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ARTICLE INFO ABSTRACT

Keywords: Extrachromosomal circular DNA (eccDNA), a pervasive yet enigmatic component of the
Extrachromosomal circular DNA eukaryotic genome, exists autonomously from its chromosomal counterparts. Ubiquitous in eu-
eccDNA karyotes, eccDNA plays a critical role in the orchestration of cellular processes and the etiology of
ecDNA . . s .
Methodology diseases, particularly cancers. However, the full scope of its influence on health and disease re-
Approach mains elusive, presenting a rich vein of research yet to be mined. Unraveling the complexities of
High-throughput sequencing eccDNA necessitates a distillation of methodologies — from biogenesis to functional analysis — a
Single cell landscape we overview in this study with precision and clarity. Here, we systematically outline
Experimental method cutting-edge methodologies from high-throughput sequencing and bioinformatics to experimental
Analytical tool validations, showcasing the intricate world of eccDNAs. We combed through a treasure trove of

auxiliary research resources and analytical tools. Moreover, we chart a course for future inquiry,
illuminating the horizon with potential groundbreaking strategies for designing eccDNA research
projects and pioneering new methodological frontiers.

1. Introduction

Extrachromosomal circular DNA (eccDNA) is derived from chromosomes but is independent from chromosomal DNA (chrDNA)
[1]. They ubiquitously present in eukaryotic species, including yeast, fruit flies, nematodes, and humans [2]. According to the size and
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copy number, extrachromosomal circular DNA are categorized into three types in human cells [3]: a) small-size eccDNA, less than 1 kb,
including telomere rings, microDNA, etc., invisible to optical microscopy; b) cancer-specific large-size eccDNA (usually known as
ecDNA) ranging from 1 to 3 Mb and larger, with multiple intact genes visible under light microscopy, including double microsomes and
DNA lacking telomeres; c¢) rings and neochromosomes. It is important to note that the eccDNA and ecDNA notations may be defined
and used differently in different studies. Therefore, in specific studies, eccDNA and ecDNA need to be understood and distinguished
according to the context. Three key characteristics of eccDNA are: a) circular structure; b) high accessibility owing to open chromatin;
c) non-Mendelian laws inheritance because of the lack of centromeres [4]. Such characteristics make eccDNA an important mechanism
driving tumor heterogeneity [5], which will bring great challenges to targeted treatment to tumors. Some studies suggest that eccDNA
may come from DNA damage repair, over-transcription, homologous recombination and replication stress [6], but the specific for-
mation mechanism and function are not clear.

Presence of eccDNA plays a pivotal role in both physiological processes and disease progression, including cancer. It contributes to
genome rearrangements [7,8], DNA damage and repair [9], cellular evolution and fitness [7,10], development and aging [11,12], and
the regulation of immune responses [6] (Fig. 1 A). In recent years, studies have shown that eccDNA is intricately linked to cancer,
where it enhances chromatin accessibility [13], accelerates oncogene amplification [14-18], drives genetic heterogeneity [5], facil-
itates cancer cell escape from immune surveillance [6,19], and is associated with poor cancer prognosis [4,20] (Fig. 1 B). Therefore,
eccDNA holds significant potential as both a diagnostic marker and a therapeutic target. Despite its established role in cancer, the
precise causal relationship between eccDNA and broader aspects of human health or disease remains to be fully elucidated and merits
further investigation. Historically, the trajectory of scientific discovery has been intricately tied to technological advancements, a trend
well documented across various fields of research. In order to propel the momentum of research on eccDNA and to delve deeper into its
functions and potential value, there is a pressing need for a comprehensive synthesis and generalization of the diverse methodologies
employed in this field. In this review, we summarize the methods for studying eccDNAs, covering high-throughput sequencing, bio-
informatics analysis, experimental verifications, and auxiliary research resources and tools. In addition, we discuss designing research
projects on eccDNA and outline the future perspective of emerging methods.
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Fig. 1. The pivotal role of eccDNA in various physiological processes and its implications in human health and disease. (A) The importance of
eccDNA in physiological processes. This section underscores the significance of eccDNA in key biological processes, such as genome rearrangements,
DNA damage and repair, and cellular evolution and fitness. It also highlights the role of eccDNA in fundamental life processes including devel-
opment and aging, as well as its involvement in the regulation of immune responses. These diverse functions underscore eccDNA’s influence on the
cellular and molecular architecture, emphasizing its importance in maintaining cellular homeostasis and responding to environmental challenges.
(B) Implications of eccDNA in human health and diseases. In this part, the focus shifts to the impact of eccDNA on various aspects of human health,
particularly in the context of oncology. It delineates how eccDNA influences oncogene expression and transcription, contributing to tumor het-
erogeneity and the development of drug resistance. This section also explores the emerging potential of eccDNA to serve as a liquid biopsy-derived
biomarker. The visual elements in the image were created by BioRender.com.
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2. Methods for eccDNA study
2.1. Methods of eccDNA purification and enrichment prior to sequencing

To accurately characterize the distribution, abundance, and functionality of eccDNA, it is crucial to establish efficient and reliable
purification techniques (Fig. 2A), facilitating subsequent high-performance eccDNA enrichment and sequencing.

2.1.1. Non-circular purification methods

Methods in this category are generally not designed specifically for circular DNA but can be used to enrich DNA samples that may
contain both linear and circular forms. These methods include general DNA extraction and purification protocols that are not selective
for circular DNA. Commonly employed across multiple methodologies, the initial steps involve cell lysis and DNA purification using
the genomic or plasmid DNA extraction protocols, ensuring the isolation of eccDNA. For genomic DNA, it is extracted and then
subjected to enzymatic treatment to remove mitochondrial circular DNA and residual linear DNA, following the genomic DNA
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Fig. 2. Systematic categorization of methods for investigating eccDNA. (A) Methods of eccDNA isolation and purification prior to NGS sequencing
or visualization. These methods are crucial for preparing samples for subsequent high-throughput sequencing and ensuring the integrity and
specificity of the eccDNA being studied. (B) High-throughput sequencing for eccDNA study. This part is further subdivided into two categories: bulk
high-throughput techniques and single-cell-based high-throughput sequencing. (C) Experimental methodologies for identifying and exploring
eccDNA. It includes various techniques used to confirm the presence of eccDNA in samples, as well as to investigate the biological function of
eccDNA: This part focuses on the approaches including DAPI/FISH staining, microscopy, gel, southern blot, sanger sequencing and in-vito synthesis
of eccDNA, employed to understand the biological roles and functional implications of eccDNA. The visual elements in the image were created by
BioRender.com.
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Table 1

Advantages and disadvantages of eccDNA purification and enrichment methods.
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name

principles

advantages

disadvantages

applications

Column-based
purification

3SEP procedure

CRISPR-CATCH

Employing genomic or plasmid DNA
extraction protocols to isolate eccDNA
via column chromatography.

Three steps are: 1) modified lysis to

preserve circle integrity, 2) linearization

of mtDNA before digesting linear DNA,
and 3) further separation from linear
DNA remnants using beads.

Combines in-vitro CRISPR-Cas9 cleavage

with PFGE for selectively enriching
megabase-sized eccDNA.

1. Effective for isolating both
small and large eccDNA
fragments.

2. Offers reproducibility
across different samples.

1. Enhances eccDNA purity
and reproducibility.

2. Significantly improves the
efficiency of isolating pure
eccDNA.

1. Allows for the selective
enrichment of megabase-
sized eccDNA.

2. Effective in enriching
large eccDNA, making it
suitable for studies on large

1. Multiple steps involved
can be time-consuming.
2. Risk of contamination
requires careful handling.

1. Additional step increases
the complexity of the
procedure.

2. May require optimization
for different sample types.

1. Requires specific
equipment and expertise,
which might not be
available in all laboratories.
2. The method is resource-
intensive and may not be

Suitable for large-scale eccDNA
studies from cell and tissue samples,
where high precision and efficiency
are required. Ideal for both short and
long-read sequencing applications
and studies involving both high and
low eccDNA abundance.

Particularly useful for high-fidelity
applications where the purity of
eccDNA is crucial, such as in
diagnostic and clinical research
settings. Effective for both short and
long eccDNA molecules.

Ideal for detailed studies on large
eccDNA, particularly in cancer
research where megabase-sized
eccDNA is common. Suitable for long-
read sequencing applications to study
eccDNA dynamics and functions.

feasible for all research
setups.

eccDNA molecules.

extraction kit guidelines [21]. For plasmid DNA, samples are treated to separate the eccDNA from chromosomal DNA, lipids, and
proteins, followed by a series of enzymatic treatments to eliminate mitochondrial circular DNA and linear DNA using the Plasmid Mini
AX kit protocols [22-26].

2.1.2. Circular purification and enrichment methods
1 3SEP procedure

Moreover, a new three-step eccDNA purification (3SEP) procedure was developed [6,27], enhancing eccDNA purity and repro-
ducibility by incorporating three key steps: a) modified lysis to preserve circle integrity; b) linearization of mitochondrial DNA
(mtDNA) before digesting linear DNA; and c) further separation from linear DNA remnants using beads. This significantly improves the
efficiency of isolating pure eccDNA.

2 Purification and enrichment of eccDNA according to length

For the purification of short extrachromosomal circular DNAs (such as microDNA), linear DNA is removed using an ATP-dependent
exonuclease, followed by the enrichment of circular DNA through rolling circle amplification (RCA) via multiple displacement
amplification [28]. In addition, a noteworthy method is clustered regularly interspaced short palindromic repeats - Cas9-assisted
targeting of chromosome segments (CRISPR-CATCH) [29], which stands out for its ability to selectively enrich megabase-sized
eccDNA. This strategy is effectively a fusion of in-vitro CRISPR-Cas9 cleavage and pulsed field gel electrophoresis (PFGE), resulting
in high precision and efficiency in enriching eccDNA. A comparative overview of the strengths and limitations of the eccDNA puri-
fication and enrichment methods is provided (Table 1).

2.2. High-throughput sequencing for eccDNA study

2.2.1. Bulk high-throughput techniques for eccDNA identification

In addition to isolation and purification, eccDNA studies also encompass high-throughput sequencing (Fig. 2B) and subsequent
experimental validation (Fig. 2C). Currently, several bulk high-throughput methods exist for the systematic identification of eccDNAs,
including whole-genome sequencing (WGS) [5,13,30], genome-scale enrichment and detection method for eccDNA (Circle-seq) [26,
311, circular DNA enrichment sequencing (CIDER-seq) [32], assay for transposase-accessible chromatin using sequencing (ATAC-seq)
[33,34] and Circulome-seq [35] (Fig. 3). Of these methods, the most commonly used in the currently published articles is WGS and
circle-seq. WGS is a technique that allows for the identification of all genomic variations, including eccDNA [5,13,30], through the
sequencing of an entire genome. It provides a comprehensive view of genetic information, enabling not just the identification of
eccDNA, but also other types of genetic variations. However, this method may overlook some small eccDNAs. Circle-seq [26,31] is a
technique that enriches and identifies eccDNA by leveraging its inherent circular structural characteristics, which are exploited
molecularly to separate eccDNA from linear DNA fragments. Compared to WGS, Circle-seq can identify eccDNA more accurately, but it
has higher costs and cannot identify other types of genetic variations. CIDER-seq is also a method that takes advantage of the circular
structure of eccDNA for enrichment and identification [32]. It offers highly accurate identification of eccDNA and can be performed at
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the single-molecule level. Compared to WGS and Circle-seq, the operation of CIDER-seq is more complex and might require more
technically proficient personnel. ATAC-seq is a technique primarily used for identifying open chromatin regions, and in principle, it
only provides indirect evidence [33,34]. In addition, Circulome-seq is an integrated method that enriches and characterizes genomic
circular DNAs by combining exonuclease digestion, CsCl/ethidium-bromide gradient centrifugation, and Tn5 transposition-based
sequencing [35]. Each of these four methods has its strengths and weaknesses (Table 2), and researchers can choose the most suit-
able method for their studies of eccDNA based on their experimental objectives and available resources.

2.2.2. Single-cell-based high-throughput sequencing for eccDNA exploration

In recent years, the single cell sequencing technology has made great progress in the field of cell biology. High-throughput
sequencing for eccDNA based on single cells came into being, which includes single-cell extrachromosomal circular DNA and tran-
scriptome sequencing (scEC&T-seq) [36] and single-molecule real-time sequencing of long fragments amplified through transposon
insertion (SMOOTH-seq) [37] (Fig. 3). Among these, the scEC&T-seq approach is significant as it allows for parallel analysis of eccDNA
and transcriptomes at the single-cell level, providing comprehensive insights into the functional implications of eccDNA in cellular
phenotypes and gene expression [36]. In addition, chromatin status of eccDNA at a single-molecule resolution is tested by a sequencing
of enzyme-accessible chromatin in circular DNA (CCDA-seq) [38], while methylation status is analyzed using tagmentation and
enzymatic conversion approaches [39] (Fig. 3). Active transposable elements within eccDNA are identified through Mobilome-seq
[40] (Fig. 3), which has discovered transposable elements in a variety of plants and animals, containing Arabidopsis, rice, peanuts,
potatoes, aspen, fruit flies. Furthermore, techniques like single-cell Circle-seq (scCircle-seq) [41], single-cell ATAC-seq (scATAC-seq)
[16], single-cell WGS (scWGS) [42,43] and single-cell paralleled genome and transcriptome sequencing on a third-generation platform
(scGTP-seq) [43] have been utilized to dissect ecDNA complexity, mark active ecDNA enhancers, investigate copy-number changes,
and uncover structure variation, respectively (Fig. 3). These single-cell methodologies have significantly enhanced our understanding
of eccDNA, providing a more nuanced and detailed perspective on its role and dynamics in cellular biology.

2.3. Experimental approaches for eccDNA study

2.3.1. Experimental methods to verify the existence of eccDNA

While high-throughput sequencing methods provide an extensive overview of eccDNA, experimental approaches usually provide
objective and direct evidence for its existence. Imaging-based methods, particularly those employing fluorescence in situ hybridization
(FISH), remain the gold standard for confirming the presence of eccDNA [44]. FISH, a molecular cytogenetic technique, can detect the
distribution of a known DNA fragment. The fluorescence intensity of FISH also reveals the content and location of eccDNA in different
cells. By combining DNA FISH, 4',6-diamidino-2-phenylindole (DAPI) or other staining with imaging-based methods such as scanning
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Fig. 3. The evolutionary journey of various eccDNA sequencing methods. The timeline format effectively maps out key milestones and break-
throughs in this field, illustrating the transformative impact these methods have had on our understanding of eccDNA. It begins with the inception of
basic techniques (such as Circle-seq and WGS) for eccDNA detection and gradually transitions to more sophisticated methods, including bulk high-
throughput approaches (such as scCircle-seq and scWGS) which have allowed for the study of eccDNA in populations of cells. Further along the
timeline, the focus shifts to single-cell high-throughput technologies. This distinction between bulk and single-cell methodologies highlights the
increasing precision and specificity with which researchers can now study eccDNA. The visual elements in the image were created by
BioRender.com.
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electron microscopy, transmission electron microscopy and 3D structure illumination microscopy, we can determine whether a known
gene forms eccDNA. In addition, the combination of outward-directed PCR (inverse PCR) with Sanger sequencing, agarose gel elec-
trophoresis and Southern blot has been utilized in published literature to verify the presence of eccDNA. A primer is designed for the
junction of eccDNA, and the amplified fragment will cross the junction, while another primer can be designed for inward-directed PCR
as internal reference for eccDNA circularization (Fig. 2C). In summary, these experimental methods complement high-throughput
sequencing by providing crucial insights into the physical characteristics and spatial distribution of eccDNA, thereby enhancing our
understanding of its biological significance.

2.3.2. Live cell imaging systems to visualize eccDNAs

Live cell imaging microscopy, a highly specific tool offering real-time dynamic monitoring of living cells and even single molecules,
propels new advancements in biology and medicine. The Casilio system, developed by Cheng et al., combines CRISPR-Cas9 and
Pumilio RNA-binding proteins to offer a versatile system for gene regulation and genomic labeling [45]. The CRISPR-based DNA
tracking system, ecTag, derived from Casilio technology, tracks the dynamic changes of eccDNA in living cells, aiding the study of
eccDNA’s role in tumor heterogeneity [46]. By designing sgRNA to target eccDNA at the sequence of breakpoint sites, dCas9 and
engineered Pumilio/FBF (PUF)-tethered effectors (Casilio) technology maps the breakpoint of eccDNA and recruits fluorescent mol-
ecules to the PUF binding site. Besides, clustered regularly interspaced short palindromic repeats FISH amplifier (CRISPR FISHer)
imaging visualizes eccDNAs in live cells, such as HPV-human hybrid eccDNA [47]. Another study employed a Tet-operator (TetO)
array insertion into eccDNA and labeled it with TetR-eGFP or TetR-A206K-eGFP for minimized GFP dimerization, enabling eccDNA
detection in living cells [16]. In summary, these visualization methods, bridging experimental verification and real-time observation,
provide a comprehensive view of eccDNA dynamics and interactions within live cells, offering valuable insights into eccDNA’s bio-
logical implications.

2.3.3. Experimental methods to investigate the biological function of eccDNA

When a most basic scientific hypothesis is supposed, we need to prove that eccDNAs have functional phenotypes in diseases, which
requires artificial perturbation of the expression level of eccDNAs. Specifically, we observe phenotype changes through two kinds of
strategies, gain-of-function and loss-of-function, which might establish a causal relationship between eccDNA and functional phe-
notypes of diseases. On the one hand, gain-of-function can be achieved by up-regulating specific eccDNA in the cell model. A specific
method involves the synthesis of circular DNA in-vitro (Fig. 2C), which can be transferred into cells for eccDNA expression using
specific transfection reagents. The most common transfection agents are liposomes with high affinity to cell membranes, which are
now commercially available. Some novel methods of eccDNA synthesis were developed, such as Ligase-Assisted Minicircle Accu-
mulation (QuickLAMA) [48]. QuickLAMA can synthesize rapidly eccDNAs up to 2.6 kb using a simple PCR and ligation approach. Of
note, CRISPR-C approach can create functional eccDNA by circularizing specific genomic regions in human cells, using a
dual-fluorescence biosensor system [49]. This method generates eccDNAs from intergenic and genic loci and can produce eccDNAs
ranging from a few hundred base pairs to large ring chromosomes. On the other hand, loss-of-function involves knockout of
disease-causing eccDNAs. There is a specific operating technology: CRISPR technology, which can destroy the sequence of eccDNAs
through sgRNA and Cas9 nuclease protein. Among them, model cells that overexpress Cas9 have also been commercialized, and sgRNA
design strategies are very mature, so CRISPR is obviously simple and convenient.

In addition, delving into the functional studies of genes located on eccDNA, we can employ an array of methodologies analogous to
those used in conventional gene function investigations. Of course, these methods must distinguish genes located on linear chromo-
somes from those on eccDNA. Several techniques stand out as pivotal for the precise manipulation of gene expression, enabling the
dissection of gene function on eccDNA. These include RNA interference (RNAi) utilizing small interfering RNA (siRNA) and short
hairpin RNA (shRNA), antisense oligonucleotides (ASO), and various gene editing tools such as CRISPR/Cas9, homologous recom-
bination, zinc finger nuclease (ZFN), and transcription activator-like effector nuclease (TALEN). Additionally, gene overexpression
strategies are also instrumental in this context. By employing these advanced molecular tools, we are able to conduct comprehensive
functional analyses, shedding light on the unique roles and regulatory mechanisms of genes harbored by eccDNA, which is crucial for
understanding their contribution to cellular processes and disease pathogenesis.

3. Data analysis: software and algorithms
3.1. Cell image software to visualize eccDNAs

While experimental verification methods are essential for confirming eccDNA presence, advanced visualization techniques have
revolutionized our ability to observe and analyze eccDNA. ecDetect [5], a newly developed image analysis software, utilizes an un-
biased, semi-automated approach to accurately quantify extrachromosomal DNA from DAPI-stained metaphase images. Similarly,
ecSeg [50], a U-net-based image analysis platform, merges conventional microscopy with deep neural networks to achieve precise
resolution of eccDNA and oncogene amplification at the single-cell level. This tool adeptly processes DAPI and FISH-stained metaphase
images, differentiates intra-chromosomal and extrachromosomal repair mechanisms, and reveals how cell-to-cell variability impacts
on tumor growth, progression, and drug resistance, currently accommodating up to two FISH probes.
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Table 2
High-throughput sequencing based on bulk and single cell.

name aliquot application code availability platform principle reference

type

WGS bulk detection of AmpliconArchitect (https:// Illumina by detecting copy number Turner et al.
eccDNA by github.com/jluebeck/ (100-150-bp variation, analyzing sequencing [5]1;
computational AmpliconArchitect), paired-end reads) depth, and using specific Wu et al.
tools AmpliconClassifier (https:// analytical tools [13];

github.com/jluebeck/ Luebeck
AmpliconClassifier), et al. [30]
AmpliconSuite-pipeline (https://

github.com/jluebeck/

AmpliconSuite-pipeline)

Circle-seq bulk genome-scale Circle-Map (https://github.com/ Ilumina HiSEq. DNA is denatured, rapidly Shibata et al.
detection of iprada/Circle-Map) 2000 platform neutralized, and separated by [31]; Mgller
eccDNAs column chromatography. It is et al. [26]

then treated with Notl
endonuclease and exonuclease
to remove linear DNA, followed
by circular DNA enrichment
using $29 DNA polymerase in
RCA.

CIDER-seq bulk full-length https://github.com/devang- long-read Workflow is organized into Mehta et al.
sequences and mehta/ciderseq2 sequencing on a three main parts: circular DNA [32]
profiles of eccDNAs Pacific Biosciences  enrichment, PacBio sequencing,

SMRT-seq and data analysis.
instrument

ATAC-seq bulk identification of https://github.com/pk7zuva/ paired-end uses the hyperactive transposase ~ Kumar et al.
open chromatin Circle_finder Illumina Tn5 to cut the accessible [33]; Su
regions and sequencing chromatin with simultaneous et al. [34]
eccDNAs ligation of adapters at cut sites

scEC&T- single detection of https://github.com/henssen-lab/ Illumina PE 75 isolation of DNA followed by Chamorro

seq cells circular DNA and scEC-T-seq (scRNA-seq) & removal of linear DNA through Gonzalez
mRNA in single Illumina PE 150 or exonuclease digestion and et al. [36]
cells Nanopore enrichment of circular DNA by
(scCircle-seq) RCA
SMOOTH- single detection of SVs https://github.com/cyang235/ third-generation Single-molecule real-time Fan et al.
seq cells and eccDNAs in Smooth-seq sequencing, sequencing is performed onlong  [37]
individual cells utilizing fragments amplified through
specifically SMRT transposon insertion. This
DNA sequencing method enables accurate
technology detection of SVs by leveraging
long high-fidelity reads.
CCDA-seq single mapping of the NA long-read label open chromatin regionson  Chen et al.
cells eccDNA chromatin nanopore intact circular DNA using [38]
status at a sequencing methyltransferase, enrich
multikilobase scale circular DNA by digesting linear
DNA
Mobilome- single enrichment of https://github.com/njaupan MiSeq sequencer relies on linear digestion of Lanciano
seq cells eccDNA (Illumina) genomic DNA followed by RCA et al. [40]
of circular DNA

scCircle- single dissect circDNA https://github.com/BiCroLab/ HiSeq X Ten selectively amplifies circular Chen et al.

seq cells complexity scCircle-seq (Illumina) DNA by RCA while linear DNA is [41]
digested by enzymes

scATAC- single mark active https://github.com/ChangLab/ Illumina NovaSeq At the single-cell level, it Hung et al.

seq cells eccDNA enhancers ecDNA-hub-code-2021 6000 employs the hyperactive [16]
transposase Tn5 to cut the
accessible chromatin, while
simultaneously ligating
adapters at the cut sites.
scWGS single investigate copy- https://github.com/ HiSeq 4000 Nuclei isolated from frozen Spain et al.
cells number changes FrancisCrickInstitute/PEACE_ tissue were stained with [42]; Chang
melanoma_14_paper Hoechst and PI, sorted by ploidy et al. [43]

via FACS, and then 48 cells from
each group underwent library
preparation and single-end DNA
sequencing.

(continued on next page)
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Table 2 (continued)

name aliquot application code availability platform principle reference
type

scGTP-seq single analyze eccDNA https://github.com/fanxylab/ third-generation detects eccDNA candidate reads ~ Chang et al.
cells and SVs EcDNAFinder.git platform through read rearrangements, [43]

constructs breakpoint graphs for
each read, concatenates
consensus fragments, annotates
coordinates, and filters circular
DNA structures

3.2. Bioinformatical algorithms and software

In addressing the challenges of big data, high complexity, and wide diversity from high-throughput sequencing, the utilization of
specialized bioinformatics algorithms is crucial for identifying eccDNA. Those algorithms include AmpliconArchitect (AA) [51],
Circle_finder [33], Circle-Map [52], Circlehunter [53], NanoCircle [54,55], construction-based RCA for eccDNA sequence identifi-
cation and location (CReSIL) [55], DeConcat [56], ecc_finder [57] ECCsplorer [58], ecDNAFinder [43], full-length ecDNA caller (Flec)
[27], AmpliconReconstructor [59] and HolistIC [60]. Recently, an integrated pipeline named eccDNA-pipe has been developed to
provide a comprehensive solution for the identification, analysis, and visualization of eccDNA from high-throughput sequencing data
[61]. eccDNA-pipe supports data from various sequencing techniques such as whole-genome sequencing (WGS), circle-seq, and
circulome-seq, obtained through both short-read and long-read sequencing. It includes tools for quality control, eccDNA identification,
length distribution analysis, differential analysis of genes enriched with eccDNA, and visualization of eccDNA structures, automati-
cally generating high-quality publication-ready plots. It is essential to recognize that different algorithms are tailored to specific
sequencing contexts and data types (Table 3). When choosing an appropriate algorithm, considerations should include data charac-
teristics, research objectives, and computational resource availability. The ongoing development and refinement of these algorithms
represent a significant and evolving area in eccDNA research.

4. Auxiliary research resources and tools

While bioinformatics algorithms such as those previously mentioned are invaluable in eccDNA analysis, they often present a steep
learning curve and require significant time and computational expertise, making them challenging for many researchers to utilize
independently and efficiently. As a more accessible alternative, powerful and user-friendly online databases have become preferable
for most researchers. Notable eccDNA databases include eccDNAdb [62], CircleBase [63], eccDNA Atlas [64], EccBase [65], eccDB
[66] and the eccDNA collection database (TeCD) [67]. These databases offer publicly available eccDNA data resources, simplifying the
process of eccDNA analysis and research (Table 4). In addition, several of these databases feature functional modules, like the genome
browser in eccDNAdb, providing chromatin accessibility information on eccDNA, thus facilitating various aspects of eccDNA research.
In summary, these databases democratize access to eccDNA data, allowing researchers to conduct comprehensive eccDNA analyses
with greater ease and efficiency.

5. Designing research projects on eccDNA

Embarking on a scientific research project on eccDNA demands considerable planning and the execution of numerous key steps.
Here, we propose two distinct yet complementary ideas, each underpinned by rigorous scientific methodology and logic.

The first idea is inherently phenotype-driven, putting the investigation of eccDNA function and implications at the forefront. The
starting point is the selection of a biologically or clinically relevant phenotype, such as cellular drug resistance. Alongside this, a proper
group design is paramount, ideally incorporating both drug-resistant and non-resistant control groups. With these foundational ele-
ments in place, high-throughput sequencing techniques, such as WGS, Circle-seq or scEC&T-seq, can be harnessed to identify all extant
eccDNA and the associated genes (Fig. 4 A). Subsequent to the identification phase, potential target eccDNA and genes on eccDNA,
which are likely associated with the specific phenotype, are selected for further investigation. This selection is based on the sequencing
results and a thorough bioinformatics analysis. An essential aspect is determining whether the eccDNA-harbored genes are transcribed.
Current research on the relationship between eccDNA and eccDNA-associated transcriptomics represents a promising avenue for future
investigation but remains largely unexplored, potentially due to existing technical challenges. Recent advances have described parallel
sequencing of circular DNA and full-length RNA based on new platforms of single-cell resolution (scEC&T-seq) [36], facilitating the
assessment of both large and small circular DNA categories. As a critical next step, the existence of the chosen eccDNA in cells is
verified using FISH combined with advanced imaging technology. Functional studies of the chosen eccDNA and its genes follow,
employing gain-of-function and loss-of-function experimental techniques. These studies allow for a deeper exploration of their role in
phenotypes, such as drug resistance. Finally, further research is dedicated to understanding how the chosen eccDNA and its genes
impact cellular drug resistance, with an ambitious aim to elucidate the underlying mechanisms (Fig. 4 A).

The second idea leans heavily on high-throughput sequencing or database-driven selection, as well as bioinformatics analysis of
eccDNA. Here, large amounts of high-throughput sequencing data (like WGS or Circle-seq) are utilized to identify all present eccDNA
and genes on eccDNA. Alternatively, specific eccDNA genes in certain types of disease can be directly chosen from a public database,
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such as the eccDNAdb (Fig. 4 B). Upon selection of the target eccDNA or genes resident on eccDNA, they undergo a bioinformatics
analysis that encompasses gene expression abundance, prognosis analysis, and now, with advancements in computational research,
the inclusion of artificial intelligence models (Fig. 4 B). These artificial intelligence (AI)-driven tools are increasingly being developed
to refine predictive analytics, enhance the accuracy of expression profiling, and facilitate a deeper understanding of eccDNA-driven
pathophysiology. Not unlike the first idea, verifying the existence of eccDNA selected from bioinformatics analysis in experimental
models is often desirable, yet not strictly necessary.

These approaches are now visually represented in Fig. 4, suggesting how to integrate bioinformatics insights with experimental
validation, thus enhancing the narrative of eccDNA’s impact in various diseases. Though each approach provides a basic framework for
eccDNA research, it is vital to bear in mind that the actual research plan should be thoughtfully customized to align with specific
research objectives and resources at hand.

6. Future perspective
6.1. Technical innovations and limitations

Although great progress has been made in the methods for screening and identifying eccDNA, there is still room for improvements
and ongoing challenges, especially in the study of its function and mechanism: I) The optimization of sequencing analysis algorithms.
With the continuous evolution of high-throughput sequencing technology, we need more algorithms to analyze and interpret large-
scale data. II) Research methods of the fundamental biology of eccDNA. Future research needs to develop new experimental
methods and techniques, such as high-resolution microscopy techniques, to better study the formation, and delivery mechanisms of
eccDNA. III) Research methods for three-dimensional structure and transcription regulation of eccDNA. Current studies have relied
heavily on sequencing-based methods such as Hi-C and proximity ligation-assisted chromatin immunoprecipitation sequencing (PLAC-
seq), but these may have certain limitations for eliminating chromosome interference. Therefore, new methods need to be developed to
study the spatial organization of eccDNA and its interaction with chromosomes. Our grasp of the transcriptional regulation mecha-
nisms of eccDNA, especially how they interact with super-enhancers to influence gene expression, is still insufficient. IV) Research
methods for studying the functions of eccDNA in diseases. Future studies could optimize existing techniques of gene regulation and
even develop entirely new research methods distinct from linear DNA to investigate the specific role of eccDNA in cellular functions
and disease progression. These improvements and innovations will help us better understand the mechanisms and utilize the functions

Table 3
Bioinformatic algorithms for eccDNA identification tailored to sequencing strategies.
name sequencing strategy availability language reference
AmpliconArchitect short-read WGS https://github.com/ Python, HTML and Deshpande et al.
virajbdeshpande/ other [51]

AmpliconReconstructor
Circle_finder
Circle-Map
Circlehunter

CReSIL

CIDER-seq (using DeConcat
algorithm)

ecc_finder

ECCsplorer

ecDNAFinder

Flec (eccDNA_RCA nanopore)
HolistIC

NanoCircle

eccDNA-pipe

short-read WGS and Bionano optical
mapping
short-read ATAC-seq, WGS, WES etc.

short-read sequencing of eccDNA with
Circle-seq enrichment
short-read ATAC-seq

long-read WGS; long-read sequencing of
eccDNA with Circle-seq enrichment or RCA
long-read sequencing of eccDNA with
random RCA or randomly primed circular
DNA amplification

short-read and long-read (Oxford Nanopore)
sequencing of eccDNA with RCA

short-read sequencing of eccDNA with RCA

long-read single cell WGS

long-read sequencing (Oxford Nanopore) of
eccDNA with RCA

short-read WGS and Hi-C sequencing of
double minute

long-read sequencing (Oxford Nanopore) of
eccDNA with Circle-seq enrichment

various sequencing techniques such as WGS,
circle-seq, and circulome-seq

AmpliconArchitect
https://github.com/jluebeck/
AmpliconReconstructor
https://github.com/pk7zuva/
Circle_finder
https://github.com/iprada/Circle-
Map

https://github.com/suda-
huanglab/circlehunter
https://github.com/visanuwan/
cresil
https://github.com/devang-
mehta/ciderseq2

https://github.com/njaupan/ecc_
finder
https://github.com/crimBubble/
ECCsplorer
https://github.com/fanxylab/
EcDNAFinder
https://github.com/YiZhang-lab/
eccDNA_RCA _nanopore
http://www.github.com/
mhayes20/HolistIC
https://github.com/RAHenriksen/
NanoCircle

https://github.com/QuKunLab/
ecc_pipe

Python, C++anda  Luebeck et al.

Unix-based OS [59]

Shell and C Kumar et al.
[33]

Python Prada-Luengo
et al. [52]

Python, Shell and Yang et al. [53]

Awk

Python Wanchai et al.
[55]

Python Mehta et al.
[56]

Python Zhang et al.
[57]

Python 3 and CSS Mann et al. [56]
Python, Cython Chang et al.
and R [43]

R, Python and CSS Wang et al. [27]

Luebeck et al.
[60]

Henriksen et al.
[54],

Wanchai et al.
[55]

Fang et al. [61]

Python

Python

HTML, Jupyter
Notebook and
other
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Table 4
Information of database for eccDNA study.
name availability modules application number of eccDNA data source year reference
eccDNAdb http://www. home, browse, enables users to easily 1270 (Homo sapiens) analysis of WGS 2022  Peng
eccdnadb.org/ search, GB, determine the biological data from SRA et al. [62]
statistics, function and clinical & literature
submit, external  relevance of eccDNAs in
links human cancers
CircleBase http:// home, search, targeting genes, epigenetic 601,036 (Homo sapiens) literature 2022  Zhao
circlebase. stats, manual regulations, regulatory et al. [63]
maolab.org/ elements, chromatin

accessibility, chromatin
interactions, and genetic

variants
eccDNA http://Icbb. home, browse, eccDNA annotation (eccDNA 629,987 eccDNAs, 8221 literature and 2023 Zhong
Atlas swjtu.edu.cn/ search, analysis, regions included in eccDNA ecDNAs from literatures and analysis of WGS et al. [64]
eccDNAatlas statistics, Atlas or custom chromatin 1105 ecDNAs by AA (Homo data
submit regions including oncogenes/  sapiens)

IncRNAs, typical enhancers,
super enhancers, CTCF-
binding sites, SNPs,
chromatin accessibility and
eQTLs), analysis (gene
expressions, functions,
survival, regulatory network
exploring analysis and
BLAST) and genome
visualization were provided
for oncogenes, enhancers,
SNPs, chromatin accessibility,

etc.
eccBase http://www. home, browse, a total of 50 features were 754,391 (Homo sapiens) and literature 2023 Sun et al.
eccbase.net search, blast, annotated, including basic 481,381 (Mus musculus) curation and [65]
submission features, molecular biology public
properties, and source data. algorithm/
database
retrieval
eccDB http://www. home, browse, eccDNAs gene expression 767,981 (Homo sapiens), literature and 2023 Yang
xiejjlab.bio/ search, analysis,  analysis, survival analysis, GO 372,811 (Mus musculus), public et al. [66]
eccDB blast, statistics, term functional enrichment 2081 (Saccharomyces algorithm/
API analysis, and KEGG pathway cerevisiae), and 174,309 database
annotation, regulatory and (Arabidopsis) retrieval
epigenetic information
annotations for eccDNAS,
sequence similarity analysis
TeCD http://122. home, search, search and obtain eccDNA 193294 (Homo sapiens), literature 2023  Guo et al.
224.251.240: blast, statistics, data, and analyze the possible 1266 (Saccharomyces [671

2022 contribute potential functions of eccDNA  cerevisiae), 591 (Arabidopsis
thaliana), 434008 (Gallus
gallus), 319325 (Mus
musculus)

of eccDNA.

6.2. Biomedical applications and functional insights

EccDNA is a new research field, and the future research directions include but are not limited to the following aspects: I) Genetic
stability and formation of eccDNA. The mechanisms by which eccDNA is formed and evolved, as well as how it is replicated and
delivered in cells are the problems to be solved. II) Functions and mechanisms of eccDNAs in physiology and diseases. The role of
eccDNAs, including both short and long eccDNAs, is multifaceted and significant in various biological processes. Short eccDNAs, with
their capability to produce miRNAs and si-like RNAs, can regulate the expression of corresponding linear host genes [68], which is still
under-evaluated and warrants further investigation. Although eccDNA has been found to play an important role in some cancers, its
association with other diseases and its function in normal physiological processes remain unclear. Understanding the mechanisms of
eccDNAs in physiology and diseases is crucial to elucidate their full impact on cellular functions and disease progression. III) Appli-
cation of eccDNA in therapeutics and diagnostics. EccDNA presents novel opportunities in both therapeutic targeting and biomarker
development. For therapeutic applications, the challenge lies not only in targeting disease-causing genes or drug resistance genes
located on the eccDNA, but also in directly targeting the eccDNA itself. Developing strategies that target eccDNA effectively without
affecting linear DNA is crucial for advancing eccDNA-based therapies. As a biomarker, the high presence of eccDNA in cancer cells

10


http://www.eccdnadb.org/
http://www.eccdnadb.org/
http://circlebase.maolab.org/
http://circlebase.maolab.org/
http://circlebase.maolab.org/
http://lcbb.swjtu.edu.cn/eccDNAatlas
http://lcbb.swjtu.edu.cn/eccDNAatlas
http://lcbb.swjtu.edu.cn/eccDNAatlas
http://www.eccbase.net
http://www.eccbase.net
http://www.xiejjlab.bio/eccDB
http://www.xiejjlab.bio/eccDB
http://www.xiejjlab.bio/eccDB
http://122.224.251.240:2022
http://122.224.251.240:2022
http://122.224.251.240:2022

X.-Q. Yuan et al. Heliyon 10 (2024) e36659

Scientific research of eccDNA
[

A) ( ) (B)

Phenotype-driven approach High-throughout sequencing
or database-driven approach

Select phenotype (e.g. drug resistance)

v
( Design grouping )

C Perform high-throughput sequencing)

'

( Analyze all eccDNA and genes on eccDNA ) l

'

C Select target eccDNA and eccDNA gene ) C

'

C Verify existence of eccDNA

'

Analyze high-throughput sequencing data )

or

) ( Select eccDNA gene from eccDNA database )

'

Conduct bioinformatics analysis,
( Conduct functional studies ) incorporating Al models
( Explore underlying mechanisms ) ( Verify existence of eccDNA (optional) )

Fig. 4. Two candidate designs for eccDNA research. (A) Phenotype-driven approach. This design begins with the selection of a biologically or
clinically relevant phenotype, such as cellular drug resistance, and involves a group design incorporating both resistant and non-resistant cells. It
includes high-throughput sequencing (e.g., WGS or Circle-seq) to identify eccDNA and associated genes, followed by a selection process for potential
target eccDNA based on bioinformatics analysis. Verification of eccDNA presence is achieved through FISH and advanced imaging. Functional
studies using gain-of-function and loss-of-function techniques further explore the role of eccDNA in phenotypes like drug resistance, aiming to
elucidate underlying mechanisms. (B) High-throughput sequencing and bioinformatics-driven approach. This method utilizes extensive sequencing
data or database-driven selection (e.g., from eccDNAdb) to identify eccDNA and genes on eccDNA. It involves a comprehensive bioinformatics
analysis, including gene expression abundance, prognosis analysis, and the integration of AI models for enhanced predictive analytics and
expression profiling. The existence verification of eccDNA in experimental models is optional, emphasizing flexibility in research design. The visual
elements in the image were created by BioRender.com.

offers unique opportunities for clinical diagnostics. Research should be directed towards enhancing methods to detect the presence and
quantity of eccDNA, which could facilitate early diagnosis of cancer and other diseases. Additionally, the measurement of eccDNA
levels could serve as a prognostic tool and assist in monitoring disease progression, helping to predict treatment efficacy and assess the
long-term outcomes of therapeutic interventions. Furthermore, the potential to extract and analyze eccDNA from liquid biopsies, as
illustrated in Fig. 1, opens new avenues for non-invasive diagnostic and prognostic applications, providing a novel tool for early
disease detection and monitoring.

In summary, it will be needed to better understand how eccDNA forms, how eccDNA affects on genomics, epigenetics and gene
transcription regulation and how eccDNA influences on the onset and progression of diseases; to explore whether and why eccDNA-
driven diseases are more likely to evade treatment, how to accurately target eccDNA, and whether eccDNAs could act as biomarkers for
disease diagnosis and monitoring. Concrete steps are needed to establish eccDNA as diagnostic, prognostic, and treatment-sensitive
biomarkers, facilitating the transfer of expanding knowledge on circular DNA regulation into daily clinical application.
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Abbreviations

AA AmpliconArchitect

Al artificial intelligence

ASO antisense oligonucleotides

ATAC-seq assay for transposase-accessible chromatin using sequencing

Casilio  dCas9 and engineered Pumilio/FBF (PUF)-tethered effectors

CCDA-seq sequencing of enzyme-accessible chromatin in circular DNA

CIDER-seq circular DNA enrichment sequencing

chrDNA chromosomal DNA

Circle-seq genome-scale enrichment and detection method for eccDNA

circSeq Illumina-sequencing of amplified circular DNA

CReSIL  construction-based RCA for eccDNA sequence identification and location
CRISPR-CATCH clustered regularly interspaced short palindromic repeats - Cas9-assisted targeting of chromosome segments
CRISPR FISHer clustered regularly interspaced short palindromic repeats FISH amplifier
DAPI 4’ 6-diamidino-2-phenylindole

eccDNA/ecDNA extrachromosomal circular DNA

ecTag CRISPR-based DNA tracking system to label ecDNA elements

FISH Fluorescence in situ hybridization

Flec full-length ecDNA caller

microDNA short extrachromosomal circular DNAs

mtDNA  mitochondrial DNA

PFGE pulsed field gel electrophoresis

PLAC-seq proximity ligation-assisted chromatin immunoprecipitation sequencing
PUF Pumilio/FBF

QuickLAMA Ligase-Assisted Minicircle Accumulation

RCA rolling-circle amplicon
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RNAi RNA interference

sc

single-cell

scATAC-seq single-cell ATAC-seq

scCircle-seq single-cell Circle-seq

scEC&T-seq single-cell extrachromosomal circular DNA and transcriptome sequencing

scGTP-seq single-cell paralleled genome and transcriptome sequencing on a third-generation platform
scRNA-seq single-cell RNA sequencing

shRNA  short hairpin RNA

siRNA  small interfering RNA

scWGS  single-cell WGS

SMOOTH-seq single-molecule real-time sequencing of long fragments amplified through transposon insertion
SMRT  single-molecule real-time

SV

structural variant

TALEN transcription activator-like effector nuclease
TeCD the eccDNA collection database

TetO Tet-operator

WGS whole-genome sequencing

ZFN

zinc finger nuclease

3SEP three-step eccDNA purification
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