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Abstract: In the past few decades, the studies of extrachromosomal DNA (ecDNA), which existed independently of 
chromosomes, were tepid. However, recent studies on ecDNA rekindled the enthusiasm of oncologists for further 
studying ecDNA. In this review, we summarized the recent advances of ecDNA in oncogenesis and oncotherapy. 
ecDNA consists of highly open chromatin, and its circular structure enables ultra-long-range chromatin contacts. 
ecDNA is not inherited in accordance with Mendel’s laws. Furthermore, ecDNA is widely existed in cancer cells, but 
almost never found in normal cells. It has been found that ecDNA played important roles in tumorigenesis and tumor 
progression, including oncogene amplification, tumor heterogeneity, enhancer hijacking and genomic rearrange-
ment. More importantly, ecDNA is closely related to cancer treatment resistance. In hence, further understanding 
of ecDNA would contribute to developing innovative targeting ecDNA therapies.
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Introduction

Extrachromosomal DNA (ecDNA), which was 
first described over 50 years ago, has gradual- 
ly attracted scientists’ extensive attention re- 
cently [1-3]. In 1965, during the examination  
of chromosomes, which were directly prepared 
from human tumors, COX D et al. encountered 
a curious phenomenon: in addition to the 
apparently structurally intact chromosomes, 
there were some, sometimes in large numb- 
ers, very small double chromatin bodies [3]. 
Afterwards, researchers named them ecDNAs, 
this refers to DNAs those exist independently  
of chromosomes according to the definition. 
Although ecDNA had been readily observable, 
technical limitations seriously hampered the 
detailed and further studies of ecDNA, for in- 
stance, because ecDNA is so small that it was 
hard to detect it under a conventional micro-
scope, the real face of ecDNA and where it 
came from were still a mystery. With the rapid 

development and wide application of various 
advanced experimental technologies and eq- 
uipment such as whole genome sequencing 
(WGS), structural modelling, cytogenetic analy-
ses and ECdetect (a semi-automated image 
analysis software package for cytogenetic anal-
yses), numerous studies had been conducted 
to investigate the structure, features and bio-
logical functions of ecDNA [4-7], Studies on  
the relationship between ecDNA and cancer 
biology presented some breathtaking findings, 
which were highly valued in the field of oncolo-
gy. For example, ecDNA played crucial roles in 
driving tumor evolution [4, 8], accelerating 
tumor progression [9] and cancer treatment 
resistance [10, 11].

In this review, we focused exclusively on ecDNA 
and its special and important roles in tumori-
genesis and therapeutic resistance of cancers, 
and expected to provide novel insights for de- 
veloping new approaches to improve anticancer 
outcomes.
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Biogenesis and characteristics of ecDNA

Since ecDNA was been exposed, a few resear- 
ch groups have attempted to investigate its  
biogenesis and characteristics, thus facilitated 
the emergence of some advanced technologies 
and easy-to-use tools.

Initially, CsCl gradient purification and electron 
microscopy imaging were used to detect the 
existence of ecDNAs [3, 12-14]. Jeon Y et al. 
demonstrated that fluorescence in situ hybrid-
ization (FISH) was a sensitive and useful meth-
od in discovering and monitoring double min-
utes (DMs, a small fragment of ecDNA) [15]. In 
2017, Turner KM et al. developed a software 
package called ECdetect which could provide 
insights into the biology of ecDNA in human 
cancers [4, 7]. Soon afterwards, Pu L et al.  
constructed the SDquest algorithm for seg-
mental duplication finding, and they found that 
some segmental duplications might originate 
from ecDNA, not dissimilar to ecDNA that con-
tributed to accelerating cancer evolution [16]. 
Møller HD et al. introduced an innovative meth-
od entitled Circle-Seq for purifying ecDNA with 
high sensitivity [17], Khatami F et al. deemed 
that isolation and characterization of ecDNA 
would be possible by Circle-Seq [18]. With the 
use of computational analysis of WGS data 
from cancer patients, Kim H et al. found that 
oncogenes were highly enriched on amplified 
ecDNA, and the most common recurrent onco-
gene amplifications arose on ecDNA [6].

By means of the above experimental methods 
and detection techniques, the biogenesis of 
ecDNA was described but not fully elucidated. 
Previous studies indicated that ecDNA might 
derive from some form of micro homology di- 
rected repair, because a large percentage of 
ecDNAs, whose levels had been known to in- 
crease with the addition of carcinogens [19], 
contained or were proximal to short direct re- 
peats [20, 21]. However, van Loon N et al. 
observed that a significant portion of ecDNA 
fragments cloned from HeLa S3 cells were 
composed entirely of nonrepetitive or low-copy 
DNA sequences [22]. Hull RM et al. demon-
strated that yeast aged under environmental 
copper accumulated high levels of ecDNA con-
taining the copper-resistance gene CUP1 [23]. 
In 2015, Meng X et al. revealed that depletion 
or inhibition of DNA-PKcs, a key protein partici-

pated in non-homologous end joining (NHEJ), 
caused the reduction of dihydrofolate reduc-
tase (DHFR) amplification, the disappearance 
of DMs, and the increased formation of micro-
nuclei or nuclear buds, which increased the 
sensitivity of colon cancer to methotrexate 
(MTX), their results indicated for the first time 
that NHEJ played a specific role in ecDNA for-
mation [24]. In 2019, Cai M et al. found that, 
compared with MTX-sensitive colon cancer ce- 
lls, DM-containing MTX-resistant colon cancer 
cells had significantly increased homologous 
recombination (HR) activity, and the inhibition 
of HR through BRCA1 silencing led to the de- 
creased numbers of ecDNA, but had no effect 
on intrachromosomal amplification in MTX-re- 
sistant colon cancer cells [25].

Furthermore, under the painstaking research 
of scientists, characteristics of ecDNA had 
been gradually thoroughly studied and sum- 
marized as follows [5, 10, 26-29]: First, unlike 
DNA, which is compressed like a cookie in ch- 
romosomes, ecDNA is circular with sizes ran- 
ging from several hundred kilobases to five 
megabases, it’s kind of like a plasmid in a ba- 
cterium. Second, ecDNA enables ultra-long-
range chromatin contacts. The circular struc-
ture of ecDNA causes two genes that might  
be far apart in linear DNA suddenly meet, and 
this situation will undoubtedly disrupt the ori- 
ginal regulatory mechanisms of DNA expres-
sion and also lead to abnormal expression of 
some genes. Third, ecDNA consists of highly 
open chromatin. Although ecDNA has histone 
partners and chromatin structures, it is rela-
tively open and particularly easy to express, 
which leads to the expression of oncogenes  
on ecDNA in large quantities. Furthermore, rel-
ative to chromosomal amplicon, ecDNA is less 
stable. Moreover, because of the lack of cen- 
tromeres, ecDNA is not inherited in accordan- 
ce with Mendel’s laws, and its genetic materi-
als segregate unequally to daughter cells, this 
could lead to a daughter cell acquiring a large 
amount of ecDNAs, which may contain all onco-
genic genes, and therefore the daughter cell is 
even more harmful (Figure 1) [30].

The role of ecDNA in tumorigenesis and tumor 
progression

In the past few decades, the studies of ecDNA 
were tepid. Until 2014, the team of Paul S. 
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Mischel, a professor of the Ludwig cancer insti-
tute at the University of California, restudied 
ecDNA, they found that ecDNA was related  
with drug resistance in cancer treatment, and 
could affect the effectiveness of targeted th- 
erapies related to the epidermal growth factor 
receptor (EGFR) gene [10]. The exciting re- 
sults put ecDNA back to the sights of oncolo- 
gists.

90% [4], suggesting that the in vivo tumor en- 
vironment may somehow contribute to ecDNA 
maintenance [31]. 

ecDNA relieved heredity constraints and con-
tributed to dynamic cancer evolution

Studies have shown that the complexity of can-
cer was induced by the tumor heterogeneity 

Figure 1. Schematic diagram of hereditary differences between chromo-
some and ecDNA. When the oncogene is on a chromosome, the sister chro-
matids attached to the centromeres are equally divided into two daughter 
cells because of the pull of spindle fibers during mitosis, this is a classic 
Mendel’s law. But when the oncogene is located on ecDNA, the ecDNA rep-
licates with the chromosome, the spindle fibers can’t hold on to it because 
there is no centromere, which leads to the ecDNAs after replication being 
randomly divided into two daughter cells during cell cleavage.

Figure 2. Prensence of ecDNA in human cancers. ecDNA is existed exten-
sively in multiple cancers. In addition to glioblastoma, lung cancer, renal can-
cer, colon cancer and melanoma own ecDNA, men with prostate cancer and 
women with breast cancer or ovarian cancer also possess ecDNA.

ecDNA was frequently found-
ed across multiple cancers

In 2017, professor Paul S. Mi- 
schel’s team integrated WGS 
of multitudinous cancer cell 
lines, patient-derived tumor 
cell cultures and tumor tis-
sues from a range of cancer 
types with bioinformatic and 
cytogenetic analysis of num- 
erous cancer cells and norm- 
al cells in metaphase, they fo- 
und that nearly half of human 
cancers owned ecDNAs (Figu- 
re 2), approximately 30% of 
the ecDNAs were paired DMs, 
and their frequency varied by 
cancer types, with substan-
tially higher levels in patient-
derived cultures, glioblasto- 
ma had a high proportion of 
ecDNAs, while colon cancer 
had a low proportion of ecD-
NAs, but ecDNA was almost 
never found in normal cells. 
Moreover, the research team 
discovered that, there were no 
significant associations bet- 
ween ecDNA level and primary 
tumor or metastatic status; 
untreated or treated samples; 
un-irradiated or post-irradiat-
ed tumors [4]. Analogously, 
Kim H et al. found that ecDNA 
amplification frequently occu- 
rred in most cancer types but 
not in blood or normal tissue 
[6]. It was a wonder that, the 
ecDNA-positive proportion of 
established cell lines passed 
through multiple generations 
was only 40%, but cultures 
derived from cancer patients 
contained higher levels of ec- 
DNA, and the ecDNA-positi- 
ve proportion could be up to 
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emanating at different levels including at the 
molecular, genomic and epigenomic level [31-
34]. Tandon I et al. holden the opinion that, 
besides genomic instability within the chromo-
somal linear DNAs, the extra heterogeneity 
within cancer cells in the form of a great deal of 
ecDNAs added another dimension to the ex- 
pression of precancerous players acting as a 
driver for cancer cell survival and proliferation 
[31]. deCarvalho AC and his colleagues per-
formed a comprehensive genomic and tran-
scriptomic analysis of tumor samples from pa- 
tients diagnosed with glioblastoma and ortho-
topic xenograft models established from early-
passage neurospheres, their results showed 
that oncogenic ecDNA was frequently retained 
throughout the course of glioblastoma, extra-
chromosomal elements allowed rapid increase 
of genomic heterogeneity during the evolution 
of glioblastoma, independently of chromosom-
al DNA alterations [35]. Xu K et al. performed 
in-depth analyses of the populations of differ-
ent DMs in the paired tumors in glioblastoma 
patients, their results suggested that DMs re- 
adily evolved and increased tumor heterogene-
ity rapidly [36]. Wu S et al. [27] integrated RNA 
sequencing with WGS from cancer cell lines 
and from The Cancer Genome Atlas (TCGA)  
clinical tumor samples of diverse histological 
types, they revealed that genes encoded on 
ecDNA, especially authentic oncogenes such 
as EGFR, MYC, CDK4 and MDM2, were among 
the top 1% of genes expressed in cancer ge- 
nomes, besides, compared with the same ge- 
nes when they were not amplified by circulari- 
zation, oncogenes amplified on ecDNA had 
markedly increased numbers of transcripts, 
owing to its increased DNA copy numbers, and 
thus increased the intratumoral heterogeneity 
and accelerated cancer evolution.

To sum up, the heterogeneity provided tumors 
with a pool of genomic alterations that might 
help them to response to microenvironment-
induced and therapy-induced stress factors 
and perhaps provided an evolutionary advan-
tage [37-39].

Enhancer hijacking of ecDNA promoted cancer 
development

Enhancer hijacking is an efficient mechanism 
driving oncogene activation in cancer [40, 41], 
whereas the studies on its role in the biological 
function of ecDNA is relatively few.

In 2019, professor Peter C. Scacheri of Case 
Western Reserve University and professor Je- 
remy N. Rich of the University of California dis-
covered that the ecDNA presented in glioblas-
toma contained not only the EGFR gene, which 
promoted cancer development [42, 43], but 
also a number of regulatory elements such  
as enhancer sequences. Even more surpris- 
ing, some of the sequences were not originally 
around the EGFR gene, they were more likely to 
be hijacked from various parts of the genome 
to specifically enhanced oncogenes. In order  
to understand the function of these regulatory 
elements, the researchers silenced them one 
by one using clustered regularly interspaced 
short palindromic repeats (CRISPR) gene-edit-
ing technology, and found that almost every 
regulatory element promoted tumor growth. 
Similar phenomena were found in a variety of 
cancer types, most commonly the MYC gene  
in medulloblastoma and the MYCN gene in ne- 
uroblastoma [44]. This study is the first to re- 
veal the important role of enhancer hijacking in 
the carcinogenic effects mediated by cycled 
amplification of oncogenes, and this mecha-
nism greatly expand the dynamic plasticity of 
regulation of oncogene expression in space, 
showing the key role of the global regulatory 
network as a functional unit in the occurrence 
and development of cancer that transcends 
commonly defined genetic boundaries. 

Hence, the view of cancer treatment should  
be broadened in the future, besides targeting 
oncogenes, more attention need to be paid to 
how to turn off the enhancer switches that turn 
on oncogenes. 

Extrachromosomal oncogene amplification ac-
celerated cancer progression

Amplification, a mutation by which a cell ac- 
quires multiple copies of part of its genome, is 
one of the mechanisms by which proto-onco-
genes may be activated in cancer cells [45, 46]. 
Oncogene amplification, one of the most com-
mon drivers of tumorigenesis by facilitating 
cancer cells with specific growth advantages 
through overexpression of oncogenes and fun- 
ctional elements [47, 48], is often mediated 
through focal amplification of genomic seg-
ments [49, 50].

Accumulation of ecDNA is often responsible for 
gene amplification in cancers, and the potential 
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mechanisms were partially elucidated. Zou HY 
et al. identified that platelet derived growth  
factor receptor α gene was frequently amplifi- 
ed and maintained on ecDNAs as DMs in brain 
tumors and cell lines derived from brain tumor 
tissues, suggesting its occurrence as an early 
mutational event contributing to the malignant 
transformation of oligodendrocyte precursor 
cells [51]. In the study of Turner KM et al., they 
detected that driver oncogenes were amplified 
most commonly in ecDNA, thereby increasing 
transcript levels, and the mathematical model-
ling predicted that ecDNA amplification would 
not only enhance the intratumoral heterogene-
ity, but also increase the copy number of onco-
gene more effectively than chromosomal am- 
plification, which was validated by quantitative 
analyses of cancer samples [4]. 

Previous studies of ecDNA focused almost ex- 
clusively on its positive effect on the abun-
dance of the oncogenes themselves, while less 
attention has been paid to the potential value 
of the non-coding sequences amplified with 
oncogenes, especially the enhancers charac-
terized by flexible mode and wide range of ac- 
tion [52, 53]. In 2019, using a combination  
of ChIP-seq, 4C-seq and CRISPR interference 
screening, Morton AR et al. performed a com-
prehensive survey of the patterns of coamplifi-
cation around oncogenes and investigated the 
role of co-amplifications in gene regulation, 
regulatory element acquisition, chromatin to- 
pology, and their impact on cell fitness, they 
found that oncogene amplifications were sh- 
aped by regulatory dependencies in the non-
coding genome, the oncogenes amplified on 
ecDNA selected for existing and new regulatory 
interactions that promoted cancer growth [44].

In summary, oncogene amplification on ecDNA 
is a frequent occurrence in many cancer types, 
and the presence of amplified oncogenes on 
ecDNA has clinical significance.

ecDNA was an unanticipated major source of 
genomic rearrangements in cancer

Genomic rearrangements are alterations of 
large genomic segments, sometimes spanning 
megabases [54]. Somatic rearrangements of 
the cancer genome are important drivers of 
oncogenesis. For example, some translocati- 
ons lead to oncogenic gain-of-function that can 
act as critical cancer drivers and potential ther-
apeutic targets [55, 56].

In order to investigate the relationship be- 
tween ecDNA and genomic rearrangement, so- 
me studies were conducted recently. In 2014, 
Vogt N et al. studied a xenografted human oli-
godendroglioma where the co-amplification of 
the EGFR and MYC loci was present in the fo- 
rm of DMs at early passages and of homoge-
neously staining regions (HRS) at later passag-
es, they uncovered that, during the formation  
of DMs and their transformation into HRS, the 
amplified regions underwent multiple rearran- 
gements and deletions [57]. In the process of 
describing the landscape of ecDNA in neuro-
blastoma, Koche RP et al. accidentally detect-
ed that ecDNA was an unanticipated major 
source of somatic rearrangements, contribut-
ing to oncogenic remodeling through chimeric 
circularization and reintegration of circular DNA 
into the linear genome, cancer-causing lesions 
could emerge out of circle-derived rearrange-
ments and were associated with adverse clini-
cal outcomes [58]. It was highly probable that 
circle-derived rearrangements represent an 
ongoing mutagenic process. Thus, ecDNA re- 
presented a multihit mutagenic process, with 
important functional and clinical implications 
for the origins of genomic remodeling in can- 
cer.

However, the research on this topic should be 
further extended to more cancer types in the 
future, so as to provide new strategies for fur-
ther elucidating other functions of ecDNA.

ecDNA may be closely related to cancer treat-
ment resistance 

When it comes to tumor therapeutic resistan- 
ce, the most common mechanisms, excluding 
pharmacokinetic factors, are that tumors de- 
velop new genetic mutations or activate a  
compensatory survival pathway [59, 60]. Sur- 
prisingly, several high-quality articles publish- 
ed recently identified a key code, the presence 
of ecDNA promoted the invasiveness of cancer 
cells and played an important role in resisting 
external threats, such as chemotherapy, radio-
therapy and other treatments. 

In 2014, Nathanson DA et al. demonstrated 
that glioblastoma cells resistance to EGFR  
tyrosine kinase inhibitors was due to cancer 
cells reversibly eliminated mutant EGFR from 
ecDNA, after drug withdrawal, reemergence  
of clonal EGFR mutations on ecDNA followed, 
thus conferred distinct cellular phenotypes to 
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reach an optimal equilibrium for growth. These 
results indicated that cancer cells could evade 
therapies that targeted oncogenes maintained 

containing cells caused disappearance of DMs 
and increased cells’ sensitivity to MTX (Figure 
3) [24].

Figure 3. Novel role of NHEJ in formation of ecDNA in therapeutic resistance of cancers. ecDNA-containing cancer 
cells express higher level of proteins associated with NHEJ, which can promote the repair of DNA double-strand 
break (DSB) induced by radiotherapy and chemotherapy, and then lead to the occurrence of therapeutic resistance. 
However, depletion or inhibition of DNA-PKcs, a key NHEJ protein, can cause the disappearance of ecDNA and the 
inhibition of DSB repair by NHEJ, thus increase cancer’s sensitivity to treatment and induce cancer cell apoptosis.

Figure 4. Functions of ecDNA in tumors. ecDNA plays important roles in tu-
morigenesis and tumor progression by virtue of several approaches, for ex-
ample, ecDNA relieves heredity constraints and contributes to dynamic can-
cer evolution; enhancer hijacking and oncogene amplification of ecDNA can 
accelerate cancer development. Besides, ecDNA is an unanticipated major 
source of genomic rearrangements in cancer. More importantly, cancer cells 
potentially evade therapies that targeted oncogenes maintained on ecDNA 
by a highly specific, dynamic and adaptive pathway and thus induce treat-
ment resistance.

on ecDNA by a highly speci- 
fic, dynamic and adaptive pa- 
thway [10]. Study has shown 
that significant increasement 
in the number of DHFR copies, 
up to several dozen copies, 
can be found in MTX-resistant 
tumor samples [61], however, 
these increased copy num-
bers could not only appear on 
chromosomes, but also exist 
as ecDNA, as shown in the 
research results of Miguel A 
Peinado’s team. They evalu- 
ated the association betwe- 
en different genetic features 
and the capacity to develop 
MTX resistance in three an- 
euploid cell lines (HT-29, SW- 
480 and SK-CO-1) represen-
tative of alternative genetic 
pathways, and found that on- 
ly HT29 cell developed MTX 
resistance, showing amplifi- 
cation of the DHFR gene at 
5q12-14 (>20-fold amplifica-
tion and presence of ecDNA) 
[62]. Meng X et al. demonst- 
rated that the depletion or in- 
hibition of DNA-PKcs of DM- 
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Therefore, innovative targeting ecDNA therapy 
may be the fourth revolution in cancer treat-
ments after radio-chemotherapy, targeted ther-
apy and immunotherapy. 

Conclusions

In recent years, tremendous and major break-
throughs have been made in the field of ecDNA. 
As more and more study results were reported, 
ecDNA is revealing itself in fascinating ways. 
There are growing evidences support that ec- 
DNA is existed extensively in multiple cancers 
and play distinctive and important roles in 
tumorigenesis and cancer’s therapeutic resis-
tance (Figure 4). However, knowledge of the 
characteristics of ecDNA and its functions in 
development and treatment of malignant tu- 
mors merely represent the tip of the iceberg, 
and the above unprecedented glimpses into 
ecDNA open up new questions about their  
roles in malignancy. For example, by which  
specific mechanism tumors maintain ecDNA 
homeostasis? In which way do cancer cells 
dynamically regulate the amount of ecDNA? 
Unfortunately, there is no research provides a 
definitive answer to the questions so far. As  
an ideal target for tumor therapy, it is strongly 
necessary to unveil the mysteries of ecDNA. 
Therefore, numerous endeavors and unremit-
ting explorations are required to explore the 
underlying molecular mechanisms of ecDNA, 
and this might help to develop excellent anti-
tumor strategies that either prevent carcinoma 
progression or overcome therapy resistance 
through directly targeting ecDNA.
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