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Extrachromosomal circular DNA (eccDNA) is a circular DNA molecule outside of eukaryotic 
staining, in which DNA forms in the genome or exogenous DNA in the cell. eccDNA is a special class 
of genetic material that can carry complete genes encoding functional proteins or RNA. Studies have 
shown that eccDNA can participate in various physiological and pathological processes in a special 
way, such as aging and the occurrence of tumors. This paper reviews the latest research progress of 
eccDNA and further expounds on the relationship between eccDNA and tumors.

ABSTRACT

INTRODUCTION
DNA molecules in eukaryotes have long been thought to exist primarily in a linear 

form in the nucleus [1]. However, in 1965, Hotta, et al. [2] found extrachromosomal 
circular DNA (eccDNA) in germ cells of wheat and pigs. For a century, however, 
eccDNA has been regarded as a piece of junk with no biological function. Until 
recently, several studies have found that eccDNA is ubiquitous in both normal and 
tumor cells and is involved in tumors' occurrence and development, especially. 
Compared with linear chromosomal DNA, eccDNA has an open structure and carries 
active protein modifi cation, which can mediate the long-distance interaction 
between genes and greatly enhance the transcriptional activity of genes [3,4]. 
In this paper, the characteristics, research history, classifi cation and functions 
of eccDNA were reviewed, and the relationship between ecDNA and tumors was 
deeply discussed, providing ideas for related research on eccDNA, especially the 
development of tumor treatment methods.

CHARACTERISTIC OF ECCDNA
 eccDNA is a circular DNA molecule that swims out of chromosomes and is 

ubiquitous in eukaryotes. As an extra chromatic genetic element that increases 
genetic heterogeneity and phenotypic diff erence in eukaryotes, eccDNA is widely 
distributed and can be detected in humans, mice, yeast, fruit fl ies, Arabidopsis 
thaliana and other organisms [5-7]. The size, abundance and sequence of eccDNA 
are diff erent in diff erent tissues, cells and individuals. In addition, the content of 
eccDNA is also regulated by various factors such as development and metabolism 
[8,9]. Recent studies have shown that eccDNA is widely present in tumor cells and 
can be used as a carrier for oncogene amplifi cation. As some eccDNA does not follow 
Mendel's law of allocation, eccDNA carrying oncogenes and related drug resistance 
genes can accumulate rapidly and in large quantities in tumors, thus playing a 
crucial role in the occurrence and progression of tumors [10].

The size of eccDNA ranges from hundreds of bp to tens of Mb [8,11] and mainly 
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comes from genomic or foreign DNA. eccDNA can be 
generated by repeated or non-repeated sequences, coding 
regions or non-coding regions derived from diff erent 
chromosomal loci in the genome [5]. For example, Storlazz 
and colleagues [12] found that the deletion of MYC gene on 
chromosome 8 in patients with AML appeared in eccDNA, 
which not only indicated that the sequence of eccDNA 
could be derived from the genome but also suggested that 
eccDNA was closely related to the occurrence of Acute 
Myeloid Leukemia (AML). In addition, eccDNA can also be 
composed of chromosomal DNA and viral genome [13]. For 
example, eccDNA containing HCV homologous sequences 
can be detected from peripheral blood mononuclear cells 
of Hepatitis C Virus (HCV) negative patients [14]. eccDNA 
can also be reintegrated into the genome in the form of 
Homogeneous Staining Regions (HSR), which may destroy 
the expression of tumor suppressor genes [11,15]. eccDNA is 
closely related to tumors. SpcDNA, telomere rings, ecDNA 
and microDNA, have been found in tumors [11,16]. Among 
them, microDNA can be released into circulation by tumor 
tissues, suggesting that eccDNA may be used as a biomarker 
for the diagnosis and prognosis of malignant tumors [17].

BRIEF RESEARCH HISTORY OF ECCDNA
In the winter of 1868, Friedrich Miescher, a young Swiss 

doctor, extracted an acidic compound rich in phosphorus 
from white blood cells and named it "nucleoplasm," which 
was the fi rst discovery of DNA [18]. Then scientists began a 
series of studies around DNA. STAHL believed that DNA in 
higher organisms might be organized into a series of circular 
structures, and the discovery of circular DNA in bacteria and 
viruses suggested the correctness of this conjecture. It was 
not until 1965 that Hotta, et al. [2] reported the identifi cation 
of circular DNA of diff erent sizes in wheat nuclei and pig 
sperm that this conjecture was offi  cially proved. In the same 
year, Cox, et al. [19] reported that eccDNA was found in 
neuroblastoma of diff erent sizes and quantities in diff erent 
cells. Around the 1980s, with the development and maturity 
of molecular cloning and other technologies, scientists have 
successively discovered oncogenes in diff erent samples (e.g., 
MYCN and EGFR can be amplifi ed in the form of eccDNA [20], 
and some carcinogens and DNA replication inhibitors have 
also been found to promote the formation of eccDNA [5,21]. 

In 2012, Shibata, et al. [22] identifi ed a small circular DNA 
molecule with a length of 200-400 nt, namely microDNA, 
in mammalian cells. In 2017, Turner, et al. [23] analyzed 17 
diff erent types of cancer cells by whole-genome sequencing, 

structural modeling and cytogenetic analysis. They found 
that eccDNA appeared in almost half of the cancer cells, and 
the occurrence frequency of eccDNA in diff erent types of 
cancer was signifi cantly diff erent. In 2018, Moller, et al. [24] 
studied blood and muscle samples from 16 healthy people 
and detected about 100,000 types of eccDNA, about half of 
which contained complete genes or gene fragments. 

CLASSIFICATION OF ECCDNA
eccDNA is classifi ed into diff erent types based on its 

source, size, and sequence characteristics, for example, 
MicroDNA, ecDNA (Extrachromosomal rDNA Circle (ERC), 
Telomeric circle, T-circle), etc… (Table 1) [5,6].

ecDNA

ecDNA is available in both monomer and catamaran 
forms .Its liposomal form is formed by chromatin fi bers 
joining two identical sister monomers and a microsomal 
[26,27]. ecDNA is ubiquitous in cancer cells and often 
contains proto-oncogenes and drug-resistant genes that 
can drive the occurrence of cancer playing a crucial role in 
promoting the heterogeneity and progression of tumors 
[20]. ecDNA is most common in neuroblastoma, esophageal 
cancer and squamous cell lung cancer, according to the study. 
Cells need to use a series of proteins such as transcription 
factors to conduct chromatin remodeling before recognizing 
and reading part of DNA genetic instructions in the nucleus 
[28]. ecDNA is not highly compressed. Its structure is loose 
and has a strong openness because this transcription factor 
is easy to access the cis-acting elements such as promoters. 

microDNA

In identifying intramolecular homologous recombina-
tion sites, Shibata and colleagues [22] isolated a novel type 
of eccDNA, i.e., microDNA, from the brain cell nuclei of em-
bryonic mice. microDNA is present in many tissues as single 
and double-stranded and can be released by tissues into the 
circulatory system. MicroDNA was 60-2 000 bp in size, and 
about 84% of microDNA was concentrated in 100-400 bp. 
By enriching circular DNA, cutting, cloning, sequencing and 
identifi cation of ligand markers produced by DNA cycliza-
tion, it was found that the vast majority of microDNA came 
from non-repeating sequences of the gene set [22,29]. 

In addition, ecDNA has a loosely arranged nucleosome 
structure, indicating that microDNA can be generated from 
the genome sequence and possibly transformed from ecDNA. 

Table 1: Characteristics of eccDNA.

Classifi cation of eccDNA Size Characteristic Potential function Reference

MicroDNA 100-400 bp Mostly from non-repetitive 
sequences Regulate gene expression [25]

ecDNA 1-3 Mb Accessible chromatin structure Promote tumor deterioration [20]

ERC 19.3-40.4 Kb Contains rDNA units Related to aging [8]

t-circle Multiples of 738 bp Involves in alternative lengthening 
of telomeres Maintain telomere length [6]
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In other words, to meet the needs of cell survival, diff erent 
types of eccDNA may be able to transform into each other 
and perform diff erent regulatory functions in the face of 
environmental stress. Studies have found that gene-specifi c 
CpG dinucleotides on some promoters can be modifi ed by 
methylation with age [30]. Paulsen, et al. [25] synthesized 
microDNA according to known microDNA sequences and 
found that these microDNA mimics could express functional 
microRNA and play the role of gene silencing. This suggests 
that microDNA transcription products may inhibit gene 
expression and form a functional network with other types 
of eccDNA, thus aff ecting the balance of gene quantity and 
function in the body. 

ERC

ERC is a self-replicating circular DNA molecule that 
contains one or more rDNA units and lacks centromeres 
[31,32]. It can be produced by homologous recombination of 
ribosomal DNA and serve as an rRNA transcription template. 
Ribosomal DNA (rDNA) is the sequence of genes encoding 
the rRNA of ribosomal components. rDNA is highly unstable 
and exists as tandem repeating units [33]. Each rDNA unit 
has a Replication Fork Barrier (RFB) to avoid collisions 
between DNA replication forks and rDNA transcription 
complexes [34]. The stalled replication fork is very unstable, 
and the binding of replication fork blocking protein to 
RFB can induce DNA Double-Strand Break (DSB) at a high 
frequency [35].

If broken rDNA is repaired by intra-chromatid 
recombination, erCS containing one or more rDNA units can 
be generated from repeated rDNA sites on chromatids [36].
Recent studies have suggested that ERC may be involved 
in cell senescence, but the relationship between ERC and 
senescence remains controversial. In 1997, Sinclair and 
Guarente [32] found that ERC accumulated in aging yeast 
in large quantities and inferred that ERC was a pro-aging 
factor. The number of ERC produced by the fOB1 mutant in 
yeast was reduced, and its lifespan was indeed extended [37]. 
The evidence supports the hypothesis that ERC promotes 
aging and shortens life expectancy. However, Ganley, et al. 
[38] observed that a decrease in ERC level would lead to a 
shortened life span.

ERC can maintain the stability of rDNA structure 
and the dynamic balance of the total number [35], and 
at the same time participate in the regulation of cell 
senescence, suggesting that the occurrence of senescence 
may be infl uenced by the genomic stability controlled by 
environmental factors and internal factors [39]. 

T cell receptor deletion ring 

The precursor T cells migrated from the bone marrow 
into the thymus mature into primary T cells after positive 
and negative selection. In this process, the acquisition 
of functional T Cell Receptor (TCR) is the key to T cell 
maturation, which is crucial for T cell activation and 

subsequent diff erentiation [40]. The maturation of TCR 
requires V (D) J rearrangement. In this process, the V, D, and 
J genes assemble into the T-cell receptor V region capable 
of recognizing antigens [41-43]. In each tightly regulated 
gene rearrangement process, nucleic acid fragments can 
be deleted when specifi c gene fragments are linked to form 
stable eccDNA fragments, namely the so-called T-cell 
receptor Excision Circles (TRECs) [44].

TREC has many applications, such as evaluating thymus 
function after hematopoietic stem cell transplantation and 
detecting diseases related to T cell number and function 
abnormalities [45,46]. The number of TRECs is aff ected 
by many factors, such as thymus output function, initial T 
cell lifespan, peripheral blood T cell division and cell death, 
and genetic diff erences. Therefore, although TRECs can 
be used to measure thymus output, the interpretation of 
TRECs data in healthy people and patients still needs careful 
consideration [42].

eccDNA Formation Mechanisms 

Currently, researchers only attempt to explain the 
causes of eccDNA generation by observing the sequence 
characteristics of eccDNA and studying the factors that 
promote or inhibit the formation of circular DNA [20]. 
However, the exact molecular mechanism of eccDNA 
formation is still unknown, so more work is needed. The 
generation of circular DNA is a complex process of multi-
factor synergy [5]. In this process, DNA replication, RNA 
substitution, gene rearrangement and DNA Damage Repair 
(DDR) can all aff ect its formation [11,22,44]. eccDNA 
formation is aff ected by gene stability. Studies have shown 
that after cells are exposed to DNA damage agents such as 
methyl mesylate, the level of eccDNA in cells is signifi cantly 
increased [47]. Mitogen-Activated Protein Kinase (MAPK) 
signaling pathway related to cell proliferation is often 
abnormally activated in malignant tumor cells. Sun, et 
al. [48] found that when tumor cells were treated with 
mapK-ERK1/2 inhibitors U0126 and PD98059 to inhibit the 
constitutive phosphorylation of ERK1/2, the number of DMs 
decreased signifi cantly [29].

Since most eccDNA contains chromosomal DNA derived 
from tandem repeat sequences, homologous recombination 
may be involved in generating eccDNA as a common 
mechanism [49]. Cai, et al. [50] found that in methotrexate-
resistant cells containing DMs, the attenuation of 
homologous recombination activity led to a signifi cant 
decrease in the number of DMs. Dillon, et al. [29] found that 
the MSH3 DNA mismatch repair protein promotes microDNA 
formation through homologous recombination. In 1939, 
the Breakage-Fusion-Bridge (BFB) cycle (also breakage-
rejoining-bridge cycle) was fi rst proposed [51]. Recent 
studies suggested that the increase in gene copy number on 
the same chromosome caused by DNA damage during each 
mitosis resulted in gene amplifi cation in the form of HSR or 
ecDNA [6,51,52]. This theory explains why amplifi ed genes 
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are often localized in DMs and HSR. Subsequently, other 
research groups also proposed a translocation deletion 
amplifi cation model, ODIRA model and "add-body" model 
to explain the formation of eccDNA one after another 
[5,6,53]. 

ecDNA AND TUMORS
Help tumor evolution

The genome is in a dynamic process of continuous 
change, and this instability is the driving force of 
spontaneous mutation of DNA accumulation in the body 
and the "fuel" of intracellular heterogeneity [53]. Gene 
mutations are infl uenced by exogenous and endogenous 
factors and can accumulate slowly over time in a progressive 
manner [54]. In addition, there are also big explosive 
mutations in cells, such as chromosome fragmentation 
[54]. Fragmentation is a catastrophic event of chromosomal 
aberration that occurs in cells and is marked by clusters 
of large-scale gene rearrangements. In this process, one 
or more chromosomes are broken in a short period, and 
thousands of fragments are spliced together arbitrarily to 
form "patch" -like chromosomes. At the same time, ecDNA 
may be dissociated and cycled with some genes' imprecise 
DNA repair mechanism [15,55]. 

ecDNA, as a by-product of chromosome fragmentation, 
mostly exists in cancer cells characterized by genetic 
abnormalities [23]. Oncogenes amplifi ed by ecDNA can 
give survival advantages to tumor clones carrying them 
and drive high-level amplifi cation of tumor clones [23]. A 
classic example of this is the acquisition of drug resistance 
by tumor cells (Figure 1). Dihydrofolate Reductase (DHFR) 

gene is a gene that reduces the sensitivity of cancer cells to 
methotrexate (MTX), often through two main topological 
structures: free ecDNA and HSR amplifi cation located on 
chromophores. Compared with HSR, ecDNA can lead to 
a higher level of DHFR transcription, giving cancer cells 
a survival advantage and ultimately leading to adverse 
chemotherapy results [6].

Unlike chromosomal DNA, ecDNA lacking centromere 
and kinetosomes are randomly assigned to progeny cells 
because it is not dragged by spindle fi laments [56]. This 
helps cancer cells accumulate large copies of a gene quickly 
and in a short time. If the gene is the proto-oncogene that 
drives cancer, then the cancer cell may, under certain 
selective pressures, gain a superior survival advantage and 
quickly develop into a dominant clone. At the same time, the 
randomness of ecDNA allocation makes diff erent daughter 
cells carry diff erent numbers of ecDNA containing diff erent 
genes, which will lead to the simultaneous coexistence of 
cancer cells with diff erent genetic characteristics, leading to 
the emergence of tumor heterogeneity [57]. In conclusion, 
ecDNA contributes to tumor survival and dynamic evolution, 
which is an inevitable challenge for future clinical trial 
design and drug development.

eccDNA and oncogene expression

For many years, when studying tumor-driven events, 
attention has generally focused on changes in the coding 
regions of identifi ed genes [58], while chromatin topology, 
enhancers, and some non-coding regions beyond oncogene 
boundaries have not been studied [4]. Recent studies have 
shown that proto-oncogenes and enhancers can cyclize 
together to form ecDNA, which on the one hand, weakens 

Figure 1 Chromothripsis mediates drug-resistant tumor cells.
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the inhibitory eff ect of the repressor of gene expression 
and, on the other hand, strengthens the enhancer eff ect, 
thus promoting the expression of proto-oncogenes. For 
example, Morton, et al. [4] found that functional enhancers 
in glioblastoma often cyclized with oncogenes such as EGFR 
to weaken the inhibitory eff ect of suppressors, enhance the 
enhancing eff ect of enhancers, and improve the transcription 
effi  ciency of oncogenes. In addition, ecDNA-forming 
oncogenes tend to carry active histone modifi cations (such 
as H3K9Ac, H3K4me3, and H3K79me2) on their histone 
proteins, with few histone modifi cations that inhibit 
gene expression [59]. Wu, et al. [3] detected various active 
histone protein markers on ecDNA using high-throughput 
sequencing.

Morphological transformation of ecDNA

EcDNA and abnormal chromosomes are both carriers 
of oncogene proliferation in tumors, but the study of their 
relationship is still limited. Abnormal chromosomes are 
circular chromatids containing amplifi ed oncogenes that 
provide selective growth advantages for tumor cells. Another 
study revealed amplicon's structure and expression pattern 
in acute myeloid leukemia and found the possibility of 
microsomes evolving towards circular chromosomes [60]. 
Scientist observed the same phenomenon in diff erentiated 
liposarcoma [61]. In addition, in some cases, clustered DMs 
can form micronucleus [27]. During the G1 phase of the 
mitotic interphase, DMs are located in the periphery of the 
nucleus. However, if cells are treated with low concentrations 
of DNA replication inhibitors, a subset of DMs aggregates to 
form micronucleus independent of chromosomes [62]. The 
formation of a micronucleus may reverse the malignant 
characteristics of the tumor to achieve the purpose of 
treatment. EcDNA can also be dynamically reintegrated into 
chromophores, leading to genome remodeling. In 2017, 
Turner, et al. [23] combined fl uorescence in situ hybridization 

with second-generation sequencing to analyze the structure 
of the EGFRvIII amplicon. A key fi nding of their work was that 
after treatment with erlotinib, the ecDNA carrying EGFRvIII 
reintegrated into the chromosomes. When treatment with 
erlotinib is discontinued, ecDNA carrying EGFRvIII can 
be freed from the chromosome again (Figure 2). We think 
this amazing phenomenon may have something to do with 
tumor dormancy. Tumor dormancy refers to systemic or 
local tumor recurrence long after resection of the primary 
tumor. During this period, tumor growth is almost static, 
and patients live with tumors [63]. 

RESEARCH METHODS FOR eccDNA
The research on eccDNA is still at the stage of 

identifi cation and discovery. In order to identify and discover 
eccDNA, it is often necessary to evaluate the type and content 
of eccDNA in detected samples utilizing high-throughput 
sequencing. Since the content of eccDNA in cells and tissues 
is relatively low, the enrichment and purifi cation of circular 
DNA should be carried out fi rst before the study of eccDNA. 
At present, most methods for enrichment and purifi cation 
of eccDNA rely on the special circular structure of eccDNA. In 
general, after the total DNA in cells or tissues to be detected is 
separated, the linearized DNA can be removed by a nuclease 
that can remove linear DNA without degrading circular DNA 
[16], and then the eccDNA can be amplifi ed by rolling loop 
amplifi cation [16,24]. After amplifi cation, eccDNA can be 
quantifi ed by double-terminal sequencing by analyzing 
the unique link sites of circular DNA (Circy-map) [64] or 
copy number variation (e.g., Amplicon Architect) [65]. 
Another method does not require rolling loop amplifi cation 
to increase the copy number but uses Tn5 transposase to 
cut eccDNA [66]. This enzyme digestion method is easier 
to quantify than rolling loop amplifi cation because it does 
not require amplifi cation. The advantage of rolling loop 

Figure 2 Dynamic integration of EGFR gene induced by erlotinib mediates malignant proliferation of tumor cells.
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amplifi cation is that it is easy to fi x, but the disadvantage 
is that the repeated amplifi cation of DNA fragments will 
increase the signal-to-noise ratio [66]. 

CONCLUSION
Extragenomal circular DNA is a closed circular DNA 

molecule with single or double-stranded eukaryotes, which 
plays an important role in physiological and pathological 
processes. At present, researchers have reasonably speculated 
the formation process of eccDNA based on some phenomena 
and established relevant models. Further advances have been 
made in the function of eccDNA. Especially in 2019, Wu, et 
al. [3] and Morton, et al. [4] reported that ecDNA chromatin 
was more open than chromatids and carried functional 
enhancers, leading to the stronger transcriptional activity of 
oncogenes on ecDNA. These two discoveries have overturned 
the previous understanding that genes are located on 
chromosomes, pointing to a new direction and proposing a 
whole new idea for cancer treatment. However, there is still 
a lack of newer and more comprehensive methods to study 
the specifi c role of eccDNA in regulating physiological and 
pathological processes, and there are still many problems to 
be solved. For example, the specifi c molecular mechanism 
and post-processing of eccDNA synthesis and elimination 
have not been fully clarifi ed. There is a limited amount of 
eccDNA in a cell, so what is the endpoint of replication for 
eccDNA? Can diff erent types of eccDNA be converted to each 
other according to the needs of the cell? It is believed that 
eccDNA will be more and more widely used in the treatment 
of diseases and liquid biopsy in the future as these mysteries 
are revealed step by step.
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