked and grouped by 

taking the top and bottom 40% of the ranked list, defined as “high” and “low” groups. The 

logarithmic fold change of gene expression between the two groups was determined us-

ing the FindMarkers function from the Seurat R package(48) (version 4.10). No logarith-

mic fold change threshold was applied and a minimum detection rate per gene of 0.05 

was used. For unsupervised gene set enrichment analyses (GSEA), the R package clus-

terprofiler(49) (version 4.0.5) was used. Gene sets from gseGO with a minimum of 3 

genes and a maximum of 800 genes were included in the analysis.  

Correlation of scCircle-seq and scRNA-seq coverage  

Using Counts Per Million (CPM) normalization with bamCoverage(50), we determined the 

read coverage across ecDNA regions in single-cell Circle-Seq and RNA-seq bam files.  

Coverage correlation was analyzed by fitting a linear model. 

Fusion gene identification 
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Single-cell RNA-seq fastq files were merged and aligned with STAR(51) (version 2.7.9a) 

to the reference decoy GRCh37/hs37d5, with the gene annotation GENCODE19, ena-

bling chimeric alignment (--chimOutType WithinBAM SoftClip). Arriba(52) (version2.1.0) 

with custom parameters (-F 150 -U 700) was used to call and visualize fusion genes. Only 

fusions with equal or more than 50× total coverage across the breakpoint, and at least 

30% of the mapped reads classified as split or discordant reads, were considered. 

Reconstruction of ecDNA 

ecDNA reconstructions for CHP-212 and TR14 had been previously published in 

Helmsauer et al.(53) and Hung et al.(23), respectively. For neuroblastoma tumors, WGS 

nanopore data was generated as described in Helmsauer et al.(53). Basecalling and de-

multiplexing was performed with Guppy (version 5.0.14). Quality filtering of reads was 

done using NanoFilt(54) (version 2.8.0), and alignment against GRCh37/hg19 reference 

genome was performed using ngmlr(55) (version 0.2.7).  Sniffles(55) (version 1.0.12) was 

used for SV calling and binned coverage was obtained using deepTools(50) (version 

3.5.1) bamCoverage. For ecDNA reconstruction, a set of confident SV calls was compiled 

(VAF > 0.2 and supporting reads >= 50X). A genome graph was built using gGnome62 

(version 0.1) and manually curated. Reconstructions were visualized using gTrack (ver-

sion 0.1.0; https://github.com/mskilab/gTrack), including the GRCh37/hg19 reference ge-

nome and GENCODE 19 track. 

ecDNA co-ocurrence analysis in TR14 cells  

Circle-enriched regions in single cells were defined as previously described. In each sin-

gle cell, we search for overlaps between circle-enriched regions and ecDNA regions 

(MYNC, CDK4, MDM2) as defined by ecDNA reconstructions in bulk. To find overlaps, 

we used the function findOverlaps from the R package Genomic Ranges(56) (version 

1.44.0). “Presence” or “absence” of each ecDNA was defined based on whether an over-

lap with circle-enriched regions was found for each of the three MYNC, CDK4, MDM2 

ecDNAs independently, excluding the common regions present in both MYCN and CDK4 

ecDNAs.  

https://github.com/mskilab/gTrack
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3. Results 

Circular DNA enrichment and sequencing approaches rely on the digestion of linear DNA 

by exonucleases, followed by enrichment of undigested circular DNA through rolling circle 

amplification (RCA) using the phi29 enzyme(4, 9, 35). We reasoned that circular DNA 

isolation methods could be scaled down to single cells and combined with Smart-seq2(38, 

57) for parallel sequencing of circular DNA and mRNA in single cells. (Fig 1a). In short, 

in scEC&T-seq, individual cells are isolated using fluorescence-activated cell sorting 

(FACS), and the mRNA of each cell is physically separated from the DNA by poly(A)-

capture with oligo-dT primers coupled to magnetic beads. The captured mRNA is then 

reverse transcribed into cDNA and amplified following the Smart-seq2 protocol(38). The 

separated DNA from the same cells is subjected to exonuclease digestion and the re-

maining DNA after digestion is amplified by RCA. Both the cDNA and exonuclease-di-

gested DNA are sequenced using paired-end short-read Illumina and, in some cases, 

also long-read nanopore sequencing (Fig. 1a).  

To benchmark the protocol, we applied scEC&T-seq to two well-characterized, ecDNA-

containing neuroblastoma cell lines: CHP-212 and TR14. We tested both short (1-day) 

and long (5-days) exonuclease digestion regimens. As negative controls, some cell’s 

DNA was left undigested. Additionally, the DNA of a subset of cells was subjected to PmeI 

endonuclease digestion prior to exonuclease treatment, rendering most circular DNAs 

susceptible to exonuclease digestion (Fig. 1b). Circular DNA regions were computation-

ally inferred using split, circle-junction spanning reads detection, as previously described 

in Koche et al., 2020(4). Mitochondrial DNA (mtDNA) enrichment was first evaluated to 

assess the performance of the method, as mtDNA is circular, extrachromosomal, present 

in all cells, and susceptible to PmeI endonuclease digestion.  We observed a significantly 

higher fraction of reads mapping to mtDNA after a prolonged 5-day exposure to exonu-

clease digestion compared to non-digested controls (p-value < 2.22e-16, two-sided 

Welch’s t-test, Fig 1c). In addition to mtDNA enrichment, we detected a significantly 

higher fraction of reads mapping to all other computationally inferred circular DNA regions 

after short, 1-day exonuclease digestion and even higher after long, 5-days digestion (p-

value < 2.22e-16, two-sided Welch’s t-test, Fig. 1d). Endonuclease digestion with PmeI 

prior to exonuclease digestion almost completely depleted reads mapping to mtDNA and 

all other circular DNA regions containing PmeI cutting sites (p-value < 2.22e-16, two-
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sided Welch’s t-test, Fig 1c,e). These results demonstrate significant and specific enrich-

ment of circular DNA by scEC&T-seq.   

In parallel, the amplified cDNA from each single cell was subjected to paired-end Illumina 

sequencing (Fig 1a). In summary, we identified an average of 9,058 +- 1,163 (mean +- 

sd) transcripts per cell. The majority of cells (90,3 %) passed quality control standards, 

defined by low mitochondrial gene expression levels (<15%) and detection of more than 

5,000 features. Differential transcription analyses allowed the separation of single cells 

into clusters defined by their cell line of origin (Fig. 1f). Altogether, these results demon-

strate the effectiveness of scEC&T-seq in achieving circular DNA enrichment and parallel 

mRNA profiling in single cells. 

 

Figure 1: scEC&T-seq enables parallel detection of extrachromosomal circular DNAs and transcriptomes in 

single cancer cells. a, Schematic representation of the scEC&T-seq method. b, Scheme outlining all experimental 

conditions tested and their expected outcomes. c-e, Percentage of reads mapping to mtDNA (c), all circular DNA 

regions (d), and circular DNA regions containing PmeI targetting sites in each experimental condition described in (b) 

in CHP-212 (red) and TR14 (blue) cells. The sample size is the same across conditions: no digestion (n = 16 TR14 

cells, n = 28 CHP-212 cells), 1-day exonuclease digestion (n = 37 TR14 cells, n = 31 CHP-212 cells), 5-days exonu-

clease digestion (n = 25 TR14 cells, n = 150 CHP-212 cells) and PmeI endonuclease digestion prior to 5-days exonu-

clease digestion (n = 6 TR14 cells, n = 12 CHP-212 cells). f, UMAP visualization displaying clusters of transcriptionally 

similar cells colored by cell line identity (n = 171 CHP-212 cells in red, n = 42 TR14 cells in blue). All statistical analyses 

correspond to two-sided Welch’s t-test and p-values are shown. Figure modified from Chamorro González et al.(37). 
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We next focused on the regions of the genome that were identified as circular DNAs. 

Consistently with bulk population studies, we observed that DNA circularization occurs 

genome-wide in single cancer cells(4) (Fig. 2a). The number of individual circular DNAs 

identified per single neuroblastoma cell was variable and ranged between 97 and 1,939 

(median = 702). The circular DNA size distribution was similar across single cancer cells 

and to that previously observed in bulk cancer populations(4). As expected, mega-base-

sized circular DNA regions containing hallmark neuroblastoma genes were recurrently 

identified in most TR14 and CHP-212 cells (Fig. 2a). These circular regions included the 

MYCN oncogene, detected in both cell lines, as well as the CDK4 and MDM2 oncogenes, 

which were found exclusively in TR14 cells. These large, oncogene-containing circular 

DNAs were highly amplified as evidenced by increased coverage in WGS data, and were, 

therefore, classified as ecDNA (Fig 2a). Besides ecDNAs, hundreds of other circular DNA 

regions were identified per cell. Most of these circular DNAs were small (<100kb), non-

amplified, and did not harbor oncogenes, therefore, they were classified as small circular 

DNAs (Fig 2b). We next investigated the recurrence of each circular DNA type and ob-

served that while large, oncogene-containing ecDNAs were recurrently identified in most 

cells, all other small circular DNAs were mostly private to each cell and rarely shared 

among single cells (Fig 2c,d).  

Figure 2: ecDNAs harboring oncogenes are recurrently detected in most neuroblastoma cells. a, Genome-wide 

circular DNA density in CHP-212 and TR14 cells (Top heat map: n = 150 CHP-212 cells; bottom heat map: n = 25 

TR14 cells, bin size = 3Mb), and WGS tracks displaying read density in bulk populations. b, Number and size of 

individual circular DNA regions (<100kb) identified in CHP-212 and TR14 neuroblastoma single cells (n = 150 CHP-

212 cells, n = 25 TR14 cells; bin size = 500 bp) with density distribution for circular DNA length (top) and total individual 

circular DNA counts (right). c, d, Fraction of cells containing a detected circular DNA from each circular DNA type in 
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CHP-212 (c, n = 150 CHP-212 cells) and TR14 cells (d, n = 25 TR14 cells). ecDNA was defined as large, copy-number 

amplified circular DNAs (green); mitochondrial DNA or chrM (red); “Others” are defined as all other circular DNAs (blue). 

Figure modified from Chamorro González et al.(37). 

We then focused on circular DNA regions classified as ecDNA. EcDNAs often exhibit 

complex structures, with multiple regions from the same or different chromosomes rear-

ranged to form interconnected circular structures(15). Therefore, we next evaluated 

whether scEC&T-seq can accurately capture the structural complexity of ecDNA in single 

cells. To do this, we compared scEC&T-seq results with previously described ecDNA 

reconstructions from WGS data of CHP-212 and TR14 bulk cell populations(16) (Fig. 

3a,b). Indeed, scEC&T-seq successfully captured multi-fragment ecDNAs in nearly all 

single cells, reproducing the known element structures identified in bulk populations (Fig. 

3a,b). In CHP-212 single cells, the MYCN-containing ecDNA was composed of six distinct 

chromosomal fragments, which also contained other genes such as LPIN1, DDX1 and 

TRIB2 (Fig. 3a). In TR14, three independent ecDNAs were detected. Two of these ec-

DNAs were multi-fragmented, and some overlapped in their location (Fig. 3b). One ec-

DNA that harbored MDM2, on the other hand, was very simple in structure and only con-

tained one fragment (Fig. 3b). As observed in CHP-212 cells, genes other than CDK4, 

MYCN and MDM2 were co-amplified alongside the oncogenes on these ecDNAs (Fig. 

3b). Next, we focus on breakpoint sites interconnecting ecDNA segments and search for 

reads supporting each of these structural variants (SV) in single cells. At least one variant-

supporting read per ecDNA breakpoint was detected in about 30% of single cells. Fur-

thermore, using local sequence assembly-based methods, we computationally detected 

all ecDNA breakpoints as structural variants in merged scEC&T-seq data. We then eval-

uated whether inter-connected ecDNA segments could result in aberrant fusion gene ex-

pression. Indeed, novel fusion transcripts from merged scEC&T-seq data could be iden-

tified (Fig. 3c). Thus, scEC&T-seq enables the detection of complex multi-fragment ec-

DNA, and the ability to measure full transcripts from the same cells allows for the analysis 

of resulting fusion gene expression. 
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Figure 3: scEC&T-seq captures the complex structure of multi-fragmented ecDNAs in neuroblastoma cells. a, 

b, ecDNA reconstructions from WGS data in bulk populations and scEC&T-seq read coverage over ecDNA segments 

in CHP-212 (a; n = 150) and TR14 cells (b; n = 25). Top to bottom: ecDNA reconstruction, copy number profile, gene 

annotations, merged scEC&T-seq read density over ecDNA segments, coverage over ecDNA segments in single cells 

(rows). c, Fusion transcript detected by scEC&T-seq resulting from a breakpoint of the newly interconnected MYCN 

ecDNA structure in CHP-212 cells. Top to bottom: single-cell Circle-seq (scCircle-seq) read coverage over the break-

point region in merged CHP-212 single cells (log-scaled), transcript annotations, single-cell RNA-seq (scRNA-seq) read 

coverage over the fused transcripts in merged CHP-212 single cells, native transcripts representations, fusion transcript 

representation. The interconnected genomic segments in MYCN ecDNA that give rise to the fusion gene are indicated 

by a red dotted line and the SV involved is highlighted in red. Figure modified from Chamorro González et al.(37). 

We next focused on describing intercellular differences in ecDNA content in single cells. 

As three independent ecDNAs were identified in TR14 (Fig 3b and 4a), we investigated 

their co-occurrence in individual cells. We observed that most cells carried all three inde-

pendent ecDNAs, with only a subset of cells carrying either only the MDM2-containing 

ecDNA or both the MDM2 and MYCN-containing ecDNAs (Fig. 4b,c).  
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Figure 4: scEC&T-seq reveals co-ocurrence of independent ecDNAs in most TR14 cells. a, Schematic represen-

tation of the three ecDNAs identified in TR14 cells: MYCN (yellow), CDK4 (blue) and MDM2 (red) ecDNAs. b, Upset 

plot describing the co-occurrence of ecDNAs in TR14 cells (n = 25 TR14 cells). c, Log-scaled read densities over all 

ecDNA segments in three exemplary TR14 cells. Figure modified from Chamorro González et al.(37). 

Next, as scEC&T-seq allows for measuring both mRNA and ecDNA from the same single 

cells, we investigated whether ecDNA copy number heterogeneity can influence the ex-

pression of genes present on ecDNA. As linear DNA is not captured by our method, ab-

solute copy number and cell ploidy estimations are not feasible. Instead, we compared 

relative differences in ecDNA content among single cells as measured by normalized 

number of reads mapping to ecDNA-specific regions. Indeed, ecDNA-specific scCircle-

seq read counts positively correlated with scRNA-seq read counts of genes on ecDNA 

suggesting that ecDNA copy number is a main driver of oncogene expression differences 

at the single-cell level (Fig 5a-d). These findings indicate that scEC&T-seq can effectively 

describe intercellular ecDNA content heterogeneity in single cells and evaluate its impact 

on gene expression. 

 

Figure 5: ecDNA relative copy number is positively correlated with transcript levels of genes encoded on ec-

DNA. a, b, Pairwise comparison between ecDNA-specific and mRNA read counts over the MYCN ecDNA region in 

CHP-212 single cells (e) and in TR14 single cells (f). c, d, Pairwise comparison between ecDNA-specific and mRNA 

read counts over the CDK4 (g) and MDM2 (h) ecDNA regions in TR14 single cells. All statistical analyses correspond 
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to two-sided Pearson correlation and p-values and regression coefficients are shown. Figure modified from Chamorro 

González et al.(37). 

As previously shown in figure 2, in addition to identifying oncogene-containing ecDNAs, 

we also discovered hundreds of other small circular DNAs per single cancer cell (Fig. 2). 

We reasoned that parallel detection of circular DNA and mRNA in single cells may enable 

us to study pathways associated with their presence, which may either point to mecha-

nisms of circular DNA generation or to the biological impact these circular DNAs have on 

cells. The size distribution of circular DNA in single cancer cells indicated the existence 

of at least two subtypes of small circular DNAs based on size (Fig. 2b). For this analysis, 

we focused primarily on one subtype of very small circular DNAs (less than 3kb) that had 

been previously described and referred to in the literature as microDNAs or apoptosis-

derived eccDNAs, among other names(9, 58). To assess the relative abundance of these 

very small circular DNAs, we calculated their fraction within each CHP-212 cell. Based 

on this value, we categorized cells as either "high" or "low" in terms of the relative content 

of very small circular DNAs. Differential expression and pathway enrichment analyses 

were then performed to compare the "high" and "low" cell categories. We found that mul-

tiple pathways involving DNA fragmentation were associated with higher content of this 

circular DNA subtype (Fig. 6a-c). This is consistent with previous studies that have linked 

apoptosis, DNA repair, and DNA damage response to an increased abundance of these 

small circular DNAs(9, 31, 59-61).  

 

Figure 6: scEC&T-seq identifies pathways associated with high content of very small circular DNAs. a, Signifi-

cantly enriched pathways associated with high relative content of very small circular DNAs in CHP-212 cells. Gene 

counts and adjusted p-values are shown. b,c, Gene Set Enrichment Analysis (GSEA) plots of genes involved in DNA 

repair (b; Adjusted p-value = 0.0415) and in cellular response to DNA damage (c; Adjusted p-value = 0.0008). The 

Bejamini-Hochberg method was used for p-value adjustment. Figure modified from Chamorro González et al.(37). 
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After validating scEC&T-seq in cell line cells, we tested its ability to profile intercellular 

circular DNA heterogeneity in primary patient samples. We successfully performed 

scEC&T-seq in single nuclei derived from two neuroblastoma primary tumors, as well as 

in single T-cells isolated from the blood of two different neuroblastoma patients. Genome-

wide DNA circularization was detected in both single T-cells and tumor nuclei, consistent 

with our observations in cell lines (Fig. 7a). Previous reports have suggested that genet-

ically unstable cells exhibit higher numbers of circular DNAs(6). Consistent with these 

findings, we observed a significantly larger number of individual circular DNA regions in 

cancer cells from both tumors and cell lines compared to non-malignant T-cells. (Fig. 7b). 

In line with their known oncogenic role, MYCN ecDNAs were exclusively identified in tu-

mor nuclei and were absent in normal T-cells (Fig. 7a). These results demonstrate that 

scEC&T-seq is suitable for reproducibly profiling circular DNA content, regardless of the 

input sample.   

 

Figure 7: scEC&T-seq successfully profiles circular DNA at the single-cell level in primary patient samples. a, 

Genome-wide circular DNA density in neuroblastoma primary tumor nuclei and normal T-cells (n = 93 patient #1, green; 

n = 86 patient #2, purple; n = 38 patient #3, yellow; n =  41 patient #4, orange; bin sizes = 3 Mb). b, Normalized number 

of circular DNAs detected in primary tumor nuclei (n = 93 nuclei patient #1, n = 86 nuclei patient #2), neuroblastoma 

cell line cells (n = 25 TR14 cells, n = 150 CHP-212 cells), and normal T-cells (n = 38 patient #3, n = 41 patient #4). P-

values were calculated using two-sided Welch’s t-test and are shown. Boxplot’s boxes represent 25th and 75th per-

centile with center bar as median value and whiskers represent furthest outlier ≤1.5× the interquartile range from the 

box. Figure modified from Chamorro González et al.(37). 

Finally, we investigated whether scEC&T-seq could provide insights into structural ec-

DNA heterogeneity in tumors. We first reconstructed the consensus ecDNA structure in 

primary tumors using bulk WGS data and compare them to our scEC&T-seq data (Fig. 

8a). In one patient (#2), the reconstructed MYCN ecDNA structure was complex, com-

posed of five fragments derived from chromosome 2 and interconnected by four structural 

variants (SV1-SV4; Fig. 8a). While most cells from patient #2 displayed the consensus 
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ecDNA structure reconstructed in bulk (94.2%), a small subset of cells showed signs of 

structural heterogeneity across the 6kb deletion flanked by structural variants SV2 and 

SV3 (Fig. 8a,b). This subset of cells showed sequencing read coverage across the 6kb 

region, while all others were consistent with bulk predictions and presented a deletion 

with no reads mapping to it (Fig. 8a,b). We then search for split-read support for the 

structural variants associated with the 6kb deletion (SV2 and SV3) in this subset of cells 

(Fig. 8c). Based on the presence or absence of split-read support for SV2 and SV3 vari-

ants, we differentiated two subpopulations in this subset of cells: subclone #1, in which 

no split reads supporting SV2 or SV3 were identified; and subclone #2, in which reads 

supporting SV2 and/or SV3 were identified (Fig. 8c). The remaining cells, defined by the 

presence of the 6kb deletion, were classified as subclone #3 (Fig. 8c). To resolve the 

structure of the ecDNA variants present in each identified subclone, we analysed split-

read support for all structural variants predicted in the consensus ecDNA structure from 

bulk, including SV1 and SV4 (Fig. 8d). Subclone #1, showed split-read support exclu-

sively for structural variant SV1. This suggests a simple ecDNA structure made up of one 

unique chromosome 2 fragment connected head-to-tail by SV1, which explains the ab-

sence of support for the 6kb deletion (Fig. 8d). We named this simple ecDNA variant 

ecDNA v1 (Fig. 8e). Subclone #2, showed split-read support for SV1-3, but not for SV4 

(Fig. 8d). This indicates that another ecDNA variant, lacking a large 180kb deletion ex-

plained by SV4 in the consensus ecDNA structure, exists in subclone #2 cells, which we 

named ecDNA v2 (Fig. 8e). Finally, subclone #3, showed support for all structural variants 

SV1-4, indicating the presence of the consensus ecDNA variant, which we termed ecDNA 

v3 (Fig. 8d,e). While subclones #1 and #3 are pure populations presenting ecDNA vari-

ants v1 or v3, respectively, subclone #2 could also potentially be the result of a mixed 

population of cells containing ecDNA variants v2 and, additionally, v1.  



 22 

 

Figure 8: scEC&T-seq depicts structural ecDNA heterogeneity at the single-cell level in neuroblastoma tumors. 

a,  ecDNA reconstruction from bulk WGS data and nanopore long-read or illumina short-read scEC&T-seq coverage 

over ecDNA segments in patient #2 (n = 86 patient #2 nuclei). Top to bottom: graph representing the reconstructed 

ecDNA (structural variants are colored, SV#1-4), gene annotation, read density over ecDNA segments in bulk WGS 

data, read density over ecDNA segments in merged scEC&T-seq data, long-read or short-read scEC&T-seq coverage 

over ecDNA segments in single nuclei (rows). The 6 kb deletion is marked in red. Unmappable region of the reference 

genome (hg19) is indicated by an asterisk. b, Heatmap of the log-scaled number of reads in 500 bp bins over the 6 kb 

deletion on the reconstructed ecDNA across single nuclei in patient #2 (n = 86 patient #2 nuclei). c, Exemplary genome 

tracks of clone variants in patient #2. Log-scaled total read density (blue) and circle edge-supporting read density (grey) 

are shown. d, Detection of reads supporting the SV#1-4 present in the consensus ecDNA reconstructed in bulk in 8 

exemplary single cells representing each clone variant (1-3) (>= 1 read supporting the SV, grey; 0 reads supporting the 

SV, white). e, Schematic representation of the three ecDNA variants v1-3 identified by scEC&T-seq. Figure modified 

from Chamorro González et al.(37). 

The simplest sequence of events that could explain the presence of all different ecDNA 

variants identified in patient #2’s cells should start with the excision and circularization of 

the chromosome 2 region containing MYCN and its four local enhancers (e1-e4), gener-

ating ecDNA v1 (Fig. 8e and Fig. 9). Next, the fusion of two ecDNA v1 molecules would 

generate the more complex ecDNA variant v2, giving rise to structural variants SV2 and 

SV3 and the 6kb deletion (Fig. 8e and Fig. 9). This new variant, ecDNA v2, would present 

two copies of the MYCN oncogene and all four enhancers. Finally, an additional large 

deletion on ecDNA v2 would create SV4 leading to the last and most prevalent ecDNA 

variant, v3, resulting in the loss of one copy of MYCN and enhancers e2 and e3 (Fig. 8e 
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and Fig. 9). These findings demonstrate that using scEC&T-seq, not only we can describe 

intercellular structural ecDNA heterogeneity in primary neuroblastomas, but also infer the 

evolutionary dynamics of the ecDNA structure in the cancer population.  

 

Figure 9: scEC&T-seq enables the inference of ecDNA structural dynamics in primary tumors. Schematic rep-

resentation of the predicted structural evolution of ecDNA in patient #2. The location of the MYCN oncogene and its 

four local enhancers (e1-e5) are indicated. Figure modified from Chamorro González et al.(37).
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4. Discussion 

The increasing evidence of the impact of extrachromosomal circular DNA on tumor het-

erogeneity and cancer evolution emphasizes the need for methods to interrogate it at 

single-cell resolution. In this project, we developed scEC&T-seq, a method for parallel 

profiling of extrachromosomal circular DNAs and transcriptomes in single cancer cells. 

We showed its efficacy in characterizing all types of circular DNA elements in single cells, 

regardless of their size or genomic origin. The integrated analysis of circular DNA and 

gene expression data allowed the interrogation of the transcriptional consequences of 

ecDNA copy number heterogeneity. We further demonstrated its potential to unravel prin-

ciples of ecDNA structural evolution by its ability to describe differences in ecDNA struc-

ture at the single-cell level. We anticipate that scEC&T-seq will serve as a useful tool to 

enhance our understanding of the biology of both cancer-specific ecDNAs and small cir-

cular DNAs. 

We successfully applied scEC&T-seq to neuroblastoma cell lines and tumors, in which 

we identified hundreds of circular DNAs per single cell, most of which were small and 

didn’t carry oncogenes. Our data revealed that while oncogene-containing ecDNAs were 

recurrently detected in most cells, the majority of small circular DNAs were exclusive to 

individual cells. A recent study that used mathematical modeling to explore the impact of 

random segregation of extrachromosomal elements in cancer populations suggested that 

only positively selected extrachromosomal elements are retained over time, while those 

under neutral selection are eventually lost(12). The high recurrence of ecDNA, in line with 

their recognized oncogenic role, supports the notion that ecDNA confers a positive selec-

tive advantage to the cancer population. In contrast, although the functional relevance of 

small circular DNAs in cancer cannot be completely excluded, their low recurrence sug-

gests they may not contribute to cancer cell fitness to the same degree as ecDNAs. This 

also implies the existence of yet unknown requirements for the selection, propagation, 

and maintenance of these small circular DNAs. Beyond cancer, the functional relevance 

of small circular DNAs in normal development and other disease contexts also remains 

largely unknown. Our study suggests that integrating small circular DNA detection and 

mRNA sequencing may facilitate the discovery of molecular mechanisms associated with 

the presence of small circular DNA in various biological contexts. 
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Multiple ecDNA structures can co-exist within a tumor(20, 23, 25), however, little is known 

about their distribution in the cancer population. In the neuroblastoma TR14 cell line, for 

instance, three independent ecDNAs carrying different oncogenes (MYCN, CDK4 or 

MDM2) have been identified(23). By applying scEC&T-seq to TR14 cells, we observed 

that while a small subset of cells carried only one or two of the ecDNAs, the majority of 

cells harbored all three different ecDNAs. These findings suggest that maintaining all 

three independent ecDNAs may confer a strong fitness advantage. Recent investigations 

have demonstrated that distinct ecDNAs can congregate and interact in nuclear hubs, 

enabling intermolecular gene activation, where enhancer elements on one ecDNA acti-

vate genes on another ecDNA(20, 23). These interactions could potentially explain the 

advantage of maintaining a mixed population of cooperating ecDNAs within the same cell. 

However, further investigations are required to determine whether positive selection 

alone is sufficient to ensure the co-maintenance of randomly segregating ecDNAs. It is 

tempting to speculate that co-segregation or co-selection mechanisms might exist to sus-

tain their co-inheritance.  

The uneven segregation of ecDNA is expected to result in high intercellular variation in 

copy number. Consistently, our scEC&T-seq data revealed intercellular heterogeneity in 

ecDNA copy number in neuroblastoma populations. Interestingly, we observed a positive 

correlation between ecDNA copy number and the expression levels of genes carried on 

ecDNA.  While it is plausible that enhancer-oncogene interactions of ecDNAs within nu-

clear hubs may also contribute to regulating gene expression levels(23), our results pro-

vide evidence that ecDNA copy number heterogeneity is a major driver of oncogene ex-

pression differences in single cells. In a separate study, we analyzed additional single-

cell datasets from MYCN-amplified neuroblastoma tumors and revealed significant het-

erogeneity in MYCN expression at the single-cell level(62). We observed that cells exhib-

iting high MYCN expression levels also showed elevated expression of MYCN target 

genes(62). This indicates that heterogeneity in oncogene expression, which can poten-

tially be driven by MYCN-ecDNA copy number, is biologically functional and directly im-

pacts gene expression patterns associated with MYCN.  

Furthermore, we demonstrated the capability of scEC&T-seq to reconstruct complex ec-

DNAs structures and profile intercellular differences in ecDNA structure. In a neuroblas-

toma tumor, for instance, scEC&T-seq identified three different ecDNA structural variants 
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(v1, v2, v3), enabling the inference of ecDNA structural evolutionary dynamics within the 

tumor. The mechanisms of ecDNA structural dynamics described in this study are con-

sistent with recent models that propose circular recombination as one of the primary 

mechanisms driving ecDNA evolution in tumors(63). The reason behind the selective ad-

vantage conferred by the more complex ecDNA structure (v3) can only be speculated. 

One possible explanation is the change in enhancer:oncogene stoichiometry, where the 

loss of one copy of the MYCN oncogene after the large deletion may be compensated by 

more efficient use of enhancers on ecDNA v3. This means ecDNA v3 has six enhancers 

to regulate one copy of the gene, compared to ecDNA v2, which has eight enhancers to 

regulate two copies of the gene. Exploring the structural dynamics of ecDNA using 

scEC&T-seq holds promise for future investigations aimed at addressing critical ques-

tions regarding the origin and evolution of ecDNA. 

Current single-cell methods are limited in their ability to characterize extrachromosomal 

circular DNAs in single cells. While certain single-cell DNA and RNA sequencing meth-

ods, such as single-cell ATAC-seq(36) and G&T-seq(38), can detect ecDNAs due to their 

high level of amplification, they are unable to identify non-amplified, small circular DNAs 

and only rely on the computational inference of circularity to distinguish ecDNA from linear 

amplifications. In contrast, scEC&T-seq relies on specific circular DNA enrichment 

through exonuclease-mediated depletion of linear DNA. Therefore, it represents the first 

single-cell method capable of characterizing potentially all extrachromosomal circular 

DNA types in single cells, regardless of their size or amplification status. As a drawback, 

the elimination of linear DNA prevents the estimation of ecDNA absolute copy number 

and the tracing of circular DNA re-integration. One additional current limitation of scEC&T-

seq is its low throughput. While droplet-based single-cell methods can assay thousands 

of cells in one run, scEC&T-seq is a plate-based sequencing method, therefore, the num-

ber of cells that can be processed in parallel is limited to hundreds. This also translates 

into more elaborate and expensive laboratory procedures. Future investigations focusing 

on increasing the method’s throughput will, therefore, be critical. Nonetheless, these lim-

itations come with a unique set of advantages that make scEC&T-seq a valuable tool for 

investigating intercellular heterogeneity of extrachromosomal circular DNA. For instance, 

scEC&T-seq generates independent sequencing libraries per cell, enabling re-sequenc-

ing for higher sequencing coverage when a detailed analysis of a particular cell is re-
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quired. Additionally, the isolated cDNA and DNA from each cell can be subjected to ad-

ditional testing and sequencing using other technologies, such as nanopore long-read 

sequencing. The use of longer reads might facilitate the analysis of complex circular DNA 

structures in single cells. Unlike droplet-based methods, scEC&T-seq allows the detec-

tion of full-length transcripts, enabling the identification of fusion transcripts directly de-

rived from ecDNA breakpoints, as demonstrated in this study. Thus, scEC&T-seq pro-

vides a much higher level of detail compared to high-throughput methods, enabling in-

depth assessment of ecDNA sequence, structure, and transcription at the single-cell 

level.  

Over the past decade, the rediscovery of ecDNA as a major driver of oncogene amplifi-

cation in aggressive tumors has made it an attractive target for therapeutic intervention(1). 

However, the high level of heterogeneity and complexity associated with extrachromoso-

mal amplifications pose a significant challenge. Despite significant progress in recent 

years, our understanding of the intercellular heterogeneity and dynamics of ecDNA during 

tumor development and adaptation to therapy is still incomplete. In part, many questions 

remain unresolved due to our limited ability to deconvolute ecDNA diversity from bulk 

sequencing data or imaging-based approaches. Therefore, single-cell sequencing meth-

ods are crucial for improving the characterization of intercellular ecDNA heterogeneity in 

tumors and gaining insights into the mechanisms underlying ecDNA dynamics and evo-

lution in cancer. We envision that applying scEC&T-seq to longitudinal tumor samples 

before and after treatment will provide crucial data to further investigate the role of ec-

DNA-driven intercellular heterogeneity, its dynamics, and its functional consequences in 

cancer evolution. Integrating this information with data from other single-cell techniques 

has the potential to inform and shape future therapeutic approaches targeting ecDNA-

driven tumors. Besides cancer-specific ecDNAs, scEC&T-seq allows for profiling addi-

tional small, non-amplified circular DNA elements in human cells, which was previously 

unattainable with other single-cell methods. As a result, scEC&T-seq holds the potential 

to shed light on unresolved questions regarding the maintenance, selection, and function 

of small circular DNAs in cancer and other biological contexts. Consequently, we antici-

pate that our method will serve as a valuable resource for future research across diverse 

fields, extending beyond extrachromosomal oncogene amplification and encompassing 

many currently unanswered biological questions.
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Supplementary Figure 1. Quality control of single cell Circle-seq data (scCircle-seq). a-b, 
Results from Fluorescence-activated cell sorting (FACS) of CHP-212 cells. Forward scatter (FSC) 

vs. side scatter (SSC) plot (a) with gate (dotted line) to separate events from debris. Forward scatter 

(FSC) vs. propidium iodide (PI) plot (b) with gate (dotted line) to separate live cells from dead 

cells. Cell percentages are shown. c, Violin plot showing per base-pair mean read depth in mito-

chondrial DNA (chrM) in TR14 cells (blue; n = 17 non digested cells, n = 41 one-day exonuclease 

digested cells, n = 28 five-days exonuclease digested cells, n = 6 endonuclease and exonuclease 

digested cells) and CHP-212 cells (red; n =  30 non digested cells, n = 38 one-day exonuclease 

digested cells, n = 154 five-days exonuclease digested cells, n = 12 endonuclease and exonuclease 

digested cells) and empty wells (no cell, grey; n = 7). For QC filtering of scCircle-seq data, we 

used a threshold of minimum 10 per base read depth (dotted line). d, Total read (blue line) and 

circle-edge split read count density (red line) over mtDNA (chrM) in merged TR14 cells (top) and 

merged CHP-212 cells (bottom). e, Fraction of sequencing reads mapping to ecDNA regions in 

each experimental condition in CHP-212 and TR14 cells. f, Fraction of sequencing reads mapping 
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to other circular DNA regions (excluding ecDNA regions and mtDNA) in each experimental con-

dition in CHP-212 and TR14 cells. In figs. e and f, sample size is identical across conditions: no 

digestion (n = 16 TR14 cells, n = 28 CHP-212 cells), one-day exonuclease digestion (n = 37 TR14 

cells, n = 31 CHP-212 cells), five-days exonuclease digestion (n = 25 TR14 cells, n = 150 CHP-

212 cells) and endonuclease digestion with PmeI prior to five-days exonuclease digestion (n = 6 

TR14 cells, n = 12 CHP-212 cells). g,h, Total read and circle-edge split read count density over 

individual circular DNA regions identified by scEC&T-seq in merged TR14 cells (e) and merged 

CHP-212 cells (f). Top left and right: cumulative plots of total read count (left) and circle-edge 

split read count (right) density over all circular DNA regions; bottom left and right: heat map of 

total read count (left, blue) and circle-edge split read count (right, red) in all identified circular 

DNA regions. All statistical analyses correspond to two-sided Welch’s t-test. In all boxplots, boxes 

represent 25th and 75th percentile with center bar as median value and whiskers represent furthest 

outlier ≤1.5× the interquartile range from the box. 
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Supplementary Figure 2. Nanopore-based detection of extrachromosomal circular DNAs in 

single cells. a, Schematic of T7 endonuclease de-branching of rolling-circle amplified DNA prior 

to nanopore Circle-seq. b, Correlation of normalized read counts from Illumina and Nanopore 

scCircle-seq data from a subset of CHP-212 cells (log-scaled, two-sided Pearson correlation: R = 

0.95, P < 2.2e-16). Each color represents a different cell, and each point is a putative circle. c, 

Genome tracks comparing log-scaled read coverage across the MYCN ecDNA amplicon regions 

in Illumina (blue) vs Nanopore (pink) Circle-seq data in two exemplary cells (CHP-212 and 

TR14). d, Read length distribution of Nanopore sCircle-seq data. Individual lines represent the 

average across single cells grouped by sample (n = 6 CHP-212 cells (blue), n = 3 TR-14 cells 

(orange), n = 4 patient #1 nuclei (green), n = 5 patient #2 nuclei (red)), whereas the shade stands 

for 95% confidence interval. 
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Supplementary Figure 3. Quality control of scRNA-seq data. a, Violin plot of number of 

unique molecular identifiers (UMIs) in CHP-212 (red; n = 171) and TR14 (blue; n = 42) cells and 

in negative controls (grey; n = 5). b, Violin plot of number of features (genes) identified in CHP-

212 (red; n = 171; mean +/- sd = 9,328 +- 1,006) and TR14 (blue; n = 42; mean +/- sd = 7,961 +- 

1,124) single cells and in negative controls (grey; n = 5). c, Violin plot of fraction of expression 

(%) of mitochondrial genes in CHP-212 (red; n = 171) and TR14 (blue; n = 42) single-cells and in 

negative controls (grey; n = 5). d, Heatmap showing the top 20 differentially expressed genes 

between CHP-212 and TR14 cells (n = 171 CHP-212 cells in red, n = 42 TR14 cells in blue). e, 

UMAP visualization showing clusters of transcriptionally similar cells colored by cell line identity 

(n = 171 CHP-212 cells in red, n = 42 TR14 cells in blue). f, UMAP visualization illustrating cells 

from e colored by predicted cell cycle phase (G1 in red, G2M in green, S in blue). g, Bar plots 

comparing the relative distribution of CHP-212 and TR14 cells (%) across cell cycle phases meas-

ured by FACS-based cell cycle analysis (PI) or inferred from scRNA-seq data (G1 in red, G2M in 

green, S in blue). 
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Supplementary Figure 4. The majority of small extrachromosomal circular DNAs are not 

recurrently identified in single cells a, Size distribution of extrachromosomal circular DNAs 

identified using scEC&T-seq in CHP-212 and TR14 single cells (log-scaled, n = 150 CHP-212 

cells, n = 25 TR14 cells). b, Fraction of genomic regions affected by extrachromosomal DNA 

circularization in TR14 (n = 25 cells) and CHP-212 (n = 150 cells) (promoter = 20.11% (red), 

intron = 16.10% (light blue), intergenic = 44.88% (dark blue), exon = 10.51% (green), 5’UTR = 

3.16% (brown), 3’UTR = 5.24% (pink)). c, Exemplary genome tracks of non-recurrent extrachro-

mosomal DNA circularization in 5 different CHP-212 single cells. Log-scaled total read density 

is shown in blue and log-scaled circle edge read density is shown in grey. 
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Supplementary Figure 5. Fluorescence in situ hybridization in neuroblastoma cell lines. a, 

DNA - fluorescence in situ hybridization (FISH) of CHP-212 (top row) and TR14 (bottom row) 

metaphase spreads with MYCN probe (green) and control chromosomal probe for chromosome 2 

(CEN2; red). Nuclei and chromosomes are stained with DAPI (blue). Channels left to right: DAPI, 

CEN2, MYCN and merged. b, FISH of TR14 metaphase spreads with CDK4 probe (green) and 

control chromosomal probe for chromosome 12 (CEN12; red). Nuclei and chromosomes are 

stained with DAPI (blue). Channels left to right: DAPI, CEN12, CDK4 and merged. c, FISH of 

TR14 metaphase spreads with MDM2 probe (green) and control chromosomal probe for chromo-

some 12 (CEN12; red). Nuclei and chromosomes are stained with DAPI (blue). Channels left to 

right: DAPI, CEN12, MDM2 and merged. In all cases, the scale bar is 10 μm. FISH experiments 

were done once per cell line. 
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Supplementary Figure 6. Detection of ecDNA junction-supporting split reads in scEC&T-

seq data. a, Long and short-read based ecDNA amplicon reconstruction from whole-genome bulk 

sequencing data in CHP-212. (b-f), Total and split read density at predicted junctions in merged 

CHP-212 scEC&T-seq data. g, Long and short-read based ecDNA amplicon reconstructions from 

whole-genome bulk sequencing data in TR14. (h-p), Total and split read density at predicted junc-

tions in merged CHP-212 scEC&T-seq data.   
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Supplementary Figure 7. Detection of fusion transcript from scRNA-seq data. Example of a 

fusion transcript resulting from the rearrangement of chromosomal segments in the MYCN ecDNA 

in CHP-212 cells. Top to bottom: amplicon reconstruction from WGS data, Circle-seq read cov-

erage over the breakpoint region in merged CHP-212 single cells (log-scaled), transcript annota-

tions, merged scRNA-seq read coverage over the fused transcripts, native transcripts representa-

tions, fusion transcript representation. 
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Supplementary Figure 8: Relative ecDNA copy number measured using scEC&T-seq resem-

bles FISH-based copy number estimates. a-d, Density plots displaying the scaled, mean-cen-

tered ecDNA relative copy number distributions in CHP-212 (a, MYCN ecDNA) and TR14 (b, 

MYCN ecDNA; c, CDK4 ecDNA; d, MDM2 ecDNA), as measured by MYCN DNA interphase 

FISH (red, n =154 (a), n = 232 (b), n = 284 (c), n = 65(d)), log2 MYCN coverage in scEC&T-seq 

(yellow, n  = 49 (a), n = 15 (b), n = 6 (c), n = 15(d)) and fraction of ecDNA-specific reads in 

scEC&T-seq (blue, n  = 150 (a), n = 25 (b-d)). e-h, Cumulative probability of scaled, mean-cen-

tered ecDNA relative copy number in CHP-212 (a, MYCN ecDNA) and TR14 (b, MYCN ecDNA; 

c, CDK4 ecDNA; d, MDM2 ecDNA), as measured by MYCN DNA interphase FISH (red, n = 154 

(a), n = 232 (b), n = 284 (c), n = 65(d)), log2 MYCN coverage in scEC&T-seq (yellow, n  = 49 (a), 

n = 15 (b), n = 6 (c), n = 15(d)) and fraction of ecDNA-specific reads in scEC&T-seq (blue, n  = 

150 (a), n = 25 (b-d)). P-values were calculated by Kolmogorov-Smirnov test and are shown. FISH 

experiments were done once per cell line. 

 

 

 

 



 62 

  
Supplementary Figure 9. Phasing of SNPs in ecDNA loci in scEC&T-seq data indicates ec-

DNAs are of mono-allelic origin. a, Reference phasing of MYCN, CDK4 and MDM2 ecDNA loci 

in bulk WGS data. Shown is the raw sequencing coverage (top) and the B-allele frequency (BAF; 

bottom) of known SNPs based on the 1000 genomes annotation. SNPs in regions of high-level 

amplifications can be very clearly assigned to the gained or non-gained allele based on BAF. b, 

Genotyped MYCN ecDNA locus in scCircle-seq CHP-212 and TR14 sequencing data (6 exemplary 

cells in each case are shown). Shown is the B-allele frequency (BAF) of known SNPs based on 

the 1000 genomes annotation. SNPs that have been reference phased based on bulk sequencing 

data are colored the same as in (a).  
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Supplementary Figure 10. scEC&T-seq enables identification of homoplasmic and hetero-

plasmic variants (SNVs) in mitochrondrial DNA. a, Homoplasmic mitochondrial single nucle-

otide variants (SNV) detected in CHP-212 and TR14 single cells (n = 150 CHP-212 cells, n = 25 

TR14 cells). Unsupervised hierarchical clustering allows for clear separation of both cell lines 

based on their haplogroup variants, suggesting usage for population scale phylogeny studies. Sites 

with read depth ≤ 10 are shown in grey. b, Heteroplasmic variants detected in CHP-212 single 

cells (n = 150 CHP-212 cells). Unsupervised hierarchical clustering (y-axis) suggests usage for 

lineage tracing exploration and applications. Sites with read depth ≤ 10 are shown in grey. 
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Supplementary Figure 11. Mitochondrial heteroplasmic SNVs can be used to infer phylog-

eny. a,b, Phylogenetic trees inferred from heteroplasmic single-nucleotide variants identified in 

mitochondrial DNA in CHP-212 (a; n = 148) and TR14 (b; n = 20) single cells. 
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Supplementary Figure 12. Microhomology detection at circular DNA breakpoints. a, Length 

distribution of microhomologies in CHP-212 and TR14 single cells (n = 150 CHP-212 cells and n 

= 25 TR14 cells). All boxplot’s box represents 25th and 75th percentile with center bar as median 

value and whiskers represent furthest outlier ≤1.5× the interquartile range from the box. 
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Supplementary Fig. 13. Chromatin marks and chromatin accessibility in extrachromosomal 

circular DNAs in single cells.  a, b, Fraction of circular DNA edge regions overlapping with 

CTCF ChIP-seq peaks in CHP-212 single cells (a) and in bulk CHP-212 Circle-seq (b). Overlap 

shown in red and randomized overlap in dark. c, d, Mean CTCF signal around the edges (dashed 

line) of circular DNA regions detected in all CHP-212 single cells (c) and in bulk CHP-212 Circle-

seq (d). e-h, Mean ChIP-seq or ATAC-seq signal across all detected circular DNA regions in all 

CHP-212 single cells (red) and randomized signal (black): ATAC-seq (e, P = 1e-06); H3K4me1 

ChIP-seq (f, P = 0.001); H3K27ac ChIP-seq (g, P = 1e-06); H3K27me3 ChIP-seq (h, P = 0.494). 

Empirical one-sided p-values were used from randomization analyses. 
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Supplementary Fig. 14: Representative FACS gating strategy for PBMCs and nuclei. a, Rep-

resentative gating strategy of CD3+ DAPI- live T-cells from PBMCs population derived from 

patient’s blood in patient #3. b, Representative gating strategy for nuclei isolated from primary 

tumor samples. In both cases, Forward scatter (FSC) and side scatter (SSC) were used to separate 

events from debris. DAPI, in PBMCs, was used to stain and filter out dead cells. DAPI+ nuclei 

were sorted. Gating strategy and cell percentages are shown in each case. 



 68 

 
Supplementary Figure 15. Quality control of tumor and T-cell scRNA-seq data. a,b, Violin 

plot of number of unique molecular identifiers (UMIs) in primary tumor nuclei (a, n = 93 nuclei 

patient #1, green; n = 86 nuclei patient #2, purple) and single T-cells (b, n = 38 patient #3, yellow; 

n = 41 patient #4, orange). c,d, Violin plot of number of features (genes) identified in primary 

tumor nuclei (c, n = 93 nuclei patient #1, green; n = 86 nuclei patient #2, purple) and single T-cells 

(b, n = 38 patient #3, yellow; n = 41 patient #4, orange). e,f, Violin plot of fraction of expression 

(%) of mitochondrial genes in primary tumor nuclei (e, n = 93 nuclei patient #1, green; n = 86 

nuclei patient #2, purple) and single T-cells (b, n = 38 patient #3, yellow; n = 41 patient #4, orange). 

g, UMAP visualization showing clusters of transcriptionally similar cells colored by patient iden-

tity (n = 38 patient #3 shown in yellow, n = 41 patient #4 shown in orange). h-n, UMAP visuali-

zation showing relative expression of marker genes: CD14 (h), CD3D (i), CD3E (j), CD3G (k), 

CD4 (l), CD8A (m), CD8B (n). o, UMAP visualization showing clusters of transcriptionally sim-

ilar nuclei colored by patient identity (n = 93 nuclei patient #1 shown in green, n = 86 nuclei patient 
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#2 shown in purple). p-t, UMAP visualization showing relative expression of neuroblastoma 

marker genes: MYCN (p), PHOX2B (q), HAND2 (r), CD3G (k), ALK (s), GATA3 (t). 
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Supplementary Figure 16. Intercellular differences in ecDNA content in primary neuroblas-

toma tumors drive gene expression differences. a, Log-scaled size distribution of extrachromo-

somal circular DNAs identified using scEC&T-seq in primary tumor nuclei (n = 93 nuclei patient 

#1 shown in green; n = 86 nuclei patient #2 shown in purple), neuroblastoma cell lines (n = 150 

CHP-212 in red, n = 25 TR14 in blue) and single T-cells (n = 38 patient #3 shown in yellow; n = 

41 patient #4 shown in orange).b-d, Recurrence analysis in single T-cells (b, n = 79 T-cells), 

primary tumor nuclei from patient #1(c, n = 93 nuclei) and pantient #2(d, n = 86 nuclei) displayed 

as fraction of cells containing a detected circular DNA from each circular DNA type. ecDNA was 

defined as extrachromosomal circular DNAs overlapping with copy number amplified regions 

identified in bulk sequencing (green); chrM (red); “Others” are defined as all other 

extrachromosomal circular DNAs (blue). Data are presented as mean values +/- SEM. e, Interphase 



 71 

FISH of patient #1 (top row) and patient #2 (bottom row) with MYCN probe (green) and control 

chromosomal probe for chromosome 2 (CEN2; red). Nuclei are stained with DAPI (blue). Chan-

nels left to right: DAPI, CEN2, MYCN and merged. Scale bar indicates 50 μm. f, Bar plot of num-

ber of nuclei based on ecDNA status (n = 93 nuclei patient #1 shown in green; n = 86 nuclei patient 

#2 shown in purple). g, Genome tracks with read densities (log-scaled) over reconstructed MYCN 

ecDNA region in 8 exemplary patient #1(green) and #2(purple) nuclei showing + and - ecDNAs 

status. h,i, Pairwise comparison between ecDNA and mRNA read counts from scEC&T-seq over 

the reconstructed MYCN ecDNA region in patient #2 single nuclei (h;  two-sided Pearson corre-

lation, P  = 3.2e-13, R = 0.69, n = 86 patient #2 nuclei) and in patient #1 single nuclei (i; two-

sided Pearson correlation, P = 7.6e-13, R = 0.66, n = 93 patient #1 nuclei). 
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Supplementary Figure 17. Patient #1 presents a complex ecDNA structure with multiple in-

ternal rearrangements. a, Simplified long-read based amplicon reconstruction derived from 

WGS sequencing data in bulk cell populations and read coverage over the ecDNA region across 

single cells in patient #1 (n = 93 nuclei) as detected by scEC&T-seq. Top to bottom: simplified 

ecDNA amplicon reconstruction, copy number profile, gene annotations, read density over the 

ecDNA region in merged single cells, coverage over the ecDNA region in single cells (rows) as 

detected by short or long-read scEC&T-seq. b, Genome track of long-read nanopore WGS data 

displaying read density across the MYCN ecDNA region in patient #1, and showing the identified 

high-confidence SVs within the ecDNA amplicon region.  

 

 

 

 

 

 

 

 



 73 

 
Supplementary Figure 18. MYCN local enhancers are recurrently included in ecDNA in neu-

roblastoma. a, Genome tracks of long-read nanopore WGS data showing co-amplification in ec-

DNA of MYCN local enhancers (e1-e5) with the MYCN proto-oncogene in neuroblastoma cell 

lines (CHP-212 and TR14) and primary tumors (patient #1 and #2).  b, Overlap of non-recurrent 

extrachromosomal circular DNAs with chromatin marks. Top to bottom: 5 exemplary genome 

tracks of 5 different CHP-212 single cells (Log-scaled total read density in blue and circle edge 

read density in grey); H3K27ac ChIP-seq (dark green); H3K4me1 ChIP-seq (light green); 

H3K27me3 ChIP-seq (red); ATAC-seq (black); CTCF ChIP-seq (purple). 
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Supplementary Table 7: Oligos used in scEC&T-seq protocol  

 

Primer Name Primer Sequence Provider 

Oligo-dT 5′-biotin-triethyleneglycol-AAGCAGTGGTATCAAC-

GCAGAGTACT30VN-3′, 

IDT 

Template 

Switch Oligo 

(TSO) 

5′-AAGCAGTGGTATCAACGCAGAGTACrGrG+G-

3′, where “r” indicates a ribonucleic acid base and “+” in-

dicates a locked nucleic acid base 

IDT 

ISPCR 5′-AAGCAGTGGTATCAACGCAGAGT-3 IDT 
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Supplementary Note 1: QC results from scEC&T-seq data in cell lines, tumor nuclei and T-

cells 

 

Based on the observation that longer exonuclease exposure improved small circular DNA enrich-

ment and recovered large ecDNA, we used sequencing data from cells digested with exonuclease 

for 5 days for downstream analyses in all cases. In cell lines, a total of 182 cells (154 CHP-212 

cells and 28 TR14 cells) were exposed to exonuclease digestion for 5 days. Of those, 175 cells 

(96.15%; 150 CHP-212 and 25 TR14 cells, Supplementary Table 1) passed scCircle-seq quality 

control. Of those cells, 149 cells additionally passed scRNA-seq quality control (81.87%; 129 

CHP-212 cells and 20 TR14, Supplementary Table 1 and 2). We detected on average 9,058 +- 

1,163 full mRNA transcripts from different genes per cell (9,328 +- 1,006 in CHP-212 and 7,961 

+- 1,124 in TR14; Supplementary Fig. 3b and Supplementary Table 2). For a total of 94 single T-

cells (47 per patient) and 190 primary tumor nuclei (95 per primary tumor sample), the DNA was 

exposed to exonuclease digestion for 5 days in all cases. Of those, 79 T-cells (84%; 38 patient #3 

and 41 patient #4) and 179 nuclei (93 patient #1 and 86 patient #2) passed quality control criteria 

(Supplementary Table 1 and 2). We identified 3,793 +- 1,055 mRNA transcripts per cancer cell 

nucleus (Supplementary Fig. 15c; Supplementary Table 2) and 3,177 +- 541 transcripts per T-cell 

(Supplementary Fig. 15d; Supplementary Table 2). Both CD4+ and CD8+ T-cells were identified 

based on their expression profiles (Supplementary Fig. 15l-n). Unsupervised clustering of tumor 

nuclei separated two population based on patient origin (Supplementary Fig. 15o). In both cancer 

nuclei populations, we observed expression of common neuroblastoma cell markers, including 

MYCN, PHOX2B, HAND2, ALK and GATA3 (Supplementary Fig. 15p-t). 
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