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Abstract: More and more extrachromosomal DNA (ecDNA) was found in human tumor cells in recent years, which
has a high copy number in tumors and changes the expression of oncogenes, thus different from normal chromo-
somal DNA. These circular structures were identified to originate from chromosomes, and play critical roles in rapid
carcinogenesis, tumor evolution and multidrug resistance. Therefore, this review mostly focuses on the biogenesis
and regulation of extrachromosomal oncogene in ecDNA as well as its function and mechanism in tumors, which are
of great significance for our comprehensive understanding of the role of ecDNA in tumor carcinogenic mechanism
and are expected to provide ecDNA with the potential to be a new molecular target for the diagnosis and treatment

of tumors.
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Introduction

Extrachromosomal DNA (ecDNA) refers to the
extrachromosomal particles carrying genes ori-
ginated from the chromosomal genome, which
have been proven to be a kind of circular DNA
molecule and participate in physiological or
pathological processes in a special way [1-6],
including double minutes, single body forms
and forms lacking centromere or telomere [4].
As early as the 1970s, small double minutes
were observed in the process of tumor cell divi-
sion [5, 7, 8], in addition to the complete struc-
ture of chromosomes, accounting for 30% of
ecDNA [1]. In addition to the extrachromosom-
al DNA formed by the shedding of proto-onco-
genes from chromosomes, the human body
also contains mitochondrial DNA [9], and non-
organelle extrachromosomal elements (includ-
ing t-loops, 5S rDNA, spcDNA, microDNA) [5, 7,
9-12], which are called extrachromosomal cir-
cular DNA (eccDNA), which are extrachromo-
somal particles different from ecDNA originat-

ing from chromosomes, and the circular form
is invisible under a light microscope. The size
of ecDNA found in tumors is 100-to-1000-fold
larger than eccDNA and is usually in the range
of 1-3 Mb or larger [4, 6]. ECDNA always carries
multiple copies of oncogenes that drive tumor
growth and survival and plays important roles
in promoting tumor occurrence and develop-
ment [1, 2, 4]. This review mainly summarizes
the biogenesis, regulation principles, functions
and molecular mechanisms of extrachromo-
somal oncogene in ecDNA in tumors and ana-
lyzes its clinical value and application prospects
in cancer.

EcDNA leads to the high expression of onco-
genes in tumor

EcDNA is specific to tumor

In human cells, the overexpression of oncoge-
nes leads to the formation of malignant ones
[3, 4]. EcDNA, which appears much more fre-
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Table 1. Oncogenes expressed on ecDNA and their functions

Name of gene Function related to tumor Refs.
MYC Promote cell proliferation and inhibit apoptosis [1-4, 6, 22-31]
MYCN Promote G1/S phase progression and tumor invasion [2, 4, 13-15, 32-34]
EGFR Promote tumor growth, inhibit apoptosis, lead to tumor drug resistance [1-4, 6, 19, 20, 24, 35-37]
PEGFRA Promote tumor proliferation and increases the adaptive potential of tumor cells [2, 4, 35, 38]
Mecom-PIK3CA-SOX2 gene cluster Promote tumor metastasis and recurrence [2, 4]
CDK4-MDM?2 gene cluster Promote drug resistance in tumors [2, 4, 6, 36]
REL Promote tumor cell development and proliferation [46]
ERBB2 Promote tumor growth and proliferation [1, 35]
MDR1 Promote multidrug resistance in tumors [47, 48]
CAD Promote multidrug resistance in tumors [40, 49, 50]
DHFR Promote tumor cell resistance to methotrexate [39-41]
MET Promote the proliferation of tumor cells [2,4,21)]
CyclinD2 Promote tumor cell cycle progression and proliferation [39, 51]
GBAs Maintain the malignant features of the tumor [6]
VOPP1 Promote tumor cell survival [6]
MRPS17 By encoding mitochondrial ribosomal proteins, promoting tumor growth [6]
LANCL2 Promote multidrug resistance in tumors [6]
ZNF713 Involved in transcriptional regulation and tumorigenesis [6]
SEPT14 Regulate the proliferation or apoptosis of tumor cells [6]
CCND1 Promote tumor cell cycle progression and proliferation [1, 35]
CCND3 Promote tumor cell cycle progression and proliferation [1]
CCNE1 Promote tumor cell cycle progression and proliferation [1, 35]
ATM Promote tumor cell cycle progression, proliferation, and tumor growth [1]

quently than expected, may be the “culprit”
exacerbating the process. High-throughput se-
quencing was used to find that ecDNA is pres-
ent in nearly one-half of human tumors, includ-
ing those in neuroblastoma [13-15], colorectal
cancer [16, 17], ovarian cancer [18, 19] and
glioblastoma [2, 20, 21]. Its frequency varies
with tumor type [3], but ecDNA is rarely seen
in normal cells [1]. Similar to DNA on chromo-
somes, ecDNA guides gene transcription and
induces gene expression to play certain tumor-
promoting functions in the formation and devel-
opment of malignant tumors [13, 16].

High copy number of oncogenes in ecDNA

Increasing data indicate that the rapid increase
in the copy number of oncogenes in ecDNA is
an effective and frequent gene amplification
mechanism. For example, more than 200 onco-
genes can be copied in HL60 cell lines [22],
and many kinds of oncogenes in ecDNA ampli-
fied (Table 1), mainly includes MYC [1-4, 6,
22-31], MYCN [2, 4, 13-15, 32-34], EGFR [1-4,
6, 19, 20, 24, 35-37], PDGFRA [2, 4, 22, 38],
MET [2, 4, 21] and DHFR [39-41] and Mecom-
PIK3CA-SOX2 gene cluster [2, 4] and CDK4-
MDM?2 gene cluster [2, 4, 6, 36]. In the study of
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mitochondrial organelle DNA copy number, it
has been found that a change of mitochondri-
al DNA copy number leads to mitochondrial
dysfunction, thus affecting the phenotype of
tumor cells, but no high copies of the oncoge-
ne similar to that in ecDNA were found in mito-
chondria [42-44]. In the early stage, it was
found that only some tumor cells show exten-
sive ecDNA replication and highly express on-
cogenes, but it is not clear whether the mRNA
is generated from ecDNA transcription. Pan-
cancer analyses showed that [1], the oncoge-
nes encoded by ecDNA are among the most
highly expressed genes in the transcriptome of
the tumors [6]. In addition, by combining the
data of whole genome sequencing and RNA
sequencing, Wu and his colleague proved that
a large amount of transcribed oncogene mRNA
was directly derived from ecDNA, not from the
original sites of these genes on chromosomes,
and this finding was verified in a large number
of TCGA clinical samples [1]. We propose that,
compared with the oncogene amplification in
normal chromosomes, extrachromosomal on-
cogene amplification may increase the likeli-
hood that a subpopulation of cells express the
oncogene, enabling tumors to adapt to variab-
le environmental conditions effectively to maxi-
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mize their proliferation and survival [22, 36,
45]. Therefore, with the passage of time, the
tumor gradually becomes more aggressive and
more difficult to treat [1], and the prognosis
becomes commensurately worse, however, ch-
romosome amplification is difficult to achieve
[4, 4].

Effects of ecDNA differences on tumor hetero-
geneity

EcDNA is different from normal chromosomal
DNA in that it has no centromere structure [5,
22], causing ecDNA to be randomly segregated
in daughter cells, possibly through a binomial
model [14], resulting in nonuniform inheritance
[52]. Through interphase fluorescence in situ
hybridization (FISH) of tumor samples and Pa-
tient-Derived tumor Xenografts (PDXs), it was
observed that the number of fluorescence sig-
nals in each nucleus varies greatly, ranging fr-
om 2 to 100 [2]. This heterogeneity strongly
suggests that tumor cells form different tumor
cell subpopulations diverge during mitosis, and
the targeted gene DNA copy number in each
cell also differs. Progeny cells may inherit ec-
DNA with a higher copy number of the driving
oncogene, thus obtaining a proliferation ad-
vantage affecting the oncogenic potential of
the cells [1, 2, 35]. Scanning electron micros-
copy revealed the clustering of double minutes
(DMs) during metaphase in some tumor cells.
When chromatids are separated from the eqg-
uatorial plane, DM clusters adhere to chromo-
somal telomeres and are transported to spin-
dle poles through this connection [53, 54], re-
sulting in an uneven distribution in daughter
cells. In addition, the size of ecDNA differs,
and for specific tumors, intercellular variation
may also exist, leading to a rapid increase in
genomic heterogeneity [2, 20].

The mechanism of high expression of ecDNA
oncogene in tumors

In tumors, oncogenes are highly expressed in
ecDNA, and the mechanism is relatively com-
plex, not only due to the increase of copy num-
ber, but also due to the high transcriptional
activity of ecDNA itself, of which the spatial
structure, regulatory elements and epigenetic
modification of ecDNA play a key role. In addi-
tion, the regulation of mRNA stability and pro-
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tein levels also promote the expression of on-
cogenes in ecDNA (Figure 1).

Regulation of copy humber

The biogenesis of ecDNA is caused by the dele-
tion of chromosomal DNA, resulting in the cor-
responding deletion of chromosomal sequence,
or by a replication mechanism. The mechanism
that leads to a very high copy number of onco-
genes in tumors is not very clear. We summa-
rized the formation mechanism of ecDNA main-
ly from three aspects, including chromosomal
region replication, chromosomal extra DNA rep-
lication, and extra-chromosomal DNA replica-
tion. So far, no uniform replication methods of
ecDNA have been reported. In addition to se-
miconservative replication, rolling-circle repli-
cation is likely to be a critical mode for ecDNA
replication. The study of ecDNA formation and
replication has important research value and
clinical significance, as it may lead to the abi-
lity to block the production of ecDNA on the
source, and thus to treat tumors.

Replication of chromosomal regions: Currently,
all the evidences indicate that the formation of
ecDNA is largely related to DNA damage, es-
pecially DNA double-strand breaks (DSBs) [19,
24, 41, 55]. A literature reported that lagging
chromosomes can cause chromosome disrup-
tion in micronuclei, and then, through non-ho-
mologous end joining (NHEJ) mediated DNA re-
pair promotes micronucleus-derived chromo-
some fragmentation to establish reconnection
[56], thus forming ecDNA in offspring cells
(Figure 2A). In addition to the ecDNA produced
by DSBs caused by lagging chromosome, other
factors, such as oxidative stress, senescence,
carcinogens, DNA replication inhibitors and pr-
otein synthesis inhibitors, can lead to the for-
mation of eccDNA [57-60]. It is known that
eccDNA is different from ecDNA, and research
on ecDNA is currently very limited. The ampli-
fied regions of DNA are derived from repeated
and multiple replications of DNA, resulting in
multiple copies of a particular gene [61]. In tu-
mor cells, fragments can be amplified within
chromosomes or they can be amplified in a
manner that leads to the formation of ecDNA
[3]. Some models suggest that the generation
of ecDNA may be due to the removal of corre-
sponding fragments from chromosomes during
the G1 or G2 phase, and the high copy number
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Figure 1. The mechanism of high expression of ecDNA oncogene. It is summarized from DNA level, transcriptional
level, post-transcriptional level, translation level and post-translation level.

of DMs has been explained by the replication-
excision model, which is based on chromoso-
me regions during DNA replication [34, 62-65]
(Figure 2B). The initial formation of extrachro-
mosomal DNA molecules is caused by the cycli-
zation of a single segment associated with in-
trachromosomal deletion, including the ampli-
fied but larger than this sequence, and the
fusion of several syntenic or nonsyntenic DNA
segments without further rearrangement of the
chromosome or genetic correction of the dele-
tion has also been observed [19, 37]. In the
formation of loop amplicons, non-homologous
end joining (NHEJ) [37, 57, 66, 67] and micro-
homology-mediated end-joining (MMEJ) [19,
37] are the dominant mechanisms [24]. Anoth-
er model suggests that circular DNA is gener-
ated by chromosome breakage on replication
bubbles containing stalled replication forks
[68], in which case, each circular element con-
sists of two copies of the amplified sequence
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connected in opposite directions (Figure 2C).
Therefore, the replication of chromosome re-
gions is the main mechanism of ecDNA pro-
duction.

Chromosome extra DNA replication: A circular
DNA molecule may be a product of recombi-
nation within the chromosome or extra copies
formed by ectopic replication resumption (Fi-
gure 2D). Each replication starting point in eu-
karyotic cells is generally activated only once
in each cell cycle, however, an extra round of
DNA replication (replicon misfiring) can occur
within any given chromosomal region. It has
been found that extra copies of chromosomal
domains produced by the misfiring of replicons
can be converted into extrachromosomal chro-
matin fragments through the general recombi-
nant enzyme system or special repair-type me-
chanisms [69]. Oncogenes are overabundant
in drug-resistant cells, and some of these extra
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Figure 2. EcDNA production pattern. A. Under the pressure of replication, the double strands of chromosomal DNA
are broken, and the extrachromosomal DNA is formed by non-homologous end joining. B. G1 or G2 chromosome
segments are excised and cyclized to form ecDNA. Upper pathway: G2 chromosome fragment excision; lower path-
way: G1 chromosome fragment excision. Rectangle on chromosome: deletion of chromosome segments. C. Chro-
mosome breaks on replication bubbles form ecDNA. Arrows: replication fork movement direction; dotted triangles:
replication fork position. D. Chromosome extra DNA replication (replicon misfiring). Extra copy excision produces
ecDNA. E. A potential mechanism of ecDNA replication through the rolling ring model as eccDNA, however, it needs
to be further confirmed in the future.

oncogenes are also present in ecDNA. These me cells acquire a higher number of copies
accumulated copies of oncogenes are most [69].

likely the result of frequently misfired repli-
cons, with each misfiring resulting in an addi-
tional functional copy of the gene and its chro-

Replication regulation of DNA outside chro-
mosome: DMs constitute some of the ecDNA.

mosomal domain [70, 71]. A similar phenome-
non has been found in resistant cells [72].
Thus, chromosome extra DNA replication is al-
so an important regulator of ecDNA high copy.
Extra copies of genes in ecDNA are randomly
distributed during mitosis, and as a result, so-
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Wahl and his colleagues found that DMs are
composed of submicroscopic circular precurs-
ors called “episomes” [22], suggesting that
“episomes” containing the MDR1 oncogene
are subject to the same replication mechani-
sm (semiconservative replication) as regular
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chromosomes, with approximately one replica-
tion per cell cycle [73]. Thus, their accumula-
tion in tumor cells is not due to disproportion-
ate DNA synthesis [54]. Structural studies of
extrachromosomal DNA elements have shown
that the initial amplification of extrachromo-
somal circular DNA derived from the chromo-
some may be proceed by various chromosomal
breakage pathways. Once the initial amplicon
is formed, it can be replicated autonomously
[49], with an increase in copy number and a
surge in tumor cells [74] (Figure 3A). In contrast
to the chromosomal DNA copied at the chro-
mosomal origin, plasmid DNA is independent
of origin and is produced by rolling-circle repli-
cation [75]. Studies have suggested that eccD-
NA seems to replicate through the rolling ring
mechanism [76], such as extrachromosomal
t-loops [77], 5S rDNA [78], spcDNA [10, 79],
and microDNA [66] (Figure 2E). Whether the
copy number of ecDNA is increased by the roll-
ing ring mechanism as eccDNA, which need to
be further confirmed in the future.

Regulation of transcriptional level

In the study of the small circular DNA fragments
(kilobase sized) edited by CRISPR-Cas9 [80],
it was found that the genes encoding the en-
hanced green fluorescent protein were silent at
the transcriptional level, which is quite different
from the large fragments of ecDNA containing
oncogenes and regulatory elements that have
been our focus in this review. In cancer cell lin-
es and clinical samples, the transcription le-
vels of oncogenes amplified in ecDNA are high-
er than those of the same genes that have not
been amplified by chromosome cyclization, whi-
ch can increase the transcriptional abundance
of oncogenes such that they constitute the top
1% of the whole cancer genome [1, 2, 4, 6].
Therefore, the regulation of the transcriptional
level of the oncogenes in ecDNA is an impor-
tant mechanism for their increased expressi-
on. Specifically, the increase of oncogene tran-
scription level on ecDNA is mainly reflected in
the following three aspects, including chroma-
tin conformation, regulatory elements and epi-
genetic modification of ecDNA.

The open conformation of ecDNA chromatin:
Chromatin conformation also affects the acc-
essibility of DNA to transcriptional regulatory
mechanisms [6]. Changes in the spatial struc-
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ture of chromatin, including the destruction of
the boundary of topological associating do-
mains (TADs), are related to the pathogenesis
of tumors [81]. The PLAC-seq/HI-ChIP method
was used to prove that ecDNA also forms the
same 3D functional domain as chromosome
DNA, which is called topologically associating
domains (TADs) [6, 81]. In addition, virtual 4C
and actual 4C-seq also demonstrated that cir-
cular ecDNA can produce ultra-long-range DNA
interactions, breaking the distance limit of gene
relationships and enhancing gene interactions,
which often have direct impact on the expres-
sion of the whole gene, further enhancing the
expression of ecDNA itself (Figure 3B). Both
ATAC-seq (inserting fragments into the “open”
region of the genome using Tn5) and MNase-
seq demonstrated that ecDNA is packaged as
chromatin, with intact domain structures and
composed of nucleosome units. In the ultra-
structure of DMs, fibers composed of nucleo-
somes extend as loops from the chromosome
core [74]. However, due to the lack of an ad-
vanced compression structure, ecDNA is more
accessible than chromosomal DNA (Figure 3C).
In addition, this chromatin openness is not
dependent on the DNA sequence, only on whe-
ther it is associated with ecDNA [6]. As a re-
sult, almost all of the genes in the circular DNA
can be successfully transcribed, boosting th-
eir transcription potential. Therefore, once the
proto-oncogenes are no longer in the chromo-
some to form ecDNA, they can be expressed in
large quantities.

Enhancers or other regulatory elements in ec-
DNA: The change in ecDNA expression can be
explained by enhancer hijacking [82] or the
destruction of cis-regulatory elements, and th-
is circular rearrangement may lead to abnormal
expression of tumor suppressors and proto-
oncogenes [15]. The formation of ecDNA allows
oncogenes to interact with adjacent enhancers
(elements that enhance gene expression) to
enhance their expression levels or even to es-
tablish new connections, promoting tumor de-
velopment (Figure 3D). Under normal topolo-
gical structure, the oncogene can be associat-
ed with only some enhancers (Figure 3D), but
this relationship is significantly strengthened
in ecDNA. This enhanced relationship can lead
to the addition of new regulatory elements and
changed the topological connections with on-
cogenes [81]. Abnormal enhancer activity is a
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Figure 3. Expression regulation of oncogenes in ecDNA. A. Chromosome DNA is divides and equally allocated to
two daughter cells during mitosis; ECDNA lacks centromeres and thus DNA is randomly assigned to daughter cells

(dotted lines indicate a case of random assignment

of ecDNA). B. ECDNA produces extremely long-distance DNA

interactions. C. ECDNA is composed of nucleosomes and lacks the advanced compression structure of chromatin. In
the dashed box, A and o represent active histone modifications. D. In ecDNA, oncogenes interact with neighboring
enhancers, making new connections and reinforcing existing expression patterns.

key driver of gene expression programs that
promote tumor formation, maintenance, and
progression. In addition, other regulatory ele-
ments are enriched in ecDNA. Matrix attach-
ment regions (MARS) have been found in DMs.
They are more often located in the noncoding
regions of DNA and regulate the expression of
target genes in vivo. Therefore, MARS can acti-
vate gene expression, determine which genes
are transcribed, and have a strong influence
on gene expression level [83, 84].

Epigenetic modification: Methylation is an im-
portant modification of proteins and nucleic
acids that regulates the expression and sup-
pression of genes and is closely related to the
occurrence and development of tumors. It is
one of the important research topics of epi-
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genetics. The most common methylation modi-
fications include DNA methylation and histone
methylation [85]. CpG islands usually contain
promoters of active genes and must there-
fore be accessible to transcription factors [86].
DNA methylation generally occurs at CpG site.
Hypomethylated CpG islands are sensitive to
nucleases added to the nucleus, while methyl-
ated CpG islands are not sensitized. Razin and
his colleagues proposed that, in nuclease hy-
persensitive regions, myc gene amplification is
increased [87], the CpG methylation level of
DMs is generally low [83], and transcription ac-
tivity is increased. Some histone residues can
be methylated to inhibit or activate gene ex-
pression, forming epigenetic marks. In ecDNA,
the activation and repression of histone marks
in cancer cells in metaphase were analyzed by
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immunofluorescence, and chromatin immuno-
precipitation based on H3K4me1 and H3K27ac
was conducted. It was found that the frequency
of ecDNA and histone modifications represen-
ting active gene transcription was high, while
the inhibitory modifications to histone H3K9-
me3 and H3K27me3 were few [6, 39] (Figure
3C). Studies have been conducted on the his-
tone modification of DMs [83]. Moreover, ChIP-
seq has also proved that these modifications
are not evenly distributed throughout the who-
le ecDNA, being found mostly in the regulatory
regions of corresponding genes, such as at
promoters. Therefore, epigenetic modification
is critical for the increase of oncogene expres-
sion in ecDNA.

Regulation of mRNA stability

The regulation of the stability of eukaryotic
mMRNA is one of the main mechanisms for re-
gulating gene expression [88]. The sequence
components of mRNA (the 5-cap structure,
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5’-untranslated region, coding area, 3’-untrans-
lated region, polyA tail, and 5- and 3’-termin-
al interactions), mRNA-binding protein (5’-cap-
binding protein, coding region-binding protein,
3'UTR-binding protein, and polyA-binding pro-
tein), translation products of mRNA (autono-
mic regulation), nuclease, viruses and other fa-
ctors can regulate the stability of the mRNA.
The study of mRNA stability regulation is help-
ful for understanding the gene expression of
ecDNA in more detail. Previous studies on DMs
have indicated that DMs are related to the in-
terchromosomal domain (ICD) in the HD-N-16
neuroblastoma cell line, which is believed to
contain macromolecular complexes involved
in transcription, splicing, DNA replication and
repair [89, 90]. Therefore, the preferential lo-
calization of DMs on the surface of the chro-
mosome region may be interpreted as a prefer-
ence that facilitates the entry of the amplified
MYCN gene into the protein complex for tran-
scription and splicing [90].

Am J Cancer Res 2020;10(11):3532-3550
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Regulation of translation level and protein
stability

In the process of ecDNA translation, there is a
close correlation between the copy number of
the oncogenes in ecDNA and the level of pro-
tein expression. The initiation of protein trans-
lation in eukaryotes is a complex cellular pro-
cess that involves a series of proteins called
eukaryotic translation initiation factors (elFs).
The initiation of translation in eukaryotes is ac-
complished by the interaction between these
elFs and other eukaryotic initiation factors and
ribosomes, mMRNA and initiation tRNA. Eukar-
yotic initiation factor 5A2 (elF-5A2) is a member
of the eukaryotic initiation factor 5A subfamily
[91]. It has been found that elF-5A2 exists in
DMs, and the overexpression of elF-5A2 is sig-
nificantly correlated with the deterioration of
ovarian cancer and plays an important role in
the pathogenesis of ovarian cancer [92]. When
the double minute copy number is decreased,
the expression level of elF-5A2 is decreased,
and the growth rate of tumor cells is inhibited.
Currently, only elF-5A2 has been found in DM,
which does not reflect the unified mechanism
of ecDNA translation.

The role of ecDNA in tumorigenesis and the
development of multidrug resistance

The role of ecDNA in tumor proliferation

The high expression of oncogenes in ecDNA
enables tumor cells to acquire greater prolife-
ration capacity and genetic plasticity. There
are a variety of oncogenes in ecDNA, and the
genomic variation acquired before and during
the whole process of tumorigenesis provides
cancer cells with a competitive advantage over
neighboring cells, thus improving the survival
and proliferation rates and stronger clone for-
mation ability [35, 93]. For examples, MET [21,
94], EGFR [37], ERBB2 [35], and PEGFRA [35,
38] have receptor tyrosine kinase (RTK) activity
induced by ligand binding, and they strictly reg-
ulate the stimulation of proliferation and sur-
vival through cell signaling pathways, most no-
tably the RAS/RAF/MEK/MAPK and PI3K/Akt
pathways, which provide the relevant upstre-
am and downstream proliferative signal, lead-
ing to an increase in the adaptive potential of
tumor cells [20, 35, 94] (Figure 4A). ECDNA
carrying MET, EGFR and MYC genes has also
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been found in recurrent tumors, maintaining
the malignant characteristics of tumors [2]. The
oncogene c-myc is present on ecDNA, and as
a classical nuclear transcription factor [95], its
abnormal activation can trigger the initiation of
a complex genomic unstable network [96-98].
In nasopharyngeal carcinoma (NPC), abnormal
overexpression of c-myc alters the expression
of target genes, many of which are carcinogenic
genes or tumor suppressor genes, thereby sig-
nificantly promoting cell proliferation, and is
significantly associated with a poor prognosis
for NPC patients [99]. In addition, studies in
vitro and in vivo have demonstrated that the
expression of c-myc alone is not sufficient to
induce tumorigenesis, and its function com-
bined with that of other oncogenes is needed
[100Q]. In fact, the deregulated expression of
the c-myc gene can lead to genomic instability,
manifested as amplification of the extrachro-
mosomal gene. The extrachromosomal DNA
produced upon c-myc overexpression is, on av-
erage, 10-fold larger than that observed when
c-myc is not deregulation [7, 39]. In neuroblas-
toma, most of the extrachromosomal DNA for-
med is cycled in the region of chromosome
1p36, and because of the growth suppressor
genes or tumor suppressor genes in chromo-
some 1, it is thought that the malignant pheno-
type of the tumor may be related to the loss of
tumor suppressor genes, which enables the tu-
mor to gain an advantage [101-103]. EcDNA is
usually derived from DSBs during DNA replica-
tion, and DSB repair involves the P53 pathway
[104], whether there is an association between
ecDNA and cell cycle. The abundant expressi-
on and amplification of MDM?2 in neuroblasto-
ma will counteract the transcriptional activity
of endogenous P53, thus promoting tumor de-
velopment by inhibiting P53 [105]. In the pro-
cess of homologous recombination (HR), the
BRCA1 protein plays an important role in the
HR pathway and controls the cell cycle by acti-
vating checkpoints (such as G2/M). In MTX-
resistant cells containing DMs, and the inhibi-
tion of HR activity results in a decreased nu-
mber of copies of the DM amplification gene,
increased sensitivity to methotrexate (MTX),
and accelerated cell death [17]. Tumor cell pro-
liferation is often associated with poor progno-
sis and is a cause for resistance to treatment.
Clinical staging is an important factor that af-
fects the prognosis of patients with tumors. In
patients with neuroblastoma, the prognosis of
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stage | and stage Il is good, while that of stage
Il and stage IV is poor. MYCN amplification has
a strong correlation with stage Ill and stage IV
[101]. The MYCN protein forms a heterodimer
with MAX, which acts as a transcriptional acti-
vator of target genes and promotes G1/S ph-
ase progress in the cell cycle, with a higher to-
tal frequency of extrachromosomal amplifica-
tion [101]. REL encodes the nuclear factor-kB
(NF-kB) transcription factor, regulates the ex-
pression of genes and promotes the prolifera-
tion of tumor cells [46]. Therefore, it is of prog-
nostic value to identify the genes and path-
ways that promote tumor amplification to en-
sure that they are considered as part of the
combination therapy.

The role of ecDNA in tumor invasion and me-
tastasis

EcDNA plays a role in the progression of tumor
cells to a more aggressive, malignant pheno-
type. The discovery of ecDNA in human cancer
cells has shed new light on the three-dimen-
sional structure of the tumor genome and epig-
enome. The study of DMs in tumor invasion and
metastasis provides a mechanistic basis for
our understanding of the roles of ecDNA. In-
vasion is one of the ten characteristics of tu-
mors that can turn surrounding normal cells
into tumor cells [106]. In the same gene GBM
cell line, the invasive phenotype of cells with
DMs has been shown, and irradiated STIC cells
(containing DM) have paracrine effects on the
newly formed STIC cells that were not irradiat-
ed, thereby promoting tumor development by
promoting cell invasion and angiogenesis [107].
In many neuroblastomas, ecDNA carrying the
MYCN oncogene is also associated with inva-
sive tumor growth (Figure 4B). The cancer is
found not only in situ but also metastasizes
remotely [106]. There are a large number of on-
cogenes in ecDNA. Is there a gene level trans-
fer similar to plasmid transfer? In vivo, it is dif-
ficult for cells to fall off and move to other plac-
es, either because of cell adhesion or the killing
effect of the immune system; however, DNA
transfer is much easier. The presence of DMs
can be considered a repeated and overlapping
secondary change, which is more frequent in
metastatic lesions [108]. DMs appear in the
secondary malignant effusion of ovarian can-
cer [108], metastatic ASML variants [109], ma-
lignant fibrous histocytoma in bone [110], and
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recurrent GBM tumors, which show many st-
ructural and numerical abnormalities compar-
ed with those of the primary tumor. The chro-
mosomal morphology of metastatic tumor is
poor, and the amplification of oncogenes in
ecDNA is increased [109, 110] (Figure 4C).

The occurrence and metastasis of tumors are
closely related to the internal and external en-
vironment of tumor cells. The conditions for
tumor survival and development can be chan-
ged and maintained by changing the tumor
microenvironment. Irradiated cells containing
DMs show the ability to change their extracel-
lular microenvironment, promote the invasive-
ness of surrounding cells, and create a tumor
microenvironment that promotes tumor growth
[107]. In the case of changes in environmental
conditions, the number of DMs can be regulat-
ed and even reduced to zero. For example,
mutations and amplified genes in the ecDNA in
primary GBM tumors are lost during cell cul-
ture, accompanied by significant phenotypic
and transcriptional differences [9, 35, 111].
Amplification in the form of HSR impossiblely
has the same mechanism as ecDNA. This ob-
servation suggests that the selection and com-
petition between amplified DNA copies with dif-
ferent genetic backgrounds are different [35].
In summary, ecDNA promotes rapid diversifica-
tion of the genome and increases the possibili-
ty that cells more suitable to changing environ-
ments are selected. Differences in ecDNA in
tumor cells in vivo and in vitro constitute a
basis for future research, better understand-
ing the molecular mechanisms by which ec-
DNA drive cancers alter the tumor microenvi-
ronment to evade treatment and determining
whether changing the relationship between
ecDNA and the tumor microenvironment can
inhibit tumor progression.

The role of ecDNA in drug resistance

The expression of both oncogenes and drug-
resistant genes in ecDNA increases the de-
gree of tumor progression and drug resistan-
ce. Oncogenes in specific ecDNA in cells also
change with environmental changes; for exam-
ple, in glioblastoma, they often lead to carcino-
genic variation of EGFRvIIl [112, 113]. Tumor
cells can develop drug resistance through the
amplification of oncogenes in ecDNA, and as
many as 20 DMs containing DHFR genes can
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be found in some methotrexate-resistant cell
lines [41, 70, 114, 115]. DMs are usually de-
tected in cells that are resistant to increasing
drug concentrations, and CAD protein is a mul-
tifunctional protein that, in the presence of the
specific inhibitor PALA, leads to the generation
of DMs containing the CAD gene [49, 50]. In
addition, the random distribution of ecDNA du-
ring mitosis leads to the cells that acquire en-
hanced mutations being more likely to transmit
these mutations to their offspring cells, thus
promoting tumor progression and therapeutic
resistance [116, 117]. Extrachromosomal DNA
is also a carrier of drug-resistant genes [29],
and the amplification of drug-resistant genes
may allow tumor cells to grow in the presence
of cytotoxic drugs, which may be related to the
overproduction of the corresponding proteins.
An extrachromosomal copy of MDR1 was fo-
und during the treatment of multidrug-resistant
KB cells. The MDR1 gene encodes a mem-
brane-binding protein called p-glycoprotein, whi-
ch is a multidrug transporter that acts as an
ATP-dependent efflux pump for chemotherapy
drugs, leading to drug resistance in tumor cells
[47] (Figure 4A). In the process of drug treat-
ment to “eliminate” ecDNA oncogenes, it was
found that, once the drug was withdrawn, ec-
DNA revives and reappears, which was related
to drug resistance during tumor treatment and
could affect the efficacy of targeted therapy
related to the oncogene [36]. Resistance to
EGFR tyrosine kinase inhibitors (EGFR-TKIs) le-
ads to the reoccurrence of clonal EGFR muta-
tions on the extrachromosomal DNA after drug
withdrawal. The MDM2* DM copy number also
increased with increasing erlotinib treatment
and remained elevated even after drug with-
drawal [9, 36]. After the recurrence of the dis-
ease, at least one cancer driver of ecDNA is
retained in many tumor cells, supporting the
idea that ecDNA can prevail after selective
pressure is applied to anticancer therapies.
This outcome was demonstrated by the signifi-
cantly reduced time to secondary surgery in
patients with at least one ecDNA compared to
patients with primary tumors without ecDNA
[2]. These results suggest that cancer can ev-
ade therapies for target oncogenes maintain-
ed on extrachromosomal DNA in a highly spe-
cific, dynamic and adaptive way, elucidating
the mechanism of drug resistance of cancer
cells containing ecDNA, opening up new per-
spectives on drug treatment regimens, and he-
Iping us further explore ways to treat tumors.
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EcDNA is expected to be a potential molecular
target for tumor diagnosis and treatment

The value of ecDNA in diagnosis

Tissue biopsy detection of ecDNA is used for
tumor diagnosis. The morphological character-
istics of tumor cells and the expression level of
oncogenes can be histologically observed [20].
EcDNA is visible under the microscope. To dis-
tinguish the extrachromosomal circular DNA
molecules in the normal chromosomes, histo-
logical observations together with a measure
of the expression level of the coding oncogen-
es in biopsied tissue samples can be used in
combination, and ecDNA can be used in the
diagnosis of tumors. However, tissue biopsy
requires surgery or other means of acquiring
biopsy materials, which may cause some de-
gree of trauma to the subject.

Liquid biopsy can be used to detect ecDNA for
tumor diagnosis. Liquid biopsy does not require
surgery or puncture sampling, which can redu-
ce the pain for patients. Compared with tissue
biopsy, the sample requirements are lower, and
it is easy to avoid the deviations caused by het-
erogeneity. High-throughput sequencing tech-
niques are used with liquid biopsy samples to
identify tumor-specific linear DNA fragments
present in serum or plasma [118]. Free DNA
(CfDNA) has also been found in blood circula-
tion, but its content is very low and limited to
only linear DNA [12]. Circular DNA crosses cell
membranes relatively easy, making it more like-
ly that cancer patients will have ecDNA in their
blood. In tumors, high expression of oncogen-
es in ecDNA is strongly associated with clinic-
al diagnosis, treatment, and prognosis. ECCDNA
was recently found in circulation [12, 54, 119].
These circular molecules are released into the
blood circulation after cell death. Circle-seq
can be used to purify eccDNA [55, 120]; which
makes it possible for detecting by liquid biopsy.
If the ecDNA detected in liquid biopsy samples
can provide ultra early diagnosis of tumor and
respond to treatment, then ecDNA can be used
as a diagnostic and posttreatment evaluation
indicator for tumor patients. For patients after
treatment, the number of oncogenes in eCDNA
in the tumor can be monitored to help make an
accurate judgment on the prognosis of patients.
However, currently, there are many eccDNAs in
tissues, and we need to identify its source. The
differences between eccDNA and ecDNA, as
discussed in this paper, include size and other
measures. The development of specific meth-
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ods to distinguish ecDNA from other extrachro-
mosomal DNA would enable disease progres-
sion to be monitored.

The value of ecDNA in tumor therapy

Understanding the underlying molecular me-
chanisms of tumor evolution can help identify
more effective therapies to eradicate tumors.
EcDNA is an important mechanism driving the
copy number variation of oncogenes, which is
closely related to the curative effects and the
prognosis of tumors. For example, in patients
with non-small-cell lung cancer (NSCLC), there
is no significant correlation between the num-
ber of mutations in tumor cells and prognosis,
but patients with more changes in oncogene
copy number have worse tumor efficacy and
prognosis [121]. Moreover, ecDNA also plays
an important biological function in the develop-
ment of tumors, which can drive the develop-
ment, invasion and metastasis of tumors and
the formation of multidrug resistance. There-
fore, the elimination of ecDNA or oncogenes
amplified in ecDNA can effectively reduce the
malignancy of tumor cells and can be the basis
of tumor therapy. The discovery of ecDNA may
lead to a fourth revolution in cancer treatment,
according to Boundless Bio, which believes th-
at the replication mechanism of ecDNA is sli-
ghtly different from that of normal chromosom-
al DNA, leading to a way to specifically inhi-
bit ecDNA replication directly. Another approa-
ch Boundless Bio is exploring involves the inhi-
bition of the metabolic pathways required for
ecDNA replication.

The frequency and amplitude of oncogene am-
plification can be changed with various stimuli,
and radiotherapy can destroy all cancer cells
as much as possible. Compared with those in
unirradiated cells, the gene copy number and
expression level of amplified genes in the ex-
trachromosomal DNA of irradiated cells were
significantly reduced after exposure to relative-
ly low doses of radiation [47, 122]. Unfortunate-
ly, these treatments are limited to the area of
exposure, rarely leading to cures, with most
tumors locally recrudescing within a few mon-
ths. In addition, some drugs can effectively re-
duce the copy number of ecDNA and thus
achieve a certain therapeutic effect. In the pro-
cess of drug-induced differentiation of HL-60
cells into granulocytes, c-myc expression was
decreased and c-myc copies were lost in dou-
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ble minutes [26, 31]. Low doses of hydroxyurea
and etoposide led to the degradation of extra-
chromosomal circular DNA molecules into sm-
aller DNA fragments [48], accelerating the loss
of oncogene amplification (such as EGFR and
c-myc) in ecDNA [35, 40, 47, 123-127] in a
dose- and time-dependent manner [124]. Low
concentrations of hydroxyurea showed preclini-
cal activity by eliminating ecDNA, reducing the
tumorigenicity of human tumor cells [128], and
inducing apoptosis in some cases [23], with-
out including cytotoxic effects or overall toxicity
[18, 40, 125, 128]. In addition, hydroxyure (HU)
combined with cisplatin has shown enhanced
cytotoxicity in tumor cells [129]. Gemcitabine
was able to decrease the number of ecDNA in
cells at a 7500-fold lower concentration than
that used for the common cancer drug hydro-
xyurea, and it also inhibited the growth, colony
formation and invasion of tumor cells [130].
Intricate pathways in cells play different roles in
gene amplification and may be new targets to
improve the effect of tumor chemotherapy by
reduced amplification [32]. CRISPRi can also
be usedto eliminate ecDNA, but whether the CR-
ISPR technology used in research can be used
in the clinic remains to be discerned.

Conclusions and future directions

EcDNA is an important recent discovery in the
field of tumor research. Because of its specific
presence in tumor tissues and cells and the
high copy number and high expression levels
of its oncogenes, ecDNA can greatly drive the
occurrence and development of tumors and
the formation of malignant phenotypes, such
as multidrug resistance. Therefore, in-depth
study into the formation, role and mechanism
of ecDNA in tumor development is expected to
lead to important breakthroughs in the study
of tumor pathogenesis in the future, and ec-
DNA is also expected to become an important
molecular target for the diagnosis and treat-
ment of tumors in the future. However, at the
same time, it must be acknowledged that ec-
DNA lacks centromeres, and the uneven distri-
bution of ecDNA during mitosis increases the
heterogeneity of tumors and the difficulty of
tumor diagnosis and treatment. In recent ye-
ars, although important advances and discov-
eries have been made in the study of the for-
mation of ecDNA and its role and mechanism
in tumors, many problems remain unresolved.
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For example, is ecDNA the primary mechani-
sm that drives tumor development? Are there
tumor suppressor genes and normal genes in
ecDNA, and if they exist, what are their func-
tions? Does ecDNA have a uniform replication
mechanism? Is it the same as plasmid or ec-
cDNA rolling ring replication? What is the uni-
form mechanism of ecDNA elimination? Can
the results of research on DMs be applied to
into all ecDNA? All of these questions require
continuous exploration and research by scien-
tists.

Acknowledgements

This work was supported by the grants from the
National Natural Science Foundation of China
[grant Nos. 81772990, 81572748]; the Natural
Science Foundation of Hunan Province [2019-
JJ40343]; and the “111” project [grant no.
111-2-12].

Disclosure of conflict of interest
None.
Abbreviations

EcDNA, extrachromosomal DNA; 5S rDNA, 5S
ribosomal DNA; SpcDNA, small poly-dispersed
circular DNA; EccDNA, extrachromosomal cir-
cular DNA; EGFR, epidermal growth factor
receptor; PDGFA, PDGF receptor «; DHFR, dihy-
drofolate reductase; TCGA, The cancer genome
atlas; FISH, fluorescence in situ hybridization;
PDX, Patient-Derived tumor Xenograft; DMs,
double minutes; DSBs, DNA double-strand
breaks; NHEJ, non-homologous end joining;
MMEJ, microhomology-mediated end-joining;
MDR1, multi-drug resistance gene-1; TADs,
topological associating domains; PLAC-seq,
proximity ligation-assisted ChlP-seq; HI-ChIP, In
situ Hi-C followed by chromatin immunoprecipi-
tation; ATAC-seq, Assay for Transposase Acc-
essible Chromatin with high-throughput se-
quencing; MARS, matrix attachment regions;
ICD, interchromosomal domain; elFs, eukaryot-
ic translation initiation factors; elF-5A2, eu-
karyotic initiation factor 5A2; RTK, receptor
tyrosine kinase; NPC, nasopharyngeal carcino-
ma; HR, homologous recombination; BRCA1,
breast cancer susceptibility gene 1; MTX, meth-
otrexate; GBM, glioblastoma multiforme; STIC,
stem-like tumor initiating cells; HSR, homoge-
neously staining region; PALA, N-phosphonace-

3544

tyl-L-aspartate; CfDNA, cell free DNA; NSCLC,
non-small-cell lung cancer; HU, hydroxyurea;
CRISPRI, CRISPR interference or inhibition.

Address correspondence to: Ming Zhou, NHC Key
Laboratory of Carcinogenesis, Hunan Cancer Hos-
pital and The Affiliated Cancer Hospital of Xiangya
School of Medicine, Central South University,
Changsha 410013, Hunan, P. R. China. Tel: +86-
731-84805383; Fax: +86-731-84805383; E-mail:
zhouming2001@163.com

References

[1]  Turner KM, Deshpande V, Beyter D, Koga T,
RusertJ, Lee C, Li B, Arden K, Ren B, Nathanson
DA, Kornblum HI, Taylor MD, Kaushal S,
Cavenee WK, Wechsler-Reya R, Furnari FB,
Vandenberg SR, Rao PN, Wahl GM, Bafna V
and Mischel PS. Extrachromosomal oncogene
amplification drives tumour evolution and ge-
netic heterogeneity. Nature 2017; 543: 122-
125.

[2] deCarvalho AC, Kim H, Poisson LM, Winn ME,
Mueller C, Cherba D, Koeman J, Seth S,
Protopopov A, Felicella M, Zheng S, Multani A,
Jiang Y, Zhang J, Nam DH, Petricoin EF, Chin L,
Mikkelsen T and Verhaak RGW. Discordant in-
heritance of chromosomal and extrachromo-
somal DNA elements contributes to dynamic
disease evolution in glioblastoma. Nat Genet
2018; 50: 708-717.

[3] Starling S. Cancer genomics: ECdetect hunts
extrachromosomal DNA. Nat Rev Genet 2017;
18: 212.

[4] Verhaak RGW, Bafna V and Mischel PS.
Extrachromosomal oncogene amplification in
tumour pathogenesis and evolution. Nat Rev
Cancer 2019; 19: 283-288.

[5] Cox D, Yuncken C and Spriggs Al. Minute chro-
matin bodies in malignant tumours of child-
hood. Lancet 1965; 1: 55-58.

[6] WusS, Turner KM, Nguyen N, Raviram R, Erb M,
Santini J, Luebeck J, Rajkumar U, Diao Y, Li B,
Zhang W, Jameson N, Corces MR, Granja JM,
Chen X, Coruh C, Abnousi A, Houston J, Ye Z,
Hu R, Yu M, Kim H, Law JA, Verhaak RGW, Hu
M, Furnari FB, Chang HY, Ren B, Bafna V and
Mischel PS. Circular ecDNA promotes accessi-
ble chromatin and high oncogene expression.
Nature 2019; 575: 699-703.

[7]1 Kuttler F and Mai S. Formation of non-random
extrachromosomal elements during develop-
ment, differentiation and oncogenesis. Semin
Cancer Biol 2007; 17: 56-64.

[8] Salmon JH and Lubs HA Jr. The chromosomal
complement of human solid tumors. Il. karyo-
types of clial tumors. J Neurosurg 1965; 22:
160-168.

Am J Cancer Res 2020;10(11):3532-3550


mailto:zhouming2001@163.com

(9]

(10]

[11]

[12]

[13]

(14]

[15]

[16]

[17]

Biogenesis and roles of ecDNA in carcinogenesis

Paulsen T, Kumar P, Koseoglu MM and Dutta A.
Discoveries of extrachromosomal circles of
DNA in normal and tumor cells. Trends Genet
2018; 34: 270-278.

Dennin RH. Overlooked: extrachromosomal
DNA and their possible impact on whole ge-
nome sequencing. Malays J Med Sci 2018; 25:
20-26.

Cohen S and Lavi S. Induction of circles of het-
erogeneous sizes in carcinogen-treated tells:
two-dimensional gel analysis of circular DNA
molecules. Mol Cell Biol 1996; 16: 2002-
2014.

Kumar P, Dillon LW, Shibata Y, Jazaeri AA,
Jones DR and Dutta A. Normal and cancerous
tissues release extrachromosomal circular
DNA (eccDNA) into the circulation. Mol Cancer
Res 2017; 15: 1197-1205.

Kohl NE, Kanda N, Schreck RR, Bruns G, Latt
SA, Gilbert F and Alt FW. Transposition and am-
plification of oncogene-related sequences in
human neuroblastomas. Cell 1983; 35: 359-
367.

Lundberg G, Rosengren AH, Hakanson U,
Stewenius H, Jin Y, Stewenius Y, Pahlman S
and Gisselsson D. Binomial mitotic segrega-
tion of MYCN-carrying double minutes in neu-
roblastoma illustrates the role of randomness
in oncogene amplification. PLoS One 2008; 3:
e3099.

Koche RP, Rodriguez-Fos E, Helmsauer K,
Burkert M, MacArthur IC, Maag J, Chamorro R,
Munoz-Perez N, Puiggros M, Dorado Garcia H,
Bei Y, Roefzaad C, Bardinet V, Szymansky A,
Winkler A, Thole T, Timme N, Kasack K, Fuchs
S, Klironomos F, Thiessen N, Blanc E, Schmelz
K, Kunkele A, Hundsdorfer P, Rosswog C, The-
issen J, Beule D, Deubzer H, Sauer S, Toedling
J, Fischer M, Hertwig F, Schwarz RF, Eggert A,
Torrents D, Schulte JH and Henssen AG. Extra-
chromosomal circular DNA drives oncogenic
genome remodeling in neuroblastoma. Nat
Genet 2020; 52: 29-34.

Alitalo K, Schwab M, Lin CC, Varmus HE and
Bishop JM. Homogeneously staining chromo-
somal regions contain amplified copies of an
abundantly expressed cellular oncogene (c-
myc) in malignant neuroendocrine cells from a
human colon carcinoma. Proc Natl Acad Sci U
S A 1983; 80: 1707-1711.

Cai M, Zhang H, Hou L, Gao W, Song Y, Cui X, Li
C, Guan R, Ma J, Wang X, Han Y, Lv Y, Chen F,
Wang P, Meng X and Fu S. Inhibiting homolo-
gous recombination decreases extrachromo-
somal amplification but has no effect on intra-
chromosomal amplification in methotrexate-
resistant colon cancer cells. Int J Cancer 2019;
144: 1037-1048.

3545

(18]

(19]

[20]

[22]

(23]

(24]

[25]

[26]

[27]

Raymond E, Faivre S, Weiss G, McGill J, David-
son K, Izbicka E, Kuhn J, Allred C, Clark G and
Von Hoff DD. Effects of hydroxyurea on extra-
chromosomal DNA in patients with advanced
ovarian carcinomas. Clin Cancer Res 2001; 7:
1171-1180.

Gibaud A, Vogt N, Hadj-Hamou NS, Meyniel JP,
Hupe P, Debatisse M and Malfoy B. Extrachro-
mosomal amplification mechanisms in a glio-
ma with amplified sequences from multiple
chromosome loci. Hum Mol Genet 2010; 19:
1276-1285.

Lopez-Gines C, Gil-Benso R, Ferrer-Luna R,
Benito R, Serna E, Gonzalez-Darder J, Quilis V,
Monleon D, Celda B and Cerda-Nicolas M. New
pattern of EGFR amplification in glioblastoma
and the relationship of gene copy number with
gene expression profile. Mod Pathol 2010; 23:
856-865.

Fischer U, MUller H, Sattler H, Feiden K, Zang K
and Meese E. Amplification of the MET gene in
Glioma. Genes Chromosomes Cancer 1995;
12: 63-65.

Von Hoff DD, Forseth B, Clare CN, Hansen KL
and VanDevanter D. Double minutes arise
from circular extrachromosomal DNA interme-
diates which integrate into chromosomal sites
in human HL-60 leukemia cells. J Clin Invest
1990; 85: 1887-1895.

Petit T, Davidson K, Izbicka E and Von Hoff DD.
Elimination of extrachromosomal c-myc genes
by hydroxyurea induces apoptosis. Apoptosis
1999; 4: 163-167.

Vogt N, Gibaud A, Lemoine F, de la Grange P,
Debatisse M and Malfoy B. Amplicon rear-
rangements during the extrachromosomal and
intrachromosomal amplification process in a
glioma. Nucleic Acids Res 2014; 42: 13194-
13205.

Rodon N, Solé F, Espinet B, Salido M, Zamora
L, Cigudosa J, Woessner S and Florensa L. A
new case of acute nonlymphocytic leukemia
(French-American-British subtype M1) with
double minutes and c-MYC amplification. Can-
cer Genet Cytogenet 2002; 132: 161-164.
Haque MM, Hirano T, Nakamura H and Utiya-
ma H. Granulocytic differentiation of HL-60
cells, both spontaneous and drug-induced,
might require loss of extrachromosomal DNA
encoding a gene(s) not c-MYC. Biochem Bio-
phys Res Commun 2001; 288: 586-591.
L'Abbate A, Macchia G, D’Addabbo P, Lonoce A,
Tolomeo D, Trombetta D, Kok K, Bartenhagen
C, Whelan CW, Palumbo O, Severgnini M, Cifola
I, Dugas M, Carella M, De Bellis G, Rocchi M,
Carbone L and Storlazzi CT. Genomic organiza-
tion and evolution of double minutes/homoge-
neously staining regions with MYC amplifica-

Am J Cancer Res 2020;10(11):3532-3550



[28]

[29]

[30]

(31]

[32]

[33]

[34]

[35]

[36]

[37]

Biogenesis and roles of ecDNA in carcinogenesis

tion in human cancer. Nucleic Acids Res 2014;
42:9131-9145.

Poddighe PJ, Wessels H, Merle P, Westers M,
Bhola S, Loonen A, Zweegman S, Ossenkop-
pele GJ and Wondergem MJ. Genomic amplifi-
cation of MYC as double minutes in a patient
with APL-like leukemia. Mol Cytogenet 2014; 7:
67.

Levan G, Stahl F and Wettergren Y. Gene ampli-
fication in the murine SEWA system. Mutat Res
1992; 276: 285-290.

Farugi SA, Saquib M, Harsch C and Noumoff
JS. Fluorescence in situ hybridization of three
oncogenes on a leiomyoma. Microsc Res Tech
2012; 75: 1147-1149.

Nagao M, Nakayasu M, Aonuma S, Shima H
and Sugimura T. Loss of amplified genes by
poly (ADP-ribose) polymerase inhibitors. Envi-
ron Health Perspect 1991; 93: 169-174.
Blumrich A, Zapatka M, Brueckner LM, Zheglo
D, Schwab M and Savelyeva L. The FRA2C
common fragile site maps to the borders of
MYCN amplicons in neuroblastoma and is as-
sociated with gross chromosomal rearrange-
ments in different cancers. Hum Mol Genet
2011; 20: 1488-1501.

VanDevanter DR, Piaskowski VD, Casper JT,
Douglass EC and Von Hoff DD. Ability of circu-
lar extrachromosomal DNA molecules to carry
amplified MYCN proto-oncogenes in human
neuroblastomas in vivo. J Natl Cancer Inst
1990; 82: 1815-1821.

Storlazzi CT, Lonoce A, Guastadisegni MC,
Trombetta D, D’Addabbo P, Daniele G, L' Abbate
A, Macchia G, Surace C, Kok K, Ullmann R, Pur-
gato S, Palumbo O, Carella M, Ambros PF and
Rocchi M. Gene amplification as double min-
utes or homogeneously staining regions in
solid tumors: origin and structure. Genome
Res 2010; 20: 1198-1206.

Nikolaev S, Santoni F, Garieri M, Makrythana-
sis P, Falconnet E, Guipponi M, Vannier A, Ra-
dovanovic |, Bena F, Forestier F, Schaller K,
Dutoit V, Clement-Schatlo V, Dietrich PY and
Antonarakis SE. Extrachromosomal driver mu-
tations in glioblastoma and low-grade glioma.
Nat Commun 2014; 5: 5690.

Nathanson DA, Gini B, Mottahedeh J, Visnyei
K, Koga T, Gomez G, Eskin A, Hwang K, Wang J,
Masui K, Paucar A, Yang H, Ohashi M, Zhu S,
Wykosky J, Reed R, Nelson SF, Cloughesy TF,
James CD, Rao PN, Kornblum HI, Heath JR,
Cavenee WK, Furnari FB and Mischel PS. Tar-
geted therapy resistance mediated by dynamic
regulation of extrachromosomal mutant EGFR
DNA. Science 2014; 343: 72-76.

Vogt N, Lefévre S, Apiou F, Dutrillaux A, Cor A,
Leuraud P, Poupon M, Dutrillaux B, Debatisse
M and Malfoy B. Molecular structure of double-
minute chromosomes bearing amplified cop-

3546

(38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

ies of the epidermal growth factor receptor
gene in gliomas. Proc Natl Acad Sci U S A
2004; 101: 11368-11373.

Zou H, Feng R, Huang Y, Tripodi J, Najfeld V,
Tsankova NM, Jahanshahi M, Olson LE, Soria-
no P and Friedel RH. Double minute amplifica-
tion of mutant PDGF receptor « in a mouse
glioma model. Sci Rep 2015; 5: 8468.

Smith G, Taylor-Kashton C, Dushnicky L, Sy-
mons S, Wright J and Mai S. c-Myc-induced ex-
trachromosomal elements carry active chro-
matin. Neoplasia 2003; 5: 110-120.

Von Hoff DD, Waddelow T, Forseth B, Davidson
K, Scott J and Wahl G. Hydroxyurea acceler-
ates loss of extrachromosomally amplified
genes from tumor cells. Cancer Res 1991; 51:
6273-6279.

Singer M, Mesner L, Friedman C, Trask B and
Hamlin J. Amplification of the human dihydro-
folate reductase gene via double minutes is
initiated by chromosome breaks. Proc Natl
Acad Sci U S A 2000; 97: 7921-7926.

Lin CS, Lee HT, Lee MH, Pan SC, Ke CY, Chiu A
and Wei YH. Role of mitochondrial DNA copy
number alteration in human renal cell carci-
noma. Int J Mol Sci 2016; 17: 814.

Yu M. Generation, function and diagnostic val-
ue of mitochondrial DNA copy number altera-
tions in human cancers. Life Sci 2011; 89: 65-
71.

Koller A, Fazzini F, Lamina C, Rantner B, Kol-
lerits B, Stadler M, Klein-Weigel P, Fraedrich G
and Kronenberg F. Mitochondrial DNA copy
number is associated with all-cause mortality
and cardiovascular events in patients with pe-
ripheral arterial disease. J Intern Med 2020;
287: 569-579.

Von Hoff DD, Needham-VanDevanter DR, Yucel
J, Windle BE and Wahl GM. Amplified human
MYC oncogenes localized to replicating submi-
croscopic circular DNA molecules. Proc Natl
Acad Sci U S A 1988; 85: 4804-4808.

Reader JC, Zhao XF, Butler MS, Rapoport AP
and Ning Y. REL-positive double minute chro-
mosomes in follicular lymphoma. Leukemia
2006; 20: 1624-1626.

Sanchez AM, Barrett JT and Schoenlein PV.
Fractionated ionizing radiation accelerates
loss of amplified MDR1 genes harbored by ex-
trachromosomal DNA in tumor cells. Cancer
Res 1998; 58: 3845-3854.

Schoenlein PV, Barrett JT and Welter D. The
degradation profile of extrachromosomal circu-
lar DNA during cisplatin-induced apoptosis is
consistent with preferential cleavage at matrix
attachment regions. Chromosoma 1999; 108:
121-131.

Carroll SM, DeRose ML, Gaudray P, Moore CM,
Needham-Vandevanter DR, Von Hoff DD and
Wahl GM. Double minute chromosomes can

Am J Cancer Res 2020;10(11):3532-3550



(50]

[51]

[52]

(53]

[54]

(55]

[56]

[57]

(58]

[59]

[60]

3547

Biogenesis and roles of ecDNA in carcinogenesis

be produced from precursors derived from a
chromosomal deletion. Mol Cell Biol 1988; 8:
1525-1533.

Carroll SM, Gaudray P, De Rose ML, Emery JF,
Meinkoth JL, Nakkim E, Subler M, Von Hoff DD
and Wahl GM. Characterization of an episome
produced in hamster cells that amplify a trans-
fected CAD gene at high frequency: functional
evidence for a mammalian replication origin.
Mol Cell Biol 1987; 7: 1740-1750.

Mai S, Hanley-Hyde J, Rainey G, Kuschak TlI,
Paul JT, Littlewood TD, Mischak H, Stevens LM,
Henderson DW and Mushinski JF. Chromosom-
al and extrachromosomal instability of the cy-
clin D2 gene is induced by Myc overexpression.
Neoplasia 1999; 1: 241-252.

DeshpandeV, Luebeck J, Nguyen ND, Bakhtiari
M, Turner KM, Schwab R, Carter H, Mischel PS
and Bafna V. Exploring the landscape of focal
amplifications in cancer using AmpliconArchi-
tect. Nat Commun 2019; 10: 392.

Barker PE. Double minutes in human tumor
cells. Cancer Genet Cytogenet 1982; 5: 81-94.
Cowell JK. Double minutes and homogeneous-
ly staining regions: gene amplification in mam-
malian cells. Annu Rev Genet 1982; 16: 21-
59.

Moller HD, Mohiyuddin M, Prada-Luengo I,
Sailani MR, Halling JF, Plomgaard P, Maretty L,
Hansen AJ, Snyder MP, Pilegaard H, Lam HYK
and Regenberg B. Circular DNA elements of
chromosomal origin are common in healthy
human somatic tissue. Nat Commun 2018; 9:
1069.

Ly P, Teitz LS, Kim DH, Shoshani O, Skaletsky
H, Fachinetti D, Page DC and Cleveland DW.
Selective Y centromere inactivation triggers
chromosome shattering in micronuclei and re-
pair by non-homologous end joining. Nat Cell
Biol 2017; 19: 68-75.

van Loon N, Miller D and Murnane JP. Forma-
tion of extrachromosomal circular DNA in HeLa
cells by nonhomologous recombination. Nucle-
ic Acids Res 1994, 22: 2447-2452.

Schneider SS, Hiemstra JL, Zehnbauer BA,
Taillon-Miller P, Le Paslier DL, Vogelstein B and
Brodeur GM. Isolation and structural analysis
of a 1.2-megabase N-myc amplicon from a hu-
man neuroblastoma. Mol Cell Biol 1992; 12:
5563-5570.

Cohen S, Regev A and Lavi S. Small polydis-
persed circular DNA (spcDNA) in human cells:
association with genomic instability. Oncogene
1997; 14: 977-985.

Sunnerhagen P, Sjoberg RM, Karlsson AL,
Lundh L and Bjursell G. Molecular cloning and
characterization of small polydisperse circular
DNA from mouse 3T6 cells. Nucleic Acids Res
1986; 14: 7823-7838.

[61] Hamlin JL and Ma C. The mammalian dihydro-
folate reductase locus. Biochim Biophys Acta
1990; 1087: 107-125.

[62] Schimke RT, Kaufman RJ, Alt F and Kellems
RF. Gene amplification and drug resistance in
cultured murine cells. Science 1978; 202:
1051-1055.

[63] Coquelle A, Rozier L, Dutrillaux B and Deba-
tisse M. Induction of multiple double-strand
breaks within an hsr by meganucleasel-Scel
expression or fragile site activation leads to
formation of double minutes and other chro-
mosomal rearrangements. Oncogene 2002;
21: 7671-7679.

[64] Toledo F, Buttin G and Debatisse M. The origin
of chromosome rearrangements at early stag-
es of AMPD2 gene amplification in Chinese
hamster cells. Curr Biol 1993; 3: 255-264.

[65] Coquelle A, Toledo F, Stern S, Bieth A and De-
batisse M. A new role for hypoxia in tumor pro-
gression: induction of fragile site triggering ge-
nomic rearrangements and formation of
complex DMs and HSRs. Mol Cell 1998; 2:
259-265.

[66] Shibata Y, Kumar P, Layer R, Willcox S, Gagan
JR, Griffith JD and Dutta A. Extrachromosomal
microDNAs and chromosomal microdeletions
in normal tissues. Science 2012; 336: 82-86.

[67] Meng XN, Qi XY, Guo HH, Cai MD, Li CX, Zhu J,
Chen F, Guo H, Li J, Zhao YZ, Liu P, Jia XY, Yu JC,
Zhang CY, Sun WJ, Yu Y, Jin Y, Bai J, Wang MR,
Rosales J, Lee KY and Fu SB. Novel role for
non-homologous end joining in the formation
of double minutes in methotrexate-resistant
colon cancer cells. J Med Genet 2015; 52:
135-144.

[68] Nonet GH, Carroll SM, DeRose ML and Wahl
GM. Molecular dissection of an extrachromo-
somal amplicon reveals a circular structure
consisting of an imperfect inverted duplica-
tion. Genomics 1993; 15: 543-558.

[69] Varshavsky A. On the possibility of metabolic
control of replicon “misfiring”: relationship to
emergence of malignant phenotypes in mam-
malian cell lineages. Proc Natl Acad Sci U S A
1981; 78: 3673-3677.

[70] Alt FW, Kellems RE, Bertino JR and Schimke
RT. Selective multiplication of dihydrofolate re-
ductase genes in methotrexate-resistant vari-
ants of cultured murine cells. Biotechnology
1992; 24: 397-410.

[71] Schimke RT, Alt FW, Kellems RE, Kaufman RJ
and Bertino JR. Amplification of dihydrofolate
reductase genes in methotrexate-resistant cul-
tured mouse cells. Cold Spring Harb Symp
Quant Biol 1978; 42 Pt 2: 649-657.

[72] Wahl GM, Padgett RA and Stark GR. Gene am-
plification causes overproduction of the first
three enzymes of UMP synthesis in N-

Am J Cancer Res 2020;10(11):3532-3550



[73]

[74]

[75]

[76]

[77]

[78]

[79]

(80]

[81]

[82]

Biogenesis and roles of ecDNA in carcinogenesis

(phosphonacetyl)-L-aspartate-resistant  ham-
ster cells. J Biol Chem 1979; 254: 8679-8689.
Ruiz JC, Choi KH, von Hoff DD, Roninson IB and
Wahl GM. Autonomously replicating episomes
contain mdrl genes in a multidrug-resistant
human cell line. Mol Cell Biol 1989; 9: 109-
115.

Gebhart E. Double minutes, cytogenetic equiv-
alents of gene amplification, in human neopla-
sia - a review. Clin Transl Oncol 2005; 7: 477-
485.

Cheung AK. Rolling-circle replication of an ani-
mal circovirus genome in a theta-replicating
bacterial plasmid in Escherichia coli. J Virol
2006; 80: 8686-8694.

Cohen S, Agmon N, Yacobi K, Mislovati M and
Segal D. Evidence for rolling circle replication
of tandem genes in Drosophila. Nucleic Acids
Res 2005; 33: 4519-4526.

Nosek J, Rycovska A, Makhov AM, Griffith JD
and Tomaska L. Amplification of telomeric ar-
rays via rolling-circle mechanism. J Biol Chem
2005; 280: 10840-10845.

Cohen S, Agmon N, Sobol O and Segal D. Extra-
chromosomal circles of satellite repeats and
5S ribosomal DNA in human cells. Mob DNA
2010; 1: 11.

Cohen S and Segal D. Extrachromosomal cir-
cular DNA in eukaryotes: possible involvement
in the plasticity of tandem repeat. Cytogenet
Genome Res 2009; 124: 327-338.

Mgiller HD, Lin L, Xiang X, Petersen TS, Huang
JS, Yang LH, Kjeldsen E, Jensen UB, Zhang XQ,
Liu X, Xu X, Wang J, Yang HM, Church GM, Bol-
und L, Regenberg B and Luo YL. CRISPR-C: cir-
cularization of genes and chromosome by
CRISPR in human cells. Nucleic Acids Res
2018; 46: e131.

Morton AR, Dogan-Artun N, Faber ZJ, MacLeod
G, Bartels CF, Piazza MS, Allan KC, Mack SC,
Wang X, Gimple RC, Wu Q, Rubin BP, Shetty S,
Angers S, Dirks PB, Sallari RC, Lupien M, Rich
JN and Scacheri PC. Functional enhancers
shape extrachromosomal oncogene amplifica-
tions. Cell 2019; 179: 1330-1341.

Northcott PA, Lee C, Zichner T, Stutz AM, Erkek
S, Kawauchi D, Shih DJ, Hovestadt V, Zapatka
M, Sturm D, Jones DT, Kool M, Remke M, Ca-
valli FM, Zuyderduyn S, Bader GD, VandenBerg
S, Esparza LA, Ryzhova M, Wang W, Wittmann
A, Stark S, Sieber L, Seker-Cin H, Linke L, Kra-
tochwil F, Jager N, Buchhalter I, Imbusch CD,
Zipprich G, Raeder B, Schmidt S, Diessl N, Wolf
S, Wiemann S, Brors B, Lawerenz C, Eils J,
Warnatz HJ, Risch T, Yaspo ML, Weber UD, Bar-
tholomae CC, von Kalle C, Turanyi E, Hauser P,
Sanden E, Darabi A, Siesjo P, Sterba J, Zitter-
bart K, Sumerauer D, van Sluis P, Versteeg R,
Volckmann R, Koster J, Schuhmann MU, Ebin-

3548

(83]

(84]

(85]

(88]

(89]

[90]

[91]

[92]

(93]

ger M, Grimes HL, Robinson GW, Gajjar A,
Mynarek M, von Hoff K, Rutkowski S, Pietsch T,
Scheurlen W, Felsberg J, Reifenberger G, Ku-
lozik AE, von Deimling A, Witt O, Eils R, Gilbert-
son RJ, Korshunov A, Taylor MD, Lichter P, Kor-
bel JO, Wechsler-Reya RJ and Pfister SM.
Enhancer hijacking activates GFI1 family onco-
genes in medulloblastoma. Nature 2014; 511:
428-434.

Mitsuda SH and Shimizu N. Epigenetic repeat-
induced gene silencing in the chromosomal
and extrachromosomal contexts in human
cells. PLoS One 2016; 11: e0161288.

JinY, Liu Z, Cao W, Ma X, Fan Y, Yu Y, Bai J,
Chen F, Rosales J, Lee KY and Fu S. Novel func-
tional MAR elements of double minute chro-
mosomes in human ovarian cells capable of
enhancing gene expression. PLoS One 2012;
7: e30419.

Furuya K, Ikura M and lkura T. Epigenetic inter-
plays between DNA demethylation and histone
methylation for protecting oncogenesis. J Bio-
chem 2019; 165: 297-299.

Deaton AM and Bird A. CpG islands and the
regulation of transcription. Genes Dev 2011;
25:1010-1022.

Razin SV, Gromova Il and larovaia OV. Specific-
ity and functional significance of DNA interac-
tion with the nuclear matrix: new approaches
to clarify the old questions. Int Rev Cytol 1995;
162B: 405-448.

Liu H, Luo M and Wen JK. mRNA stability in the
nucleus. J Zhejiang Univ Sci B 2014; 15: 444-
454,

Zink D, Cremer T, Saffrich R, Fischer R, Tren-
delenburg MF, Ansorge W and Stelzer EH.
Structure and dynamics of human interphase
chromosome territories in vivo. Hum Genet
1998; 102: 241-251.

Solovei |, Kienle D, Little G, Eils R, Savelyeva L,
Schwab M, Jager W, Cremer C and Cremer T.
Topology of double minutes (dmins) and homo-
geneously staining regions (HSRs) in nuclei of
human neuroblastoma cell lines. Genes Chro-
mosomes Cancer 2000; 29: 297-308.
Mathews MB and Hershey JW. The translation
factor elF5A and human cancer. Biochim Bio-
phys Acta 2015; 1849: 836-844.

Guan XY, Fung JM, Ma NF, Lau SH, Tai LS, Xie
D, Zhang Y, Hu L, Wu QL, Fang Y and Sham JS.
Oncogenic role of elF-5A2 in the development
of ovarian cancer. Cancer Res 2004; 64: 4197-
4200.

Snuderl M, Fazlollahi L, Le LP, Nitta M, Zhelyaz-
kova BH, Davidson CJ, Akhavanfard S, Cahill
DP, Aldape KD, Betensky RA, Louis DN and
lafrate AJ. Mosaic amplification of multiple re-
ceptor tyrosine kinase genes in glioblastoma.
Cancer Cell 2011; 20: 810-817.

Am J Cancer Res 2020;10(11):3532-3550



Biogenesis and roles of ecDNA in carcinogenesis

[94] Organ SL and Tsao MS. An overview of the c-
MET signaling pathway. Ther Adv Med Oncol
2011; 3: S7-S19.

[95] Prochownik EV. c-Myc: linking transformation
and genomic instability. Curr Mol Med 2008;
8: 446-458.

[96] Kuzyk A and Mai S. ¢c-MYC-induced genomic
instability. Cold Spring Harb Perspect Med
2014; 4: a014373.

[97] Mai S, Guffei A, Fest T and Mushinski J. c-Myc
deregulation promotes a complex network of
genomic instability. In: Li JJ, Li SA and Llom-
bart-Bosch A, editors. Hormonal carcinogene-
sis IV. Springer: Boston; 2005. pp. 87-97.

[98] Louis SF, Vermolen BJ, Garini Y, Young IT, Guf-
fei A, Lichtensztejn Z, Kuttler F, Chuang TC,
Moshir S, Mougey V, Chuang AY, Kerr PD, Fest
T, Boukamp P and Mai S. c-Myc induces chro-
mosomal rearrangements through telomere
and chromosome remodeling in the interphase
nucleus. Proc Natl Acad Sci U S A 2005; 102:
9613-9618.

[99] LiuZH, Hu JL, Liang JZ, Zhou AJ, Li MZ, Yan SM,
Zhang X, Gao S, Chen L, Zhong Q and Zeng MS.
Far upstream element-binding protein 1 is a
prognostic biomarker and promotes nasopha-
ryngeal carcinoma progression. Cell Death Dis
2015; 6: €1920.

[100] Cole MD. The myc oncogene: its role in trans-
formation and differentiation. Annu Rev Genet
1986; 20: 361-384.

[101] Schwab M. Ampilification of the MYCN onco-
gene and deletion of putative tumour suppres-
sor gene in human neuroblastomas. Brain
Pathol 1990; 1: 41-46.

[102] Bruckert P, Kappler R, Scherthan H, Link H,
Hagmann F and Zankl H. Double minutes and
¢c-MYC ampilification in acute myelogenous leu-
kemia: Are they prognostic factors? Cancer
Genet Cytogenet 2000; 120: 73-79.

[103] Aguzzi A, Ellmeier W and Weith A. Dominant
and recessive molecular changes in neuro-
blastomas. Brain Pathol 1992; 2: 195-208.

[104] Zhang YX, Pan WY and Chen J. p53 and its iso-
forms in DNA double-stranded break repair. J
Zhejiang Univ Sci B 2019; 20: 457-466.

[105] Oliner JD, Pietenpol JA, Thiagalingam S, Gyuris
J, Kinzler KW and Vogelstein B. Oncoprotein
MDM2 conceals the activation domain of tu-
mour suppressor p53. Nature 1993; 362:
857-860.

[106] Hanahan D and Weinberg RA. Hallmarks of
cancer: the next generation. Cell 2011; 144:
646-674.

[107] Zhou YH, Chen Y, Hu YJ, Yu L, Tran K, Giedzin-
ski E, Ru N, Gau A, Pan F, Qiao J, Atkin N, Ly K,
Lee N, Siegel ER, Linskey ME, Wang P and Li-
moli C. The role of EGFR double minutes in
modulating the response of malignant gliomas

3549

to radiotherapy. Oncotarget 2017; 8: 80853-
80868.

[108] Bello MJ and Rey JA. Chromosome aberrations
in metastatic ovarian cancer: relationship with
abnormalities in primary tumors. Int J Cancer
1990; 45: 50-54.

[109] Werling HO, Ghosh S and Spiess E. Chromo-
some analysis of two rat tumor cell lines. Pos-
sible role of DMs and HSR in metastasis. J
Cancer Res Clin Oncol 1984; 107: 172-177.

[110] Bridge JA, Sanger WG, Neff JR and Hess MM.
Cytogenetic findings in a primary malignant fi-
brous histiocytoma of bone and the lung me-
tastasis. Pathology 1990; 22: 16-19.

[111] Yost SE, Pastorino S, Rozenzhak S, Smith EN,
Chao YS, Jiang PF, Kesari S, Frazer KA and
Harismendy O. High-resolution mutational pro-
filing suggests the genetic validity of glioblas-
toma patient-derived pre-clinical models. PLoS
One 2013; 8: e56185.

[112] Vivanco |, Robins HI, Rohle D, Campos C,
Grommes C, Nghiemphu PL, Kubek S, Oldrini
B, Chheda MG, Yannuzzi N, Tao H, Zhu S, Iwa-
nami A, Kuga D, Dang J, Pedraza A, Brennan
CW, Heguy A, Liau LM, Lieberman F, Yung WK,
Gilbert MR, Reardon DA, Drappatz J, Wen PY,
Lamborn KR, Chang SM, Prados MD, Fine HA,
Horvath S, Wu N, Lassman AB, DeAngelis LM,
Yong WH, Kuhn JG, Mischel PS, Mehta MP,
Cloughesy TF and Mellinghoff IK. Differential
sensitivity of glioma- versus lung cancer-specif-
ic EGFR mutations to EGFR kinase inhibitors.
Cancer Discov 2012; 2: 458-471.

[113] Mellinghoff IK, Wang MY, Vivanco |, Haas-Ko-
gan DA, Zhu S, Dia EQ, Lu KV, Yoshimoto K,
Huang JH, Chute DJ, Riggs BL, Horvath S, Liau
LM, Cavenee WK, Rao PN, Beroukhim R, Peck
TC, Lee JC, Sellers WR, Stokoe D, Prados M,
Cloughesy TF, Sawyers CL and Mischel PS. Mo-
lecular determinants of the response of glio-
blastomas to EGFR kinase inhibitors. N Eng| J
Med 2005; 353: 2012-2024.

[114] Haber DA, Beverley SM, Kiely ML and Schimke
RT. Properties of an altered dihydrofolate re-
ductase encoded by amplified genes in cul-
tured mouse fibroblasts. J Biol Chem 1981,
256: 9501-9510.

[115] Haber DA and Schimke RT. Unstable amplifica-
tion of an altered dihydrofolate reductase gene
associated with double-minute chromosomes.
Cell 1981; 26: 355-362.

[116] Andor N, Graham TA, Jansen M, Xia LC, Aktipis
CA, Petritsch C, Ji HP and Maley CC. Pan-can-
cer analysis of the extent and consequences of
intratumor heterogeneity. Nat Med 2016; 22:
105-113.

[117] Gillies RJ, Verduzco D and Gatenby RA. Evolu-
tionary dynamics of carcinogenesis and why

Am J Cancer Res 2020;10(11):3532-3550



Biogenesis and roles of ecDNA in carcinogenesis

targeted therapy does not work. Nat Rev Can-
cer 2012; 12: 487-493.

[118] Komatsubara KM and Sacher AG. Circulating
tumor DNA as a liquid biopsy: current clinical
applications and future directions. Oncology
(Williston Park) 2017; 31: 618-627.

[119] Zhu J, Zhang F, Du MJ, Zhang P, Fu SB and
Wang L. Molecular characterization of cell-free
eccDNAs in human plasma. Sci Rep 2017; 7:
10968.

[120] Khatami F, Larijani B and Tavangar SM. The
presence of tumor extrachomosomal circular
DNA (ecDNA) as a component of liquid biopsy
in blood. Med Hypotheses 2018; 114: 5-7.

[121] Jamal-Hanjani M, Wilson GA, McGranahan N,
Birkbak NJ, Watkins TBK, Veeriah S, Shafi S,
Johnson DH, Mitter R, Rosenthal R, Salm M,
Horswell S, Escudero M, Matthews N, Rowan
A, Chambers T, Moore DA, Turajlic S, Xu H, Lee
SM, Forster MD, Ahmad T, Hiley CT, Abbosh C,
Falzon M, Borg E, Marafioti T, Lawrence D, Hay-
ward M, Kolvekar S, Panagiotopoulos N, Janes
SM, Thakrar R, Ahmed A, Blackhall F, Sum-
mers Y, Shah R, Joseph L, Quinn AM, Crosbie
PA, Naidu B, Middleton G, Langman G, Trotter
S, Nicolson M, Remmen H, Kerr K, Chetty M,
Gomersall L, Fennell DA, Nakas A, Rathinam S,
Anand G, Khan S, Russell P, Ezhil V, Ismail B,
Irvin-Sellers M, Prakash V, Lester JF, Kornasze-
wska M, Attanoos R, Adams H, Davies H, Den-
tro S, Taniere P, O’Sullivan B, Lowe HL, Hartley
JA, lles N, Bell H, Ngai Y, Shaw JA, Herrero J,
Szallasi Z, Schwarz RF, Stewart A, Quezada SA,
Le Quesne J, Van Loo P, Dive C, Hackshaw A
and Swanton C; TRACERx Consortium. Track-
ing the evolution of non-small-cell lung cancer.
N Engl J Med 2017; 376: 2109-2121.

[122] Schoenlein PV, Barrett JT, Kulharya A, Dohn
MR, Sanchez A, Hou DY and McCoy J. Radia-
tion therapy depletes extrachromosomally am-
plified drug resistance genes and oncogenes
from tumor cells via micronuclear capture of
episomes and double minute chromosomes.
Int J Radiat Oncol Biol Phys 2003; 55: 1051-
1065.

3550

[123] Von Hoff DD, McGill J, Davidson K, Forseth B,
Atef Ebrahim el-Zayat A and Burris H. Preclini-
cal leads for innovative uses for etoposide. Se-
min Oncol 1992; 19: 10-13.

[124] Christen RD, Shalinsky DR and Howell SB. En-
hancement of the loss of multiple drug resis-
tance by hydroxyurea. Semin Oncol 1992; 19:
94-100.

[125] Canute GW, Longo SL, Longo JA, Winfield JA,
Nevaldine BH and Hahn PJ. Hydroxyurea accel-
erates the loss of epidermal growth factor re-
ceptor genes amplified as double-minute chro-
mosomes in human glioblastoma multiforme.
Neurosurgery 1996; 39: 976-983.

[126] Snapka R and Varshavsky A. Loss of unstably
amplified dihydrofolate reductase genes from
mouse cells is greatly accelerated by hydroxy-
urea. Proc Natl Acad Sci U S A 1983; 80: 7533-
7537.

[127] Shimizu N, Misaka N and Utani K. Nonselec-
tive DNA damage induced by a replication in-
hibitor results in the selective elimination of
extrachromosomal double minutes from hu-
man cancer cells. Genes Chromosomes Can-
cer 2007; 46: 865-874.

[128] Von Hoff DD, McGill JR, Forseth BJ, Davidson
KK, Bradley TP, Van Devanter DR and Wahl
GM. Elimination of extrachromosomally ampli-
fied MYC genes from human tumor cells reduc-
es their tumorigenicity. Proc Natl Acad Sci U S
A 1992; 89: 8165-8169.

[129] Swinnen LJ, Barnes DM, Fisher SG, Albain KS,
Fisher Rl and Erickson LC. 1-beta-D-arabinofu-
ranosylcytosine and hydroxyurea production
of cytotoxic synergy with cis-diamminedich-
loroplatinum(ll) and modification of platinum-
induced DNA interstrand cross-linking. Cancer
Res 1989; 49: 1383-1389.

[130]Yu L, Zhao Y, Quan C, Ji W, Zhu J, Huang Y,
Guan R, Sun D, Jin Y, Meng X, Zhang C, Yu Y,
Bai J, Sun WJ and Fu SB. Gemcitabine elimi-
nates double minute chromosomes from hu-
man ovarian cancer cells. PLoS One 2013; 8:
e71988.

Am J Cancer Res 2020;10(11):3532-3550



