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Abstract 

Extrachromosomal circular DNAs (eccDNAs) are a type of circular DNAs originating from but independent of chro-
mosomal DNAs. Nowadays, with the rapid development of sequencing and bioinformatics, the accuracy of eccDNAs 
detection has significantly improved. This advancement has consequently enhanced the feasibility of exploring 
the biological characteristics and functions of eccDNAs. This review elucidates the potential mechanisms of eccDNA 
generation, the existing methods for their detection and analysis, and their basic features. Furthermore, it focuses 
on the biological functions of eccDNAs in regulating gene expression under both physiological and pathological 
conditions. Additionally, the review summarizes the clinical implications of eccDNAs in human cancers and health.
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Introduction
Extrachromosomal circular DNAs (eccDNAs) are a type 
of circular DNAs originating from but independent of 
chromosomal DNAs, which have been extensively iden-
tified in the nuclei and cytoplasms of various eukaryotic 
organisms, including ciliates, fruit flies, yeast, pigs, and 
humans [1, 2]. EccDNAs encompass genetic elements 
from the human genome, ranging from small non-coding 
regions to entire genes [3, 4]. Unlike the exclusively dou-
ble-stranded structures observed in mitochondrial DNA, 
bacterial plasmids, and chloroplast DNA, eccDNAs 
derived from the nuclei of eukaryotes can exhibit both 
single-stranded and double-stranded configurations [1].

Despite the initial discovery of eccDNAs in the germ 
cells of wheat and pigs using electron microscope in 
1964 [5, 6], their biological functions still remain largely 
unclear. This ambiguity is primarily due to their homol-
ogous sequences with linear DNA and the limitations 
of detection methods [7]. Preliminary studies suggest 
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that eccDNAs may regulate gene expression levels by 
encoding microRNAs or si-like RNAs [8]. Nowadays, 
with the rapid advancements in sequencing technolo-
gies and bioinformatics, the detection accuracy of small 
DNA fragments, including eccDNAs, has been signifi-
cantly improved. This progress enhances the feasibility of 
exploring the biological characteristics and functions of 
eccDNAs.

This review elucidates the potential mechanisms of 
eccDNAs generation, along with the existing detection 
and analysis methods and their biological hallmarks. It 
also focuses on the molecular functions of eccDNAs in 
gene expression under both physiological and pathologi-
cal conditions. Furthermore, the review highlights the 
promising clinical potential of eccDNAs as innovative 
biomarkers and therapeutic targets for improving human 
health and treating diseases.

The categories of eccDNAs
The sizes of eccDNAs vary significantly, ranging from a 
few hundred base pairs (bp) to several million base pairs 
(Mb). However, the majority of eccDNAs are less than 
1000 bp in length [9] to genomic elements [5]. EccDNAs 
can be classified into five categories based on their size: 
microDNAs (200 bp-3 kb) [4], small polydispersed circu-
lar DNA (spcDNA; 100 bp-10 kb) [10, 11], telomeric cir-
cles (t-circles/c-circles, integral multiples of 738 bp) [12], 
extrachromosomal ribosomal DNA circle (ERCs, 19.3–
40.4  kb) [13] and double minutes/extrachromosomal 
DNA (ecDNA, 100 kb-10 Mb) [14].

MicroDNA and spcDNA
MicroDNA, derived from unique non-repetitive genomic 
regions with high density of coding genes and GC con-
tents, are enriched in the 5’-untranslated regions of 
coding genes, exons, and CpG islands [4]. SpcDNA is sig-
nificantly more abundant in genetically unstable cells and 
tissues [15]. Upon its characterization, it displays a het-
erogeneous size distribution and varied sequence content 
[11]. The small size of microDNA and spcDNA makes 
them unable to carry full protein-coding gene sequences 
or promoter regions. However, microDNA can regu-
late gene expression through transcription of functional 
small regulatory RNA, including microRNA (miRNA) 
and small interfering RNA [8]. In addition, spcDNA can 
serve as an indicator of genomic instability [16, 17]. For 
example, spcDNAs carrying Alu elements or LINE-1 
sequences occur at a high frequency in the malignant 
tumors [18].

Telomeric circles
Telomeric circles, consisting only of telomeric repeats, 
prevent telomere shortening of tumor cells by mediating 

telomere pruning at the ends of chromosomes [19, 20] 
and alternative lengthening of telomeres (ALT) [21] to 
promote the proliferation of tumor cells. Additionally, 
telomeric circles served as a biomarker for the diagno-
sis and treatment of telomerase-negative cancers [22]. 
For example, the telomeric circles showed a significant 
association with Ki-67 index in gliomas [23]. In high-risk 
neuroblastoma, a substantial presence of telomere circles 
is observed, which correlates with the active “telomere 
trimming” [24, 25]. On the other hand, immature cells 
lacking telomerase maintain telomere length through the 
ALT mechanism [26, 27]. In these cells of promyelocytic 
leukemia, extrachromosomal telomeric DNA circles are 
present in the nuclei of ALT cells and facilitate telomere 
elongation via a roll-and-spread mechanism [28].

Extrachromosomal ribosomal circles
Extrachromosomal ribosomal circles (ERCs), generated 
through homologous recombination (HR), function as 
transcription templates for ribosomal RNA [13]. They 
possess self-replicating and amplifying capabilities due 
to their autonomously replicating sequences [5]. ERCs 
can also reinsert themselves into the genome in a dosage-
dependent manner in response to catastrophic gene loss 
[29]. Additionally, ERCs tend to accumulate as cells age. 
During cell division, ERCs can replicate as autonomous 
replication sequences and are preferentially retained in 
mother cells, leading to a significant increase in ERCs 
within senescent mother cells while limiting their num-
ber in daughter cells [30]. A typical example is that dur-
ing the senescence of human lung fibroblasts, it was 
found that the sizes and copy number of ERCs increased 
significantly [31], allowing senescent cells to adapt to 
microenvironmental changes by enriching specific genes 
through increased copy numbers of ERCs [32].

EcDNA
EcDNA was initially detected in a double-body form, 
referred to as double minutes [14]. The term ecDNA 
now refers to those eccDNAs that carry entire or long 
sequences of coding genes in malignant tumor cells [33], 
with sizes ranging from 100  kb to 10  Mb [14]. EcDNA 
lacks centromeres and segregates asymmetrically dur-
ing mitosis or meiosis. The gene sequences on ecDNA 
are highly rearranged and amplified, integrating multiple 
regions that are scattered across different chromosomes 
in tumors [34].

In this review, we refer to the aforementioned four 
categories collectively as eccDNAs. EccDNAs are the 
small-sized circular DNAs carrying small gene segments, 
including gene sequences, microDNA genes, repetitive or 
transposable elements, non-coding sequences and so on, 
which may have diverse regulatory functions [35]. The 



Page 3 of 30Wang et al. Molecular Cancer          (2024) 23:276 	

term ecDNA is specifically used to describe the circular 
DNA carrying intact genes, especially the oncogenes, 
ranging from 100 kb to 10 Mb, in malignancies [14, 36].

The biological generating mechanism of eccDNAs
The biological generating mechanisms of eccDNAs 
vary depending on the type of cell from which they are 
derived. In human somatic cells, germline cells, and some 
malignant tumor cells, eccDNAs are primarily generated 
through processes such as DNA replication, recombina-
tion, and damage repair [37]. While in malignant tumor 
cells, the generation of eccDNAs can also be explained 
by three models: chromothripsis, the breakage-fusion-
bridge (BFB) cycle model and the episome model [1, 2, 9, 
38]. Meanwhile, apoptosis and sister chromatid recombi-
nation have been demonstrated as the generating mecha-
nisms of eccDNAs (Fig. 1).

DNA damage repair mechanisms
The generation of eccDNAs is closely associated with 
chromosomal DNA damage, functional impairment, 
and subsequent DNA repair processes [37]. For instance, 
DNA can undergo excision into smaller fragments 
through double-strand breaks (DSBs) occurring on the 
same chromosome. These excised DNA fragments can 
then circularize and generate eccDNAs [37, 39, 40]. 
Similarly, damaged DNA fragments may be excised via 
DSB-activated repair mechanisms such as microhomol-
ogy-mediated DNA repair, non-homologous end-joining 
(NHEJ), or mismatch repair processes, subsequently cir-
cularizing to generate eccDNAs [37, 39, 40]  (Fig.  1A). 
Thus, the mechanisms underlying eccDNA generation 
may be determined by the types and locations of chro-
mosomal DNA damage and repair, which can vary across 
different cell types.

Fig. 1  The biological generating mechanisms of eccDNAs in vivo. A During the process of DNA replication and meiotic recombination, the excised 
DNA fragments can be circularized into eccDNAs through DNA damage repair mechanisms, including homologous recombination, NHEJ, MMEJ, 
mismatch repair, nucleotide excision repair and base excision repair. B Chromothripsis, episome model and BFB model were the major generating 
models of eccDNAs. C Apoptotic DNA fragments can be circularized into eccDNAs under the action of DNA ligase 3 after chromothripsis 
of apoptotic cells by DNase γ
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Double‑strand breaks
Double-strand breaks (DSBs) commonly occur during 
mitotic and meiotic DNA replication, as well as in mei-
otic recombination [41, 42]. High DSB environments, 
such as those induced by DNA-damaging agents, radia-
tion or stress, are associated with increased eccDNA 
formation due to heightened repair errors or fragment 
excision [37]. The circularization of excised or mis-
repaired DNA fragments often occurs in repetitive 
sequences [39] (Fig. 1A). As eccDNA usually carry genic 
fragments, including coding sequences or repetitive 
sequences, its generation from DSBs introduces genetic 
variability that may impact gene expression and cellular 
function [35]. This process has significant implications 
for both normal cellular activity and diseases like cancer, 
where eccDNA may carry oncogenes that promote tumor 
development [37, 39, 43].

Non‑homologous end‑joining
The DNA sequences flanking the junctional sites of 
eccDNAs can offer insights into their formation mecha-
nisms. Those eccDNAs originating from the non-homol-
ogous regions might be generated via non-homologous 
end-joining (NHEJ) [44]. This phenomenon has been 
observed in gliomas [45], cervical cancer cell lines HeLa 
[46], small cell lung cancer, acute myeloid leukemia [47], 
and colorectal cancer cell lines [48]. KU70/80 complex 
can recognize and promote direct ligation of the DSB 
ends of the excised smaller DNA fragments by recruiting 
DNA-dependent protein kinase (DNA-PKcs) [49]. And 
then eccDNAs can be ligated and circularized by inter-
acting with NHEJ regulatory protein such as X-ray repair 
cross complementing 4 (XRCC4), NHEJ1, LIG4 [50] 
and APLF [51–53]  (Fig.  1A, Table  1). Knockout of the 
NHEJ regulatory gene KU70/80 heterodimer inhibited 

eccDNAs generation and subsequently reduced the pro-
liferation of the osteosarcoma cell line SaOS2 [54]. Our 
research team induced DSBs on the same chromosome 
to generate endogenous eccDNAs of various sizes in 
non-homologous regions using spaced clusters of short 
palindromic repeats (CRISPR) /Cas9 technology, indicat-
ing that NHEJ could generate eccDNAs in non-homolo-
gous regions [55].

Microhomology‑mediated end‑joining
Microhomology-mediated end-joining (MMEJ) is 
thought to bridge the resulting DNA gap by annealing a 
2–25  bp regions of microhomology on each side of the 
DSB [56, 57]. Previous study has observed that 66.36% 
of the total eccDNA molecules possessed 4–18 bp direct 
repeats near eccDNA junction sites [58]. The high fre-
quent occurrence of direct repeats provides paired bases 
for eccDNA circularization mediated by MMEJ, suggest-
ing MMEJ could be the major generating mechanism of 
eccDNAs. Meanwhile, the higher GC content of homol-
ogous sequences in eccDNAs permitted stronger base-
pairing for efficient MMEJ [59]. Additionally, deletion 
of APE2 genes, which is involved in the excision of dam-
aged DNA fragments and MMEJ, also reduced eccDNAs 
abundance [37, 60]. Therefore, the sticky ends of DNA 
fragments with homologous sequences might comple-
ment with each other, and then be ligated by DNA ligase 
3 to circularize and form eccDNAs [59] (Fig. 1A, Table 1).

Homologous recombination
Regions with high homologous sequences may generate 
eccDNAs by homologous recombination [5]. Homolo-
gous recombination process repairs the missing genetic 
information in DNA damage using sister chromatids as 

Table 1  The potential DNA repair genes in generating eccDNAs

DNA repair DNA damage types Genes Reference

NHEJ DSB KU70/80, XRCC4, LIG4, NHEJ4, POLM [37, 43, 50, 54]

APLF [51–53]

PRKDC [37]

MMEJ DSB APE2 [37, 60]

HR DSB XRCC3, NBS1 [63, 64]

SHLD2 (FAM35A/B), TP53BP1 [72]

POLQ, BRCA1, BRCA2, RAD51 [37]

MMR DNA single-strand break MSH2, MSH3, MLH1, PMS2 [37, 40]

BLM [71]

BER/NER DNA single-strand break RAD23B [73]

LIG3 [43]

PARP1, PARP2, FEN1, APE1 [37]
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the homologous templates, a mechanism that can also 
lead to the generation of eccDNAs. As a result, there are 
no widespread chromosomal microdeletions found in the 
hotspots of eccDNA generation [4, 5, 61]. However, due 
to difficulties in identifying these genomic regions during 
the bioinformatic analysis of whole genome sequencing 
data, the role of homologous recombination in generat-
ing eccDNAs from repetitive sequence regions is often 
underestimated. Research indicates that repetitive DNA 
sequences are disproportionately represented in eccD-
NAs, accounting for approximately 72% compared with 
human genomic DNAs [62]. Nonetheless, studies have 
shown that the abundance of eccDNAs in cells with 
homologous recombination-related gene defects does 
not significantly differ from that in wild-type cells [37]. It 
has been demonstrated that homologous recombination 
regulatory proteins, such as X-ray repair cross comple-
menting 3 (XRCC3) and nijmegen breakage syndrome 1 
(NBS1), can facilitate the generation of eccDNAs, includ-
ing telomeric circles [63, 64] (Fig. 1A, Table 1).

Mismatch repair
The success rate of DNA repair is influenced by the type 
and extent of DNA damage [65, 66]. DNA single-strand 
breaks repair pathways such as mismatch repair have 
higher success rates compared to pathways for repairing 
DNA DSBs [67]. Mismatch repair performs DNA repair 
by identifying and repairing base mismatches and loop 
structures that occur during annealing of short homolo-
gous sequences [68, 69]. It is known that direct repeats 
on the side of the DNA fragment serve as microhomol-
ogy for the generation of eccDNAs, indicating mismatch 
repair may also lead to eccDNA formation based on 
single-stranded DNA [58, 70]. The potential mechanism 
is that the formation of eccDNAs occurs when micro-
homology promotes slippage of the replicative DNA 
polymerase, leading to looped structures that are excised 
and ligated into circles through mismatch repair path-
ways. These single-stranded circles are then converted to 
double-stranded circles by primed DNA synthesis [39]. 
In human tumor cells, the deletion of mismatch repair-
related genes, including MSH2, MSH3, MLH1 and PMS2, 
leads to a decrease in the abundance of eccDNAs [37, 39, 
40] (Fig. 1A, Table 1). Additionally, BLM proteins, which 
interact with mismatch repair, also promote the genera-
tion of eccDNAs [71].

Breakage‑fusion‑bridge cycle model
The breakage-fusion-bridge (BFB) cycle model, pro-
posed by McClintock, is a classic model for the genera-
tion of eccDNAs [74]. The BFB cycle initiates with the 
separation of telomeres during the early phase of chro-
mosome DSBs. If these DSBs are not repaired before 

DNA replication, the chromosome replicates during cell 
division, resulting in two sister chromatids each lacking 
a telomere. These chromatids may fuse to form a dicen-
tric chromosome, a chromosome with two centromeres 
[75]. During anaphase, this dicentric chromosome may 
break randomly into two chromatids, each still missing a 
telomere, leading to the formation of a chromatid bridge. 
The breaking of this bridge results in various chromo-
somal aberrations, including the generation of eccDNAs 
[38] (Fig. 1B). The BFB cycle can perpetuate through suc-
cessive cell cycle, producing reverse repeat sequences in 
one daughter cell and terminating deletions in another. 
These unstable reverse repeat sequences are prone to cir-
cularization, ultimately generating eccDNAs [76].

Chromothripsis
Chromothripsis is a complex mutational process char-
acterized by a single catastrophic event in which a chro-
mosomal region is shattered into numerous fragments, 
commonly observed in malignant tumors and congenital 
diseases [77]. Small-sized eccDNAs are closely associated 
with late-stage apoptosis during chromosome breakage, 
with DNA ligase  3 playing a crucial role in the genera-
tion of nucleosome-sized circular DNAs [78]. However, 
the mechanisms underlying the generation of large-sized 
eccDNAs are intricately linked to chromosome break-
age and tumor genome rearrangements [38, 79]. Chro-
mosome breakage resulting from DSBs facilitates the 
amplification of eccDNAs through the catalytic activ-
ity of DNA repair enzymes, including poly ADP-ribose 
polymerase (PARP) and DNA-dependent protein kinase 
(DNA-PKc) [38]. Repeated BFB cycles caused by chro-
mosomal fusion is regarded as an initiating factor for a 
cascade of events such as micronucleation, chromoth-
ripsis, and even cell death, thus generating eccDNA [80, 
81]. In micronuclei, chromosomes are prone to DNA 
breakage due to the incomplete nuclear envelope, which 
can also result in chromothripsis [82]. During mitosis, 
the reintegration of micronuclei into primary nuclei can 
facilitate the engagement of DNA fragments in complex 
chromosomal rearrangements within the genome [38, 
77]. Concurrently, some DNA fragments may become 
circularized, forming eccDNAs through the action of 
DNA ligase 3 [83] (Fig. 1B). Similar to the generation of 
eccDNAs, the reintegration of these eccDNAs elements 
back into the genome may also necessitate processes 
involving DNA damage and recombination [38, 84, 85].

Episome model
EccDNAs can originate from submicroscopic precur-
sors derived from chromosomal loci and possess the 
ability to self-replicate. After the small DNA fragments 
are excised from the chromosome, several non-adjacent 
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chromosomal DNA fragments may fuse and recom-
bine with each other, undergoing cyclical amplification 
to generate eccDNAs [35, 86, 87]. Alternatively, these 
small DNA fragments can integrate into chromosomes 
through the BFB cycle, forming homologous stained 
regions (HSRs) with gene amplification capabilities [88, 
89]  (Fig.  1B). For instance, eccDNAs containing the 
MYC gene have been generated through the excision and 
amplification of DNA fragments in leukemia cases [90]. 
Similarly, gradually amplified double minute chromo-
somes have been detected in CHO cells, accompanied 
by DNA deletions [91]. Moreover, the CRISPR-CATCH 
technique has been developed to capture and enrich tar-
get ecDNAs from ecDNA containing cells [92].

Apoptosis and sister chromatid recombination
The sizes of eccDNAs in human cells exhibit a multi-
modal distribution, with several prominent peak within 
600 base pairs [93]. This distribution corresponds to the 
ladder-like fragmentation pattern of chromosomal lin-
ear DNA into nucleosome-sized fragments observed in 
apoptotic cells. In cells undergoing apoptosis, a signifi-
cant amount of eccDNAs can be generated by DNase γ 
and DNA ligase 3, resulting in a multimodal distribution 
of eccDNA sizes. Consequently, DNA fragments pro-
duced during apoptosis can be circularized to form eccD-
NAs via DNA ligase 3 [78] (Fig. 1C).

Additionally, eccDNAs can be generated through sister 
chromatid recombination between non-allelic homolo-
gous chromosomes [94], replication slippage [39], and 
tandem duplication of chromosomal recombination [95]. 
The deletions at recombination hotspots also promote 
the generation of eccDNAs in germlines [96]. During 
spermatogenesis, primordial diploid germ cells undergo 
meiosis to develop into haploid sperm cells, a process 
that ensures genetic variation through the mechanisms 
of random segregation and homologous recombination 
[94]. Within prophase I, recombination between homol-
ogous chromosomes is initiated by programmed DSBs 
that occur during the leptotene stage [97]. DSB sites are 
located in hotspots on chromatin loops [41], and are 
subsequently repaired to produce crossovers during the 
pachytene stage [98]. H3K36me3 and H3K9me3 also play 
roles in histone replacement during the recombination, 
and failure in this process may contribute to the genera-
tion of eccDNAs [59, 99]. Therefore, the generation of 
eccDNA occurred in the process of DSB and repair dur-
ing meiotic recombination.

The detection and analysis of eccDNAs
Imaging
Before the advent of sequencing technology, research-
ers employed various visual methods such as optical 

microscope [100], electron microscope [94], fluorescence 
in situ hybridization [101], neutral two-dimensional gels 
to detect eccDNAs [7]. Large-sized ecDNAs, known as 
double minutes, can be observed using optical micro-
scope, but this technique was insufficient for identify-
ing small-sized eccDNAs [100]. Presently, fluorescently 
labeled eccDNAs can be visualized through advanced 
techniques such as structured illumination microscope 
and scanning atomic force microscope [78, 94]. Further-
more, the circular configuration of eccDNAs has been 
confirmed using ultra-resolution three-dimensional 
structured illumination microscopy and transmission 
electron microscope [14]. Currently, the spatio-temporal 
dynamics of eccDNAs within living cells can be moni-
tored through a DNA labeling system utilizing CRISPR/
dCas9 [102]. Additionally, the asymmetric segregation 
of eccDNAs during mitosis can be tracked using fluores-
cent RNA probes targeting the junction sites of eccDNAs 
[102].

The methods of eccDNAs sequencing
Given the low natural abundance of eccDNAs, their 
enrichment typically necessitates amplification [6]. Ini-
tially, the density gradient centrifugation method involv-
ing CsCl-ethidium bromide (CsCl-EtBr) was employed 
in 1967 to isolate eccDNAs, eventually becoming the 
standard technique for eccDNA separation [102, 103]. 
Nonetheless, this method demands a high abundance 
of eccDNAs for effective detection and results in sig-
nificant loss of eccDNAs due to their co-migration with 
linear DNA during CsCl-EtBr density gradient centrifu-
gation [16]. In response to these limitations, Shibata et al. 
introduced a novel method in 2012 to purify and amplify 
eccDNAs: nuclei are lysed in an alkaline solution, remov-
ing linear DNA through exonuclease digestion. Sub-
sequently, eccDNAs are amplified using rolling-circle 
amplification (RCA) [4]. Shoura et al. further refined this 
approach by integrating CsCl-EtBr gradient centrifuga-
tion to prevent exonuclease V digestion of linear DNA, 
utilizing Tn5 transposition fragments for direct labeling 
of eccDNAs [104]. Additionally, the CRISPR-CATCH 
technique, in combination with CRISPR-Cas9, facilitates 
the selective purification of eccDNAs with millions of 
base pairs (Mb) in sizes from agarose gel electrophoresis 
in vitro [92].

Circle‑Seq
Circle-Seq technology integrates eccDNAs purifica-
tion with high-throughput sequencing technology to 
detect novel eccDNAs with low copy number or arbi-
trary sizes [105]. This technique is characterized by its 
high sensitivity and wide genomic detection range, lev-
eraging established bacterial plasmid purification and 
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sequencing methods to amplify and identify eccDNAs 
[40, 106]. The specific process of Circle-Seq involves sev-
eral steps: (A) The samples are cleaved in alkaline solu-
tion and genomic DNAs are collected into elution buffer 
using ion exchange columns. (B) The linear chromosome 
DNAs were digested with Plasmid-Safe DNase (PSD). 
(C) The purified eccDNAs were further amplified by φ29 
rolling-circle amplification (RCA). (D) Short-read/long-
read sequencing and eccDNA-specific mapping software 
were employed to identify eccDNAs [7, 94, 106, 107]. (E) 
Bioinformatic analysis is used to identify the eccDNAs 
of interest (EOI). (F) The junction site sequences of the 
EOI were verified through outward and inward PCR, 
and Sanger sequencing was performed for PCR product 
(Fig.  2). However, due to RCA’s tendency to preferen-
tially amplify smaller eccDNAs, the accuracy of Circle-
Seq technique in detecting the copy number of a single 
eccDNA showed relatively low [7]. During the prepara-
tion of NGS libraries, the use of transferase-labeled eccD-
NAs can enhance the accuracy of eccDNA copy number 
detection after RCA [78, 108].

Further attention should be paid to the details involved 
in the purification and amplification of eccDNAs using 
Circle-Seq. (A) The extraction of total DNA from vari-
ous samples. As for the traditional high-speed centrifu-
gation can disrupt the double-stranded helix structure of 
the large-sized eccDNAs, thereby reducing the extrac-
tion efficiency [109], magnetic bead method was used 
for the extraction of total DNA in our researches [107, 
110]. Depending on the nature of the body fluid and 
cell samples, cell-free DNA (cf-DNA) [58, 101, 111, 
112] and high-molecular weight DNA (HMW DNA) 
[7, 59, 94, 107, 110] were identified as the most suitable 
DNA categories for this step (Fig. 2A). (B) The selection 
of exonuclease and the verification of digestive efficacy. 
Exonuclease is a nucleic acid hydrolase that hydrolyzes 
the phosphodiester bond to form a single nucleotide 
from the end of a linear DNA strand, which can digest 
and hydrolyze linear DNA while preserving the closed 
circular DNA [113]. Plasmid-safe DNA exonuclease 
has been shown to lack enzymatic activity on double-
stranded circular DNA and is therefore a key enzyme for 

Fig. 2  Flow diagram of the purification and detection of eccDNA by Circle-Seq
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linear DNA digestion before RCA in Circle-Seq technol-
ogy [107, 110]. Exonucleases V and VIII are not suitable 
alternatives as they can digest nicked eccDNAs. How-
ever, electron microscopy has demonstrated that exonu-
clease alone cannot completely eliminate linear DNA [4, 
39]. Residual linear DNA was verified by COX5B PCR 
detection to mitigate its impact on Circle-Seq technology 
(Fig. 2B) [7]. (C) The quality assessment of RCA product 
using restrictive endonuclease. Restrictive endonuclease 
is a class of nucleic acid hydrolases that hydrolyze circular 
DNA by hydrolyzing phosphodiester bonds through spe-
cific recognition of DNA palindromic sequences [114]. 
Specific restrictive endonucleases not only assist exonu-
cleases in removing linear DNA but also target endoge-
nous circular DNA outside the Circle-Seq product [105]. 
For example, Mss1 recognizes mitochondrial DNA for 
hydrolysis [7], while Swa1 excises plasmids with a 2 μm 
diameter [115]. Restrictive endonuclease Nde1, capable 
of excising both plasmids and circular DNA, is appropri-
ate for evaluating the quality of RCA products (Fig. 2C) 
[107, 110, 116]. (D) The appropriate sequencing meth-
ods for RCA product. Post-enrichment, eccDNA under-
goes library construction for sequencing on platforms 
like short-read high-throughput sequencing or long-read 
nanopore sequencing techniques. This method can reveal 
the origin, biological generation and immune stimula-
tion function of eccDNAs [78, 105], in which 104 types 
of eccDNAs can be detected from 106 myocardial nuclei 
(Fig. 2D) [105]. (E) The selection of EOI by bioinformatic 
analysis. The frequency of occurrence [107, 110, 116] and 
the eccDNA abundance related to genes [111] are the two 
primary methods for screening EOIs (Fig. 2E). (F) Sanger 
sequencing of PCR product should be applied to vali-
date the appearance of the target eccDNA [107, 110, 116] 
(Fig. 2F).

Short‑read sequencing
The advancement of high-throughput sequencing tech-
nology has significantly facilitated eccDNA research. 
Researchers can leverage the unique characteristics of 
eccDNAs mapping reads, such as split reads and dis-
cordant paired end reads, to differentiate eccDNAs from 
linear DNAs using high-throughput sequencing meth-
ods like SMOOTH-seq data [117]. In short-read whole 
genome sequencing (WGS), the copy number of eccD-
NAs increases with cell proliferation, making short-read 
WGS more suitable for detecting eccDNAs with higher 
copy numbers. Since the vast majority of sequenc-
ing reads originate from linear DNA, short-read WGS 
and short-read ATAC-seq are limited in their ability to 
effectively detect low-abundance eccDNAs [118]. How-
ever, defining the nucleotide sequence of large-sized 
eccDNAs is challenging with short-read sequencing, as 

it often capture only one breakpoint at a time, limiting 
comprehensive computational analysis [84]. In addition, 
paired-end sequencing with short-reads often falls short 
in accurately reconstructing the full circular structure of 
eccDNAs.

Long‑read sequencing
 Currently, long-read sequencing technologies, such as 
the 5–10  kb sequence reads available from Nanopore, 
Pacific Biosciences platforms, as well as optical map-
ping technologies like BioNano [84], enable the capture 
of multiple breakpoints, providing stronger evidence 
regarding the frequency and structure of large-sized or 
chimeric eccDNAs [119, 120]. These methods have been 
employed to enhance the accuracy of identifying eccD-
NAs, particularly those with repeat elements [35, 78, 86, 
94, 119]. Researchers have demonstrated that long-read 
Circle-seq by nanopore sequencing showed the high-
est detection accuracy and low base pair difference for 
large-sized eccDNAs [118]. Repeat elements are com-
monly detected in the sequencing data that are used for 
identifying eccDNAs [121]. Long-read sequencing dis-
played significantly elevated proportions of reads map-
ping to LTRs, SINEs, and LINEs compared to short-read 
counterparts [118]. However, a pattern of redundancy 
in eccDNAs identification has been observed with long-
read sequencing [122]. Upon calculating the duplication 
rates, nanopore sequencing could identify multiple simi-
lar copies from a single eccDNA sequence. These sub-
stantial duplication rates present considerable obstacles 
for the experimental validation of their predictions [118]. 
Advanced sequencing methods, including CIDER-Seq, 
ChIP-seq, 4C-seq and PLAC-seq technologies, enable 
the detection of eccDNAs biological characteristics by 
integrating their sequence information with insights into 
chromatin accessibility and epigenetic regulation [14, 78, 
105, 123–125].

Single‑cell sequencing
Single-cell sequencing can identify copy number varia-
tions or single nucleotide variations in eccDNAs, but it 
struggles to capture the heterogeneity of eccDNAs due 
to the limited number of recognizable eccDNAs [126]. 
Single-cell ATAC-seq (scATAC-seq) employs Tn5 trans-
posase to cleave circular DNA, producing chimeric reads 
in the ATAC-seq library that correspond to circles. Mod-
ified ecc_finder, based on bulk sequencing data, is then 
used to identify circular DNA in scATAC-seq data [127, 
128]. Single-cell whole genome sequencing (scWGS-
seq) [129] and SMOOTH-seq [117] identified candidate 
eccDNAs through single-cell DNA sequencing methods.

Single-cell Circle-Seq (scCircle-Seq) is a method 
involving fluorescence-activated flow sorting for 
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single-cell suspension preparation and eccDNA amplifi-
cation via RCA [130]. Researchers have unveiled cancer-
specific eccDNA landscapes and a higher propensity for 
eccDNAs to form within amplified genomic regions of 
different cell clusters using scCircle-Seq (Fig.  3) [130]. 
Single-cell extrachromosomal circular DNA and tran-
scriptome sequencing (scEC&T-seq) was a plate-based 
method for parallel sequencing of circular DNAs and 
full-length mRNA from single cells [131, 132]. And 
scEC&T-seq can be combined with different sequencing 
technologies, including Strand-seq [133] and single-cell 
tri-channel processing (Fig.  3) [134]. This method gen-
erates a uniform number of reads per cell and produces 
independent sequencing libraries that can be selected and 

sequenced, offering a significant advantage when high 
sequencing coverage is required [132]. Single-cell paral-
leled genome and transcriptome sequencing(scGTP-seq) 
on a third-generation platform was a method that physi-
cally separates the transcriptome and genome, adapting 
the SMOOTH-seq procedure [117] by integrating paral-
lel scRNA-seq analysis using Smart-seq2 (Fig.  3) [135]. 
For instance, researchers have identified hepatic cells, 
tumor-associated macrophages and tumor-associated 
endothelial cells in a clinical sample of hepatocellu-
lar carcinoma, and obtained eccDNAs from these cells, 
demonstrating a viable way to monitor the evolution of 
eccDNAs and structural variations during cancer pro-
gression [135].

Fig. 3  The novel eccDNAs sequencing methods at the single-cell level
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However, the relatively low sensitivity, limited through-
put, and high cost of long-read sequencing hindered us 
from conducting long-read deep sequencing for each indi-
vidual cell [135]. The relatively high sequencing error rate 
of the Nanopore platform can lead to false positives. This 
issue becomes particularly problematic with very lengthy 
sequencing amplicons, as longer reads are more prone to 
error. For example, U2OS cells sequenced with the Nanop-
ore platform achieved the longest read lengths, but showed 
a significantly lower read mapping rate [135]. Additionally, 
mapping the time-resolved eccDNAs copy number dis-
tribution by single-cell sequencing of various eccDNAs-
carried oncogenes will be essential for future research to 
better understand more complex fitness models [136].

The bioinformatic analysis of eccDNAs
In recent years, a variety of bioinformatic methods and 
databases have been established to identify and analyze the 
biological characteristics of eccDNAs. These methods vary 
depending on the type of sequencing data and the specific 
objectives of the analysis. Split and discordant reads within 
short-read data, and breakpoint reads in long-read data, are 
primary markers for eccDNA identification [84]. Research-
ers have developed a Python script to generate simulated 
eccDNA datasets to evaluate the efficacy of eccDNAs iden-
tification [118]. For short-read data analysis, Circle-Map 
maintained stable base pair differences among different 
sequencing depth, while the base pair difference of Cir-
cle_finder showed significant changes. In the realm of long-
read data,  eccDNA_RCA_nanopore kept lowest base pair 
differences across different sequencing depths, but CReSIL 
showed superior performance at higher depths [118]. The 
bioinformatic methods and their respective functions for 
analyzing eccDNAs are detailed in Table 2:

Meanwhile, there are some eccDNAs databases to 
investigate the candidate eccDNAs in different tissues 
and diseases. CircleBase is a human eccDNAs resource 
and analysis platform featuring a highly interactive eccD-
NAs visualization function. It integrates sequencing data 
sets, computational prediction, and manual annotation 
to identify functional eccDNAs, offering comprehensive 
eccDNAs annotations [142]. Studies have shown that 
eccDNAs are primarily enriched in the Ras and PI3K/
Akt signaling pathways [142]. eccDNAdb is a database 
screening potential differential functional eccDNAs 
carrying genes from a database of eccDNAs profiles in 
human cancers through WGS [143]. And eccDNA Atlas 
database contains functional eccDNAs with sequences, 
diseases, functions, characterization and validation 
strategy [144]. Specifically, researchers have found that 
eccDNA carrying FAM48B had the highest abundance in 
prostate cancer tissues by using the eccDNAdb database. 
And then the contributions of FAM84BFAM84B carried 
by eccDNAs was examined in prostate cancer develop-
ment and related pathways [145].

The basic features of eccDNAs
The basic features of eccDNAs were usually located in 
the total numbers and sizes, the chromosomal origin 
and their association with coding genes and repetitive 
sequences, the proportion of eccDNAs from non-repeti-
tive sequences, and the EOI carrying specific genes [7, 59, 
94]. These features can provide insights into the mecha-
nisms underlying eccDNA generation. Additionally, the 
sequence characteristics of genes and the nucleotide 
motif patterns flanking the junctional sites of eccDNAs 
can offer insights into the underlying mechanisms driv-
ing eccDNAs generation (Fig. 4).

Table 2  The bioinformatic methods and their functions for analyzing eccDNAs

Bioinformatic methods Function Long-read or short-read

AmpliconArchitect [36] Predicting eccDNAs with 83% sensitivity and 85% precision from short-read WGS data Short

AmpliconReconstructor [137] Improving the resolution of large-sized eccDNAs (> 150 kb) in NGS data Short

Circle-Map [138] Detecting eccDNAs from Circle-Seq data using split reads and discordant read pairs Short

Circle-Map + + [43] Detecting eccDNAs from Circle-Seq data using soft-clipped reads and discordant read pairs 
with higher efficiency and detection accuracy

Short

Circle_finder [139] Identifying eccDNAs in bidirectional sequencing data for short-read ATAC-seq, WGS, 
and WES

Short

ECCsplorer [140] Detecting candidate eccDNAs from eccDNA-rich data Short

ecc_finder [141] Identifying eccDNAs from short-read and long-read sequencing profiles without reliance 
on copy number information

Long and short

eccDNA_RCA_nanopore [78] Detecting eccDNAs from Circle-Seq data using Nanopore sequencing Long

Nanocircle [94] Detecting eccDNAs from Circle-Seq data using Nanopore sequencing Long

CReSIL [122] Utilizing coverage depths and breakpoint reads to identify eccDNAs from long-read WGS 
data

Long
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The total numbers and sizes of eccDNAs
EccDNAs per million mappable reads (EPM) is defined 
as the yield of eccDNA counts in one million sequencing 
reads. This metric is used in statistical analyses to uncover 
the biological distribution of eccDNAs while minimiz-
ing bias from sequencing depth [7, 94]. Researchers have 
utilized eccDNA EPM to reflect the dynamic changes in 
the total number of eccDNAs across various cancers and 
non-neoplastic diseases [146–148] (Fig. 4).

The size distribution of eccDNAs exhibits a multimodal 
pattern with a distinct periodicity of approximately 180 
bp. Histone synthesis within chromatin is a critical pre-
requisite for DNA replication [149, 150]. Following 
DNA replication, DNA double-stranded structures form 
nucleosomes around histones [151]. Each nucleosome 
comprises 147 bp of DNA wrapped around a histone 
core [152, 153], with 20–30 bp linker regions connecting 
adjacent nucleosomes [154, 155]. Consequently, the 180 
bp fragments correspond to the length of a nucleosome 
[76]. DNA fragment clipping tends to occur at internu-
cleosome junctions, causing eccDNAs to often display 
sizes that are integer multiples of the molecular weight 
of nucleosomal DNA [156] (Fig. 4). This size distribution 

of eccDNAs reflects their nucleosomal origin. Mean-
while, the majority of small-sized eccDNAs, such as 
microDNAs, are typically between 200 and 3000 bp [5, 
70]. Researchers have explored the potential mechanisms 
behind the formation of both large and small-sized eccD-
NAs by examining their genomic distribution charac-
teristics and their correlation with normal homologous 
chromosome meiotic recombination rates, using 3 kb as 
a cutoff [59]. They found that small-sized eccDNAs are 
associated with euchromatin, whereas large-sized eccD-
NAs are preferentially derived from heterochromatin 
[59].

EccDNAs chromosomal origin and their association 
with coding genes
The gene sequences found in eccDNAs can serve as pre-
dictors for the chromosomal sources from which they 
originate. In somatic tissues, such as human skeletal 
muscle and plasma leukocytes, the eccDNA effectively 
formed in chromosomes 17 and 19, which harbor a 
higher abundance of coding genes. Additionally, the EPM 
of eccDNAs shows a significant positive correlation with 
the presence of coding genes [7]  (Fig.  4). This suggests 

Fig. 4  The basic features of eccDNAs by Circle-Map
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that the generation of eccDNAs in normal tissues might 
be related to characteristics of gene transcription. Con-
versely, the EPM of large-sized eccDNAs (≥ 3 kb) derived 
from spermatozoa is negatively correlated with coding 
genes [59, 94]. This likely occurs because small-sized 
eccDNAs (< 3  kb) tend to originate from euchroma-
tin regions, while large-sized eccDNAs are more often 
derived from heterochromatin regions. Thus, the dense 
packing of chromatin in heterochromatin regions may 
impede the formation of small-sized eccDNAs [74].

Association of eccDNAs with repetitive elements
Repetitive elements in the genome can be categorized 
into tandem repeats and interspersed elements, also 
known as transposable elements, based on the continu-
ity of their repetitive regions. Tandem repeats are further 
divided into satellite repeats, microsatellite repeats, and 
minor satellite repeats. On the other hand, interspersed 
elements encompass DNA transposons and retrotranspo-
sons, which include long interspersed elements (LINEs), 
Alu elements and other short interspersed elements 
(SINEs), long terminal repeats (LTRs), and SINE-VNTR-
Alus (SVAs) [157]  (Fig.  4). The specific mechanisms by 
which eccDNAs are generated can be analyzed by exam-
ining these different source repetitive regions.

Transposons utilize transcribed mRNA as an interme-
diate to integrate reverse-transcribed complementary 
DNA into the human genome via a “copy-paste” mech-
anism [158]. SINEs play a role in recruiting chromatids 
to gene-rich regions [159], and are linked to early repli-
cation regions characterized by high GC content [157], 
making up approximately 13% of the human genome 
[160]. Small-sized eccDNAs derived from spermatozoa 
show a positive correlation with SINEs, suggesting that 
the generation of eccDNAs during spermatogenesis may 
originate from gene-rich regions [59].

Alu elements are the most prevalent repetitive ele-
ments within SINEs, constituting about 11% of the 
human genome [161]. Alu elements are associated with 
early DNA replication and exhibit higher concentra-
tion on chromosome 19, which is rich in coding genes. 
The significant positive correlation between small-sized 
eccDNAs derived from urine and spermatozoa and 
Alu elements suggests that Alu elements play a role in 
eccDNA formation during DNA replication [58, 59, 94]. 
Additionally, Alu elements are associated with cohesins, 
which have fundamental roles in meiotic recombination 
mediating sister chromatid cohesion, chromosome pair-
ing, and synaptonemal complex assembly [162, 163]. Alu 
elements mediate correct alignment between homolo-
gous chromosomes, particularly in gene-rich regions, 
while suppressing illegitimate intrachromatid recombi-
nation that would lead to eccDNA [94]. Previous studies 

have found that large-sized eccDNAs derived from sper-
matozoa showed negative association with both the mei-
otic recombination rate [164–166] and Alu elements [59, 
94]. This phenomenon indicates that the abundance of 
Alu elements [162, 163] has an adaptive significance in 
maintaining genome integrity by reducing the rate of 
illegitimate recombination, leading to fewer large-sized 
eccDNAs from gene-rich regions [59, 94].

Long interspersed elements (LINEs) are associated with 
late replication regions that have high AT content [157], 
and recruit chromosomes into gene-poor regions [159], 
as evidenced by the positive correlation between LINEs 
and large-sized eccDNAs derived from spermatozoa, and 
their negative association with coding genes [94]. LTRs 
are another rich transposition elements, accounting for 
about 8% of the human genome. LTRs integrated the new 
copies into the characteristic sequences of the human 
genome through the "copy-paste" mechanism [167]. The 
positive correlation between spermatozoa-derived eccD-
NAs and LTRs further underscores the role of DNA rep-
lication in the generation mechanism of eccDNAs [94].

DNA transposons are mobile genetic elements that 
move within the genome via a "cut-and-paste" mecha-
nism, facilitated by transposon enzymes that integrate 
their sequences into different genomic locations [168]. 
Double palindromic repeats may serve as DNA binding 
sites for these transposons [169], which are then circular-
ized into eccDNAs by transposon enzymes [8, 170]. The 
spermatozoa-derived eccDNAs EPM shows a positive 
correlation with DNA transposons [94], and the presence 
of direct repeats at eccDNAs junction sites further con-
firms the characteristics of DNA transposons [59, 108]. 
Microsatellite repeats are related to genomic stability 
during DNA repair, and microsatellite mutations lead to 
genomic instability, thus promoting the proliferation and 
metastasis of malignant tumors [171].

Association of eccDNAs with non‑repetitive elements
The ratio of non-repetitive elements in the total num-
ber of eccDNAs can indicate the genomic preference 
generated by eccDNAs [58]. The non-repetitive ele-
ments include exon, intron, CpG islands, 5’-untranslated 
regions (5’UTR), 3’UTR and 2  kb regions upstream/ 
downstream of genes (Gene2kU/Gene2kD) [7, 58, 111].

CpG islands are abundant with highly condensed cyto-
sine (C)-phosphate (p)-guanine (G) dinucleotides in the 
promoter and exon regions, playing essential roles in the 
coding genes in human genome. Methylation of CpG 
islands in promoters is a key regulatory mechanism of 
gene expression, typically resulting in gene silencing 
[172]. It was found that urinary cell-free eccDNAs (ucf-
eccDNAs) were enriched in CpG island, suggesting ucf-
eccDNAs carrying CpG island may play essential roles in 
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the regulation of coding gene expression [58]. In cases of 
Type 2 diabetes mellitus (T2DM) following short-term 
intensive insulin therapy (SIIT), there was a significant 
decrease in the abundance of eccDNAs in exons, CpG 
islands, UTRs, and Gene2kU/Gene2kD regions, while 
enrichment in introns increased. This change suggests 
the effectiveness of SIIT in managing T2DM [111].

EOI and nucleotide motif patterns flanking eccDNAs 
junctional sites
The differences of occurrence frequency [65, 68, 78] and 
the eccDNA abundance for specific genes [70] are the 
two primary methods used to identify eccDNAs of inter-
est that carry particular genes  (Fig.  4). Researchers can 
utilize synthetic methods to generate eccDNAs contain-
ing specific genes in vitro [55, 110, 173], allowing for the 
exploration of their biological functions in cancer cells 
and other non-neoplastic diseases. This includes studying 
their role in cancer proliferation and immunostimulatory 
activity [78, 107, 116, 136].

The recurrent nucleotide motif patterns flanking the 
eccDNAs junctional sites shed light on the mechanisms 
responsible for eccDNAs generation. In order to identify 
eccDNAs junctional sites precisely, researchers focused 
on the start site, the 5’-upstream edge in the genome 
domains, and the end site, the 3’-downstream edge in 
the genome domains, which were the potential positions 
where excised DNA segments and gave rise to eccD-
NAs circularization. Thus, the DNA sequences from 8 
bp upstream to 8  bp downstream flanking at eccDNAs 
start and end sites of each identified eccDNAs for recur-
rent nucleotide motif signatures were searched to inves-
tigate the nucleotide motif patterns [58, 59, 108]. Due to 
the potential sequence motifs of 3-kb length, the trinu-
cleotide segments were termed as I, II, III, and IV follow-
ing their genomic orientations. A pair of trinucleotide 
segments with 4-bp “spacer” was located in between 
flanking both the start and end sites of eccDNAs [58, 
108] (Fig. 4). The double palindromic sequences of eccD-
NAs junctional sites served as the binding sites for DNA 
transposon [169]. DNA transposon generated eccDNAs 
by cutting DNA sequences through the “cut-and-paste” 
mechanism [168]. The presence of micro-homologous 
double-stranded direct repeats of eccDNAs junctional 
sites suggests that the generation of eccDNAs is linked 
to mechanisms such as microhomologous-mediated HR 
and MMEJ and other DNA repair pathways [4, 40, 58, 59, 
70, 93, 108].

The synthesis methods of eccDNAs in vitro
Genetic engineering is the primary approach for syn-
thesizing eccDNA in  vitro. By synthesizing specific 
sequences of eccDNAs, scientists are able to investigate 

the roles of endogenous eccDNAs in various biologi-
cal processes under controlled laboratory conditions. 
In recent years, our group and other research teams 
have successfully developed and applied three syn-
thetic methods for in  vitro studies: CRISPR-C [55, 
174], ligase-assisted mini-circle accumulation (LAMA) 
[107] and Circle-seq based Artificial EccDNA Synthesis 
(CAES) [110] (Fig. 5).

CRISPR‑C
Our research team first utilized CRISPR-C in 2018 [55] 
to investigate the biological mechanisms underlying the 
generation and stability of eccDNAs, as well as their 
effects on cells in  vitro. Chromosomal DSBs can lead 
to the generation of endogenous eccDNAs [37, 175]. 
CRISPR/Cas9 genome editing technology simulates this 
endogenous process by inducing dual DSBs in one chro-
mosome [174]. The core technique of CRISPR-C involves 
using guide RNA to direct the Cas9 nuclease to specific 
genetic loci, enabling the simultaneous cleavage of two 
gene loci on the same chromosome (Fig. 5). This process 
results in the formation of extrachromosomal DNA frag-
ments that circularize automatically to form eccDNAs, 
ranging from hundreds to millions of base pairs [55, 136, 
174]. Researchers have applied CRISPR-C to generate 
eccDNAs carrying the dihydrofolate reductase (DHFR) 
gene and the MYC gene in human chronic myelogenous 
leukemia cell line HAP1 and human colorectal adeno-
carcinoma cell lines COLO320-DM, respectively [136]. 
These eccDNAs, carrying DHFR and MYC genes, can 
confer resistance to methotrexate and chemotherapy in 
chronic myelogenous leukemia and colorectal adenocar-
cinoma [136].

LAMA
Ligase-assisted mini-circle accumulation (LAMA) 
was first applied in 2007 [173] and enabled the artifi-
cial synthesis in vitro by mimicking known microDNAs 
sequences [78]. LAMA synthesizes small-sized eccD-
NAs through a process of cyclical annealing, ligation, and 
denaturation [173] (Fig. 5). Paulsen et al. applied LAMA 
technology to study in vitro and found that microDNAs 
not only expressed functional micro-regulatory micro-
RNA (miRNA), but also expressed novel siRNA [8]. 
Recently, our research team has utilized LAMA technol-
ogy to synthesize eccDNAs carrying microRNA genes 
derived from gastric cancer. This research was to explore 
the role of eccDNAs in the progression and metastasis of 
gastric cancer in vitro [107]. In addition, LAMA technol-
ogy was also recently used to synthesize eccDNAs carry-
ing TAOK2 gene fragments in plasma of schizophrenia 
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patients. Their inhibitory effect on mRNA synthesis of 
the host TAOK2 gene has been verified in glioma and 
neuroblastoma cell lines U-251MG and SH-SY5Y by our 
research team [116].

CAES
Circle-seq based Artificial EccDNA Synthesis (CAES) 
is a rapid and efficient method for synthesizing eccD-
NAs in vitro, first applied by our research team in 2023. 
Using this technology, we identified eight types of eccD-
NAs (eccMIR) containing different microRNA genes in 
gastric cancer tissues [110]. The CAES process begins 
with the amplification of eccDNAs using Circle-Seq 
technology, followed by high-throughput sequencing. 
Next, Circle-Map is employed to screen for eccDNAs 
of interest (EOIs). For each eccDNA, two semi-comple-
mentary linear DNA fragments are synthesized via PCR, 
and eccDNAs are subsequently generated through the 
LAMA reaction. Finally, any residual linear DNA in the 
LAMA reaction products is removed using restriction 

exonuclease digestion  (Fig.  5). The DNA circulariza-
tion efficiency of CAES technology ranges from 15.6% to 
31.1%, and it is inversely related to the size of the eccD-
NAs [110].

The mechanisms for biological functions 
of eccDNAs
Asymmetrical segregation
EcDNAs represent the primary types of functional circu-
lar DNAs in human neoplastic tissues and cells, charac-
terized by sizes in the millions of base pairs (Mb) [3]. This 
size is sufficient to carry full-length sequences that pro-
mote oncogene amplification. The intact genes carried by 
ecDNAs exhibit high levels of rearrangement and ampli-
fication, integrating sequences from multiple chromo-
somal regions within tumor cells [137]. The junction sites 
of ecDNAs are randomly distributed around oncogenes, 
suggesting that the origin of the ecDNAs genome pos-
sesses random characteristics. During tumor evolution, 
ecDNAs gene fragments undergo fusion, rearrangement, 

Fig. 5  The synthesis methods of eccDNAs in vitro
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and mutation, increasing gene diversity [36]. However, 
due to the lack of a recognizable centromere, ecDNAs 
and eccDNAs are both asymmetrically segregated by 
attaching to chromosome ends furthest from the mitotic 
spindle poles, resulting in a binomial random distribu-
tion or Gaussian distribution in daughter cells [102, 
107]. Consequently, the uneven segregation leads to the 
accumulation of ecDNAs carrying oncogenes within 
cells, fostering the formation of heterogeneous tumor 
cell populations. These cells with an increased number 
of ecDNAs gain a survival advantage (Fig.  6) [176]. For 
the asymmetrical segregation of eccDNAs, our research 
team propose a theoretical hypothesis that eccDNAs 
cooperate with gastric cancer cells and facilitate gastric 
cancer progression in the context of genomic instability. 
The cancer cells produce massive eccDNAs carrying ran-
dom genomic segments. EccDNAs will be asymmetrical 
segregated randomly to daughter cells as cell division. 
The host cells harboring ecDNAs carrying oncogene 
segments may grow faster or develop tolerance to envi-
ronmental stress. This cyclic process helps cancer cells 
to overcome environmental impacts such as target treat-
ment or immune attack, and eventually evolve to malig-
nant tumors [107].

Regulatory role of gene expression
EcDNAs increase the transcription level and promote 
overexpression of oncogenes by amplifying the copy 
number of oncogenes and carrying oncogenes with more 
accessible chromatin [136]. Meanwhile, ecDNAs carry-
ing oncogenes have the ability to acting as trans-acting 
factors such as mobile super-enhancer [87, 177, 178]. In 
turn, this contributes to poor prognosis of patients with 
malignant tumors [178–180]. The dynamic changes of 
ecDNAs copy number will affect the expression level of 
the specific oncogenes, allowing adaptation to changing 
external environments [175]. EcDNAs promote tumor 
heterogeneity and accelerate genomic evolution by carry-
ing and regulating drug-resistance-related genes, leading 
to drug resistance in tumor cells [181].

For eccDNAs carrying specific gene segments, they also 
regulate gene expression by transcribed into microRNAs 
and si-like RNAs [8]. Furthermore, the large amounts of 
eccDNAs generated during genome rearrangement can 
serve as templates for the transcription of long noncod-
ing RNAs (lncRNAs) and circular RNAs (circRNAs), thus 
regulating oncogene expression (Fig. 6) [182]. For exam-
ple, ecDNAs can significantly increase the copy number 
of EGFR, MDM2, CDK4 and BRAF in tumor cells, par-
ticipating in the regulation of PI3K/AKT pathway, p53 
pathway and MAPK/ERK pathway [183, 184].

However, some eccDNAs carrying specific gene seg-
ments may also reduce the expression level of target 

genes [8]. For instance, eccDNAs enhance the expres-
sion of proto-oncogenes such as TERT by integrating 
with these genes, but the expression of tumor suppres-
sor DCLK1 is inhibited by eccDNA integration [35]. 
This phenomenon indicated that eccDNA-derived rear-
rangements lead to the opposite effect of specific genes 
through oncogenic genome remodeling [35]. Therefore, 
although the precise mechanisms by which eccDNAs 
carrying specific gene segments enhancing or suppress-
ing the expression levels of target genes are not yet fully 
understood, this issue warrants further attention.

Bystander effect
EccDNAs can also influence neoplasms development 
through bystander effect [185] and tumor progression 
signaling pathway. The bystander effect of eccDNAs is 
intricately linked to oxidative stress and the apoptotic 
cascade [185]: When patients with malignant tumors 
receive ionizing radiation, the radiated tumor cells 
undergo apoptosis and release oxidizing eccDNAs, which 
in turn activate the oxidative signaling pathways. These 
eccDNAs interact with adjacent cells, inducing secondary 
oxidative stress and a bystander effect. This interaction 
initiates an apoptotic cascade, resulting in the release of 
additional oxidizing eccDNAs (Fig. 6) [185].

Immunostimulatory activity
EccDNAs can regulate the secretion of proinflamma-
tory cytokines through immunostimulatory activity [78]. 
EccDNAs that are rich in CpG islands can function as 
ligands for TLR9, thereby promoting the secretion of 
IL-6 and TNF-α by activating TLR9/MyD88/NF-κB sig-
nal pathway [78, 186]. In contrast, eccDNAs lacking CpG 
islands do not stimulate the secretion of pro-inflamma-
tory cytokines [78, 186]. It’s suggested that eccDNAs 
may act as a type of immunostimulatory DNA, trigger-
ing innate immunity via the activation of the cyclic GMP-
AMP synthase-cytoplasmic DNA sensor STING pathway 
[187, 188]. Moreover, eccDNAs can induce higher levels 
of cytokine secretion compared to linear genomic DNA 
fragments of the same size. When eccDNAs are con-
verted into linear genomic DNA fragments, they lose 
their ability to stimulate an immune response, indicat-
ing that their potent immunostimulatory capability is 
dependent on their circular structure (Fig. 6) [78].

The clinical implications of eccDNAs in human 
cancers and health
EccDNAs are widely identified in various human tissues 
and body fluids, including tumor tissues [107, 189], skel-
etal muscle, leukocytes [7], plasma [108, 111], urine [58], 
spermatozoa [59, 94] and other normal tissues. They play 
important roles in aging [190], genomic diversity [94], 
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malignant tumorigenesis and drug resistance [189]. Pre-
vious studies have mainly focused on the roles of eccD-
NAs in malignant tumors. This review not only highlights 
the latest research progress of eccDNAs in neoplastic 
diseases, but also focuses on their clinical relevance in 
human health and non-neoplastic diseases. The aim is to 
inspire innovative approaches for the clinical application 
of eccDNAs in the prevention, diagnosis, and therapy of 
human health and diseases.

The biological functions of eccDNAs in human cancers
As is mentioned above, ecDNAs carrying intact onco-
genes regulate gene expression by amplifying the copy 
number of oncogenes [136]. While eccDNAs carrying 
enhancer elements or genic segments regulate the expres-
sion of oncogenes by acting as a mobile super-enhancer 
[178–180] or transcribing into microRNAs, si-like RNAs 
[8], circRNAs and lncRNAs [182]. The biological func-
tions of eccDNAs and ecDNAs lie in mediating neoplas-
tic progression, serving as biomarkers and therapeutic 
targets, and promoting drug-resistance (Table 3).

EccDNAs in neoplastic progression
EccDNAs and ecDNAs promote oncogene expansion 
and neoplastic progression by mediating oncogene tran-
scription, altering the structure of regulatory elements, 
enhancing chromatin accessibility and inducing genome 
remodeling [35, 85]. Specifically, the MYC family of tran-
scription factors, comprised of MYC and MYCN, are 
together the most commonly altered oncogenes [191] 
and play critical roles in tumorigenesis and progression 
in cancer [192]. EcDNAs actively regulate the expres-
sion level of MYC gene and the balance between onco-
genes and tumor suppressor genes through genomic 
rearrangement and remodeling [193]. After the elimina-
tion of ecDNAs carrying segments of MYCN, the pro-
liferation of tumor cells is significantly inhibited [194]. 
For instance, ecDNAs drives the amplification of MYCN 
copy number in neuroblastoma tissues and cell line 
IMR-32 [177]. While in acute myeloid leukemia, a large 
number of MYCN genes are amplified in the form of 
ecDNAs and circular chromosomes [195–197]. EcDNAs 
containing MYC family genes have also been detected 

Fig. 6  The mechanisms of action for eccDNAs in the invasion of neoplasms
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in glioblastoma, colon cancer and ovarian cancer [198]. 
And they can promote MYC overexpression through the 
interaction of enhancer and gene through binding with 
exodomain protein BRD4 in colon cancer [198]. In addi-
tion, eccDNAs carrying segments of MYCN also drive 
the amplification of MYCN by regulating genome remod-
eling [35]. EccDNAs carrying promoter of MYCN can be 
integrated into MYCN gene sequences, which mediate 
the amplification of MYCN gene by genomic rearrange-
ments in neuroblastoma [35] (Table 3).

EccDNAs as biomarkers for monitoring neoplasms
The level of extracellular nucleic acids in body fluids 
reflects the pathological processes of benign and malig-
nant tumors and can be used as biomarkers for non-
invasive diagnosis of malignant tumors, thus replacing 
classical invasive biopsy of tumor tissues in the future 
[199]. Due to the stable circular structure and the ability 
of resistance to digestion by exonuclease, eccDNAs have 
the potential to be used as biomarkers for monitoring 
malignant tumors [93]. For instance, there are significant 
differences in eccDNAs types between primary and met-
astatic high-grade serous ovarian cancer. The reduced 
copy number of eccDNA DNMT1Circle10302690−10302961 
is significantly positively correlated with poor progno-
sis of patients with high-grade ovarian cancer, and has 
the potential to be used as a biomarker for monitoring 
this neoplasm [200]. Meanwhile, eccDNAs in preopera-
tive plasma exhibit larger sizes compared with those in 
the plasma of patients who have undergone surgery for 

ovarian cancer [200]. Therefore, plasma eccDNAs can 
be used as a biomarker for non-invasive diagnosis and 
prognosis prediction of ovarian cancer [201]. However, 
due to the low abundance and the high heterogeneity of 
eccDNAs in plasma, the clinical application of plasma 
eccDNAs as biomarkers for gynaecological tumors is still 
challenging [200].

The abundance of eccDNAs have also potential as 
biomarkers of neoplastic prognosis and survival. Stud-
ies have found that the survival rate of patients with a 
high number of eccDNAs is significantly lower than that 
of patients without eccDNAs, and the total number of 
eccDNAs in malignant tumors is also significantly higher 
than that in benign tumors or non-neoplastic tissues 
[202]. Our research team confirmed that the total num-
ber of eccDNAs in gastric cancer tissues was significantly 
higher than that in adjacent normal tissues, and eccD-
NAs had functions of promoting tumor proliferation and 
invasion through transcription into functional miRNA 
to monitor the prognosis of patients with gastric cancer 
[107]. The eccDNAs carrying gene segments of PLCG2 
[203], PDZRN3 and LGR6 [204, 205] in plasma and eccD-
NAs abundance in peripheral blood lymphocytes [206] 
has been proven to be an independent prognostic factor 
of lung cancer.

EccDNAs as therapeutic targets for malignant tumors
Some drug treatments can reduce the total number 
of eccDNAs or ecDNAs originating from malignant 
tumors. The development of eccDNAs-targeted drugs 

Table 3  The eccDNA/ecDNA-related genes and their functions in different cancers

Neoplasms EccDNA/ecDNA-related genes Function

Bladder cancer APOBEC3 [43] Progression

Breast cancer HER2 [222, 223]; ERBB2 [87]; MIR6748 [224] Progression & Therapeutic target

FAT2, CTNNB1, CACNA2D2, CACNA1D [225] Prognostic biomarker

Cervical cancer RAD54 [221] Drug resistance

Colorectal cancer DHFR [48, 218, 226]; HER2, EGFR [227, 228]; c-myb [229]; DNA-PKcs [217, 
218]

Drug resistance

Gastric cancer MIR433, MIR548w, MIR1206 [107] Progression

Glioblastoma EGFRvIII [87, 176, 230] Progression & drug resistance

Hepatocellular carcinoma SLC16A3, BAIAP2L2 [231]; MIR1792 [232] Prognostic biomarker

Leukaemia MYC, MYCN [195–197]; ATRX, DAXX [233]; APB [28] Progression

Melanoma BRAF [183]; LIG4 [17] Drug resistance

Neuroblastoma MYCN [177] Progression

Non-small cell lung cancer PLCG2 [203]; PDZRN3, LGR6 [204, 205] Prognostic biomarker

Oral squamous cell carcinoma RAB3B [189] Drug resistance

Ovarian cancer PIK3CA, MCL1, MYCN, DHFR, eIF-5A2 [10, 213, 234–236]; MAR [237] Progression

Perihilar cholangiocarcinoma (pCCA) ALDH3B2, RACGAP1, PDE4D, SCAPER, STX18 [147] Prognostic biomarker

Prostate cancer FAM84B [145] Progression

Thyroid cancer MIR1203 [238] Non-invasive diagnostic Biomarker



Page 18 of 30Wang et al. Molecular Cancer          (2024) 23:276 

for reducing the expansion and expression of eccDNA/
ecDNA-carrying oncogenes can provide a new strategy 
for the targeted treatment of malignant tumors, making 
eccDNAs or ecDNAs potential therapeutic targets for 
malignant tumors. Researchers have discovered that non-
cytotoxic doses of hydroxyurea can reduce the total num-
ber of ecDNAs carrying oncogenes in some advanced 
ovarian cancer patients, thereby enhancing the efficacy 
of conventional chemotherapy [207]. In vitro therapeutic 
strategies that inhibit DNA replication, such as Hydrox-
yurea (HU), gecitabine and radiotherapy, can induce the 
generation of micronucleus and excrete amplified genes 
such as MYC and  MYCN, demonstrating anti-cancer 
effectiveness in various malignancies, including leuke-
mia [208, 209]. In neuroblastoma cells, exposure to low 
doses of HU results in morphological changes such as 
increased size, flattening, and granulation of cell lines 
containing eccDNAs, along with elevated expression 
of senescence-associated β-galactosidase, leading to 
reduced cell activity [210]. In addition, HU can eliminate 
the ecDNAs carrying oncogenes in the S phase of the 
mitotic interphase in colon cancer, but cannot eliminate 
the copy number of amplified genes in HSR [211]. Thus, 
the efficacy of HU is limited by the dynamic changes of 
ecDNAs and HSR.

Gemcitabine can facilitate the transport of the circular 
structure of ecDNAs into the micronucleus, where they 
are subsequently degraded in the ovarian cancer cell line 
UACC-1598. This process leads to the down-regulation 
of ecDNAs carrying oncogenes such as EIF5A2, MYCN, 
and MCL1, thereby reducing the proliferation and inva-
sion capabilities of the UACC-1598 cell line [212]. In 
addition, ERK1/2 inhibitors significantly reduce the 
abundance of ecDNAs and the expression of oncogenes 
by inhibiting ERK1/2 activation in ovarian cancer cells 
[213]  (Table  3). However, since the pharmacodynamic 
characteristics and anti-tumor efficacy of ecDNAs-tar-
geted therapy are still not well understood, new strategies 
are needed to further reduce the occurrence of eccDNAs 
in malignant tumors during treatment.

EccDNAs in promoting drug‑resistance of malignant tumors
Drug resistance poses a major challenge in the treatment 
of malignant tumors, often leading to the recurrence and 
metastasis [214]. EccDNAs and ecDNAs promote tumor 
resistance mechanisms by regulating drug resistance-
related genes, asymmetric segregation, or metastasis. 
Schimke et al. first identified the association of ecDNAs 
with unstable amplification of the DHFR gene in metho-
trexate (MTX)-resistant cells [215, 216]. EcDNAs were 
generated by tumor cells exposed to MTX, while MTX 
deficiency reduced the copy number of DHFR gene in 

ecDNAs of drug-resistant cell lines, suggesting that the 
dynamic changes in ecDNAs influence chemotherapy 
response [48]. The dynamic conversion between ecD-
NAs carrying the oncogenic mutation BRAFV600E and 
HSR in melanoma cells also reflects the dynamic change 
of drug concentration, with ecDNAs carrying the BRAF 
gene increasing resistance to BRAF and MEK inhibitors 
in melanoma cells [183]. In addition, inhibition of NHEJ 
key protein DNA-PKcs can inhibit the generation of ecD-
NAs carrying DHFR, thereby increasing the sensitivity of 
colon cancer cells to MTX [217, 218]. HU can promote 
the degradation of ecDNAs carrying resistance genes in 
oral squamous cell carcinoma cells resistant to vincristine 
and MTX [219]. Therefore, eliminating ecDNAs carrying 
drug resistance genes is a crucial strategy for overcoming 
colon cancer resistance.

The total number of ecDNAs has a significant positive 
correlation with drug resistance of human cervical cancer 
cell line, and ecDNAs in peripheral blood can also pre-
dict the sensitivity of ovarian cancer to chemotherapy 
[220]. EcDNA promotes malignant tumor progression 
and drug resistance gene expression by increasing the 
intratumor heterogeneity of ovarian cancer and cervi-
cal cancer cells [220]. Excessive chromatin disruption 
can lead to continuous circular structural changes in 
ecDNAs, which increases the drug resistance of tumors 
[136]. The absence of HR key protein RAD54 leads to a 
significant increase in eccDNA content in MTX-resistant 
cervical cancer cells, and eccDNA-induced DHFR ampli-
fication may contribute to the generation of MTX drug 
resistance [221]. In pharyngeal squamous cell cancer 
cells, eccDNA carrying RAB3B gene induces autophagy 
through RAB3B amplification to promote the resist-
ance of pharyngeal squamous cell carcinoma to cisplatin 
[189]  (Table  3). Collectively, these studies suggest that 
eccDNAs and ecDNAs play a crucial role in tumor pro-
gression and drug resistance.

The clinical relevance of eccDNAs in different systems 
of human body
Recently, eccDNAs and ecDNAs have been shown to play 
essential roles in 16 types of tumor tissues and cells, such 
as gynecological tumors [234, 237], digestive system neo-
plasms [107], nervous system neoplasms [176]. Addition-
ally, eccDNAs derived from spermatozoa and urine play 
essential roles in male reproductive system [59, 94] and 
human renal function health [58], respectively. Mean-
while, serum or plasma-derived eccDNAs not only have 
the potential as a biomarker of non-invasive prenatal 
examination, but also play essential roles in type 2 dia-
betes [111], gout [112] and bone immune inflammatory 
diseases [239]. Considering that human body as a com-
plex system consisting of various subsystems, this review 
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focused on the advanced research progress of eccDNAs’ 
roles in human cancers and health, categorized according 
to classifications of human systems (Fig. 7).

Gynecologic cancers and reproductive health
Ovarian cancer ranks as the eighth most lethal gyneco-
logic malignancy worldwide [240]. Unfortunately, 
approximately 70–80% of ovarian cancer patients are 
diagnosed with metastatic disease at the outset [241], 
commonly referred to as high-grade serous ovarian can-
cer [242]. Cervical cancer is among the most common 
cancers and is a leading cause of cancer-related deaths 
in women [243]. Notably, 87% of cervical cancer cases 
occur in developing countries, where it ranks as the third 
leading cause of cancer death among women [244]. In 
primary ovarian cancer tissue, ovarian cancer cell line 
UACC-1598 and cervical cancer cell line HeLa, eccD-
NAs carrying gene segments, such as PIK3CA, MCL1, 
MYCN, DHFR and eIF-5A2, can lead to the amplification 
of targeted oncogenes, resulting in the tumorigenesis and 
progression of gynecologic cancers [10, 213, 234–236]. 
Meanwhile, eukaryotic initiation factor eIF-5A2 is ampli-
fied by eccDNAs carrying enhancer in the ovarian cancer 
cell line UACC-1598, thereby promoting tumor prolifera-
tion and metastasis [234]. In addition, research has iden-
tified five matrix attachment regions (MARs) within a 
682 kb eccDNA. These MARs enhance oncogene expres-
sion in ovarian cancer by binding to the nuclear matrix 

in vivo, as demonstrated by luciferase assays. Therefore, 
the overexpression of oncogenes is not solely achieved 
through oncogene amplification but also requires the 
co-amplification of MAR elements in the non-coding 
regions of eccDNAs [237].

Breast cancer is currently the most common cancer 
among women, and its prognosis depends not only on 
the stage at which the disease is detected but also on the 
specific type of breast cancer [245, 246]. In human epi-
dermal growth factor receptor 2 (HER2) positive breast 
adenocarcinoma tissues, the amplification ratio of HER2 
in eccDNAs and HSR were 30% and 60%, respectively 
[222, 223]. This suggests that eccDNAs promote breast 
cancer progression by amplifying HER2 copy numbers, 
thereby activating the MAPK and PI3K oncogene path-
ways [247–249]. EcDNAs carrying ERBB2 and enhancer 
also enhance the adaptability of breast cancer cells to 
the tumor microenvironment and promote the progres-
sion of breast cancer by amplifying this oncogene and 
its related enhancers [87]. Meanwhile, researchers have 
showed the potential of eccDNAs carrying gene seg-
ments of FAT2, CTNNB1, CACNA2D2 and CACNA1D 
as biomarkers of prognosis and overall survival in breast 
invasive carcinoma tissues, which might assist in clini-
cal medical treatment [225]. EccDNA carrying MIR6748 
gene could upregulate miR-6748 to promote the inva-
sion and progression of breast cancer, which suppress 
the expression of tumor-suppressor gene TUSC5 [224]. 

Fig. 7  Schematic diagram of the biological functions and differentially expressed genes of eccDNAs or ecDNAs in different cancers 
and non-neoplastic diseases
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EccDNAs containing functional genomic segments play 
a role in the initiation and progression of breast cancer 
[224]. These eccDNAs or ecDNAs offer a dynamic source 
of genomic plasticity and hold potential as biomarkers 
and therapeutic targets.

Non-invasive prenatal testing (NIPT) has been widely 
utilized to detect fetal chromatin and genetic abnormali-
ties during pregnancy [250]. As the diversity and number 
of fetal DNA detection methods expand, the diagnos-
tic applications of NIPT are progressively increasing. 
Researchers from Dennis Lo’s group, known for pio-
neering NIPT, were the first to identify maternal and 
fetal eccDNAs in maternal plasma. They found that 
fetal eccDNAs are smaller in size compared to mater-
nal eccDNAs, and the closed circular structure of eccD-
NAs provides greater resistance to exonuclease digestion 
[108]. Additionally, fetal eccDNAs exhibit significantly 
lower methylation levels than maternal eccDNAs, and 
this methylation level positively correlates with eccDNA 
size. Notably, fetal eccDNAs are rapidly cleared from the 
maternal body after delivery. Therefore, eccDNAs hold 
promise as diagnostic biomarkers for pregnancy-related 
conditions such as preeclampsia via NIPT [251].

Newborns with fetal growth restriction (FGR) have 
higher mortality. Early diagnosis of FGR during preg-
nancy is of great significance to the life and health of 
fetuses and newborns. Yang et  al. have found that the 
total number of eccDNAs in the placenta of patients with 
FGR was significantly higher than that of normal indi-
viduals. These eccDNAs may contribute to FGR through 
interactions between immune signaling pathways and 
non-coding RNAs [252]. Therefore, further research is 
needed to explore the relationship between eccDNAs 
and prenatal-related diseases, as well as their application 
in NIPT.

Male urogenital cancers and health
Urologic cancers include cancers of the kidney, blad-
der, prostate and testes, with prostate cancer remaining 
a leading cause of male cancer death worldwide [253]. 
Researchers have found that eccDNAs carrying gene seg-
ments of FAM84B could significantly upregulated the 
expression of FAM84B in prostate cancer cells, thereby 
developing the growth and metastasis of prostate cancer 
[145]. FAM84B promoted by eccDNA have an ability to 
accelerate prostate cancer progression through mediating 
degradation of CDKN1B via MYC/WWP1 [145].

Urothelial carcinomas of the bladder are among the ten 
most prevalent malignancies worldwide, accounting for 
over 90% of all bladder cancer cases [254]. The invasive 
cystoscope and following biopsy pathology are the major 
methods for accurate diagnosis of bladder cancer [255]. 

The high detection rate (74%) of identifying eccDNAs in 
urine samples underscores the potential for non-invasive 
cancer-specific eccDNAs monitoring [43]. APOBEC3A 
and APOBEC3B are regarded as the two predominant 
APOBEC enzymes related to chromosomal mutagenesis. 
The increase of these 2 genes expression showed their 
roles in the clustered mutagenesis of eccDNAs in blad-
der cancer tissues [43]. Additionally, the expression of 
DNA repair genes, LIG3, POLQ and BRCA1/2, was sig-
nificantly correlated with the eccDNAs levels, suggesting 
DNA repair mechanisms play an essential role in the gen-
eration of eccDNAs in bladder cancer [43].

Urinary cell-free eccDNAs (ucf-eccDNAs) serve as 
essential biomarker of renal function. The total number 
of ucf-eccDNAs is significantly elevated in advanced 
(grade 3–5) chronic kidney diseases (CKD). These ucf-
eccDNAs carrying genic segments from gene-rich and 
LINE regions, typically less than 1000 base pairs in size, 
may significantly impact renal function through interac-
tions with miRNA [58]. In addition, the total number of 
eccDNAs in peripheral blood of patients with end-stage 
renal disease (stage 5 CKD) was also markedly increased 
[256]. Therefore, eccDNAs derived from peripheral 
blood and urine have an important effect on renal func-
tion health.

Genetic diversity is mainly related to the mutation 
and recombination of germline cells, whereas eccDNAs 
contribute to genetic variation and genomic instability 
by amplifying or inserting into the genome [257]. Stud-
ies have identified a large number of eccDNAs in human 
spermatozoa, significantly impacting male reproductive 
health and genetic diversity [59, 94]. EccDNAs in ger-
mline cells mainly arise from gene fragment replication, 
leading to copy number variation and subsequent human 
genetic variation [258]. The generation of eccDNAs in 
spermatozoa is also linked to MMEJ [59]. Additionally, 
the production of large-sized eccDNAs in spermatozoa is 
inversely correlated with the rate of meiotic recombina-
tion [59]. These eccDNAs may integrate into the genome 
of gamete or zygote and become stably inherited by the 
offspring, thereby enhancing genomic diversity and 
potentially contributing to the rapid adaptive evolution of 
mammals [94]. However, for lack of transcription, trans-
lation, and DNA repair activity in spermatozoa [259], 
eccDNAs carrying gene segments or transposons may 
transiently transcribe and function in the zygote, poten-
tially influencing early embryonic development [260]. 
Furthermore, the total number of spermatozoa-derived 
eccDNAs is significantly positively correlated with sperm 
motility [94], highlighting the need for further research 
into the role of eccDNAs in male infertility, such as 
asthenozoospermia.
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Endocrine cancers and health
Nodular thyroid diseases are divided into benign nodu-
lar thyroid goitre and malignant papillary thyroid car-
cinoma. Preoperative ultrasonography was the major 
non-invasive diagnostic methods for the differentia-
tion of malignant from benign goitrous nodules, but the 
accuracy should be improved by novel methods [261]. 
The total number of eccDNAs was elevated in papil-
lary thyroid carcinoma than nodular thyroid goitre, and 
MIR1203 was the differential genes in malignant thyroid 
nodules [238]. The plasma eccDNAs might be the poten-
tial non-invasive biomarker for distinguishing benign or 
malignant thyroid tumor.

Type 2 diabetes mellitus (T2DM) is the most com-
mon endocrine disease in human beings, with the 
subcutaneous or intravenous insulin being the major 
therapeutic strategy [262]. It was found that the total 
number of eccDNAs in serum of patients with T2DM 
increased significantly after SIIT. This increase signifi-
cantly affects the gene distribution of plasma eccDNAs, 
potentially influencing the therapeutic efficacy of SIIT 
through metabolic genes such as ADCYAP1 [111]. There-
fore, eccDNAs carrying gene segments of ADCYAP1 
in plasma have the potential as a biomarker to moni-
tor the T2DM progression and therapeutic efficacy of 
SIIT in patients with T2DM [111]. In addition, eccDNA 
SORBS1circle97206791−97208025, derived from the insulin 
resistance gene SORBS1, shows a notable increase in 
copy number in the plasma of T2DM patients with insu-
lin resistance and in HepG2 hepatocytes induced by high 
glucose and palmitate (HG/PA). These studies proved 
that eccDNAs carrying specific genes played crucial roles 
in disease diagnosis and surveillance [101].

Digestive cancers and health
Gastric cancer is the third most common cause of can-
cer-related death worldwide [263], accounting for almost 
10% of all cancer deaths [264, 265]. Our research team 
have found that eccDNAs carrying MIR433, MIR548w 
and MIR1206 were the eccDNAs of interest in gastric 
cancer tissues [107]. Interestingly, these eccDNAs may 
contribute to the down-regulation of the Differentially 
Expressed Genes in gastric cancer. However, eccDNAs 
carrying functional genomic segments have been associ-
ated with the carcinogenesis of gastric cancer and show 
the potential to facilitate cancer progression. This implies 
that cancerous eccDNAs could function as a flexible res-
ervoir for genomic plasticity and the swift adaptive evo-
lution of cancer. Consequently, inhibiting the pathways 
involved in eccDNA generation might offer a new thera-
peutic approach for treating gastric cancer [107].

Hepatocellular carcinoma is the second leading 
cause of cancer-related death globally, accounts for 

approximately 90% of primary liver cancer cases [232]. 
EccDNA carrying MIR1792 suppress the expression of 
E-cadherin, PTEN, GSK3β, P21 and BIM through regu-
lating MIR-17–92 in hepatocellular carcinoma. This type 
of eccDNA can significantly accelerate the proliferation 
and migration of hepatocellular carcinoma cell lines 
[232]. The copy number of eccDNAs carrying MIR1792 
is an independent risk factor for overall survival and poor 
survival of patients with hepatocellular carcinoma [232]. 
Additionally, SLC16A3 and BAIAP2L2, which exhibit 
higher transcription levels in tumor tissues, were associ-
ated with eccDNAs and negatively correlated with sur-
vival rates in hepatocellular carcinoma [231]. EccDNA 
could be also detected in bile and plasma of perihilar 
cholangiocarcinoma (pCCA) patients, with a higher 
concentration. A prognostic model based on eccDNA-
related genes, ALDH3B2, RACGAP1, PDE4D, SCAPER, 
STX18, showed the potential to predict the survival and 
immune microenvironment of patients with cholangio-
carcinoma [147].

Acute liver failure is a rapidly progressive, life-threaten-
ing deterioration of liver function that results in altered 
neurological state and coagulopathy [266]. Our research 
team demonstrated that eccDNAs showed higher abun-
dance and shorter in liver failure than healthy individu-
als. Additionally, eccDNA carrying ZMYM1 primarily 
regulated the PI3K-Akt and HIF-1 signaling pathways, 
thus mediating acute liver failure [267]. These findings 
suggest that liver failure-specific circulating extracellular 
vesicle-associated eccDNAs may exert diverse molecular 
effects on cells, indicating that some may accelerate the 
progression of liver failure by exerting systemic impacts 
on various organs.

Nervous system cancers and mental health
Glioblastoma is the most aggressive and deadliest form 
of glioma with a very limited prognosis, accounting for 
over 50% of all glioma cases [268]. EcDNAs carrying gene 
segments of specific oncogenes and their enhancers can 
encode and synergistically amplify epidermal growth fac-
tor receptor (EGFR) and other top 1% oncogenic genes, 
such as MYC, CDK4 and MDM2 [45], to promote the 
proliferation of glioblastoma [87], proving that ecDNAs 
can amplify oncogenes with higher copy number [14]. 
Although alterations in the EGFR are common in glio-
blastoma, numerous agents targeting EGFR or its sign-
aling pathways have failed in glioblastoma clinical trials 
[269, 270]. EcDNAs carrying EGFR can also promote 
drug-resistance for targeted inhibitor and radiation 
therapy in glioblastoma. For instance, EGFRvIII mutated 
tumor cells are sensitive to EGFR tyrosine kinase inhibi-
tors (TKIs). EccDNA-mediated expansion of oncogene 
EGFRvIII can eliminate mutated EGFR in exposure to 
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TKIs in glioblastoma, thereby adapting to environmen-
tal changes and generating resistance to TKIs targeted 
therapy [176]. Researchers have found that the resist-
ance to TKIs in glioblastoma patients was associated 
with a reduction in the proportion of EGFRvIIIHigh/ 
EGFRvIIILow tumor cells. The rapid increasing number of 
ecDNAs carrying EGFRvIII in the intervals of treatment 
provided a theoretical basis for high-dose EGFR TKI 
pulse intermittent therapy in glioblastoma patients [176]. 
Additionally, neoplastic cells harboring ecDNAs with 
the EGFR gene exhibit significantly increased radiation 
tolerance. Upon exposure to radiation, these neoplas-
tic cells can shift their mode of respiration to oxidative 
phosphorylation and enhance neovascularization within 
the tumor microenvironment, thereby increasing their 
aggressiveness. Consequently, glioblastoma cells with 
ecDNAs demonstrate higher levels of aggressiveness and 
resistance to radiotherapy, potentially leading to tumor 
recurrence [230].

Plasma eccDNAs hold potential as a non-invasive bio-
marker for the diagnosis and monitoring of schizophre-
nia. Our research team discovered that the total number 
of eccDNAs in schizophrenia is significantly lower than 
in healthy individuals. What is more interesting is that 
eccDNAs carrying TAOK2 intronic fragments appear to 
inhibit the production of TAOK2 mRNA, thereby exert-
ing a negative effect on schizophrenia [116]. However, 
whether eccDNAs carrying gene segments promote or 
suppress gene amplification are not fully understood, fur-
ther studies will shed light on this issue in the future.

The deficiency and future prospect of eccDNAs
The clinical application of eccDNAs in human body fluids 
is under investigation to elucidate their biological charac-
teristics in malignant tumors and overall human health. 
However, several challenges remain. Firstly, there are sig-
nificant differences in the abundance of eccDNAs across 
different tissues. In certain diseases, eccDNA abundance 
is too low to be detected, and the difficulty in collecting 
clinical tissue samples limits their clinical application 
[2]. Secondly, eccDNAs data analysis methods require 
further optimization. Although Circle-Seq, based on 
RCA with random primers, is the most commonly used 
method for eccDNA detection at present, there is still a 
lack of reliable analytical techniques to accurately quan-
tify eccDNA abundance [105]. The application of long-
read sequencing presents considerable obstacles as a 
result of identifying multiple similar copies from a single 
eccDNA sequence [118]. Additionally, while HU therapy 
can eliminate ecDNAs and their associated oncogenes, 
it does not reduce oncogene amplification in HSR. This 
underscores the potential of ecDNA elimination as a 
therapeutic strategy for drug-resistant malignancies, yet 

effective methods to specifically target and eliminate 
ecDNAs are still lacking [181].

Besides, several important issues remain to be 
addressed: Firstly, transposons are ancestral traces of 
transposable elements past invasions, occupying nearly 
half of the human genome [271]. It has been proved 
that retrotransposons exploit the alternative end-join-
ing DNA repair process for circularization and second-
strand synthesis, essential for their replication and 
new insertions, with 90% resulting in the generation of 
eccDNAs [121]. Similarly, the biological roles of the tre-
mendous amount of eccDNAs carrying transposable ele-
ments, such as Alu element, SINE, LINE, LTR and DNA 
transposons, are needed to be urgently addressed [87, 
177]. Secondly, despite the biological functions of ecD-
NAs in malignant tumors have been extensively studied, 
the molecular function of small-sized eccDNAs carry 
gene segments still remain elusive. EccDNAs carrying 
segments of MYCN also drive the amplification of MYCN 
in neuroblastoma by regulating genome remodeling [35]. 
However, eccDNAs carrying TAOK2 intronic fragments 
suppress the expression of TAOK2 [116]. Therefore, fur-
ther studies are needed to confirm the precise roles of 
eccDNAs carrying specific gene segments in either pro-
moting or suppressing target gene expression. Moreover, 
the role of other types of eccDNAs, such as eccDNAs 
carrying the enhancer or repetitive elements, in human 
health and non-neoplastic diseases requires further 
exploration [272]. Additionally, the interactions between 
eccDNAs and other biological processes, such as epige-
netic changes, DNA modifications, three-dimensional 
genome remodeling and histone modifications, need to 
be understood in greater detail [252]. Apart from these 
areas, it is also noteworthy to consider the potential inter-
action between piRNAs and eccDNAs containing trans-
posable elements in germline cells. PiRNAs are a very 
large class of small RNAs present in germ line cells, par-
ticularly spermatozoa, and are believed to partial func-
tion to silence retrotransposons [273]. Recently, in has 
been proved that retrotransposon achieve its propagation 
by hijacking the alt-EJ DNA repair process of the host 
cells to form eccDNA [121]. Hence, the roles of eccDNAs 
carrying transposable elements and their methylation in 
interaction with piRNA is worthy of particular attention 
in the future. In summary, future research could benefit 
from a comprehensive mapping of the genomic charac-
teristics of eccDNAs, which could advance our under-
standing of their roles in human health and disease.
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