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Abstract

While the vast majority of cellular DNA in eukaryotes is contained in long linear strands in
chromosomes, we have long recognized some exceptions like mitochondrial DNA, plasmids in
yeasts and double-minutes in cancer cells where the DNA is present in extrachromosomal circles.
In addition, specialized extrachromosomal circles of DNA (eccDNA) have been noted to arise
from repetitive genomic sequences like telomeric DNA or ribosomal DNA. Recently eccDNA
arising from unique (non-repetitive) DNA have been discovered in normal and malignant cells,
raising interesting questions about their biogenesis, function and clinical utility. Here we will
review recent results and future directions of inquiry on these new forms of eccDNA.
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History of extrachromosomal circular DNA in eukaryotes

EccDNA was first found by Alix Bassel and Yasuo Hoota while investigating Franklin
Stahl’s theory that chromosomes of higher organisms are made of a series of DNA circles
[1] in 1964. They found DNA circles of various sizes, ranging from hundreds to thousands
of base pairs within a preparation of mammalian DNA. These large DNA circles are referred
to as Double Minutes (DMs). Another group verified the existence of DMs in human cancer
cells by karyotype preparations and by CsClI gradient purification [2, 3]. CsCl gradient
purification and EM imaging experiments were used to study DNA from a number of other
organisms [4-10].

Southern blots determined that eccDNA molecules were homologous to genomic DNA. The
majority of eccDNA were <500 base pairs and were named poly-disperse circular DNA
(spcDNA) [11-15]. Although the vast majority appeared to come from repetitive sequences
[11-15], a few spcDNA molecules hybridized to unique sequences [11, 13, 15, 16]. Some
groups found that some non-repetitive spcDNA sequences were flanked on both sides by
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direct repeats of an average length of 9-11 bp [13-15]. This suggested that DNA repair
pathways such as homologous recombination or microhomology mediated end joining
between short repeats could generate the circles. However, later studies isolated and
sequenced eccDNA with unique sequences that do not contain repetitive regions of any
length within or flanking the DNA [16]. Around the same time, a group used exonuclease 1l1
to quantify eccDNA amounts and found that eccDNA levels vary between tissues in mice
[17].

Using techniques that mostly studied eccDNA from repetitive sequences, a few groups
attempted to determine which processes contribute to the formation of eccDNA.
Cycloheximide, an inhibitor of protein synthesis, caused a 70-fold increase of eccDNA in
murine cells [14]; increases were also seen with a carcinogen, 7,1-
dimethylbenz[a]anthracene, and a DNA replication inhibitor, hydroxyurea [14]. Cells from
patients with Fanconi Anemia, with defects in a specific DNA repair pathway, contained
longer and more eccDNA molecules [12]. Two-dimensional gel electrophoresis expanded
the exploration of the smaller eccDNA to show that carcinogens increase eccDNA levels
[18] and that eccDNA production changes with developmental stage in frogs and flies [19,
20]. EccDNA could be formed by foreign DNA within a cell [21] and the organization of
DNA sequences in tandem repeats predisposed the DNA for eccDNA formation [21-23].
Collectively, these results suggested that eccDNA formation is dependent on DNA sequence,
organization and DNA damage repair.

As regards function of eccDNA, sequencing of larger eccDNA molecules, DMs, indicated
their capacity to code for full genes, and indeed eccDNA molecules in cancer cells were
found to contain amplified oncogenes and drug resistant genes [18, 24-26].

Recent advances in eccDNA

Recently, a paired-end high-throughput sequencing technology approach was used to
sequence the full complement of eccDNA in mouse tissues and human cancer cell lines [27].
High-throughput sequencing on exonuclease-resistant, rolling circle amplified,
extrachromosomal cellular DNA followed by a computational method to identify junctional
sequences (Fig 1) allowed the characterization of eccDNA sequences at base pair resolution
[27]. Unique (from non-repetitive DNA) eccDNA sizes peaked around 180 and 380 bp with
5% of the molecules extending to as long as 2-3 kb; the pattern was consistent between all
mouse tissues and human cancer cell lines. These molecules were named microDNA.
Longer eccDNA could have been under-represented in this study because rolling circle
amplification will amplify smaller circles at a greater rate than larger circles, but electron
microscopy of the circles also suggests that the majority of the circles are small [28]. The
eccDNA mapped to over a hundred-thousand unique sites in the genome, and were enriched
in specific regions, hotspots, including 5" UTR regions and CpG regions, areas with high GC
content (60%), and transcriptionally active chromatin [27]. The genomic DNA flanking most
microDNA contain 2-15 base direct repeats suggesting a microhnomology-mediated mode of
generation of the circles [27]. The chromosomal locations of the eccDNA sequences weakly
clustered prostate and ovarian cancer cell-lines away from each other suggesting that sites of
eccDNA formation could be correlated to cell lineage [28]. Further, deletion of MSHS3,
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encoding a protein in the DNA mismatch repair pathway, caused eccDNA levels to decrease
by 80% [28]. It is not yet clear whether these small eccDNAs replicate. A very rough
estimate, probably an underestimate, of the abundance of the eccDNA counted by electron
microscopy on preparations from defined numbers of cells suggest that there are at least
125-200 circles per DT40 cell [28].

A similar study done in Saccharomyces cerevisiae [29] identified about two-thousand
extrachromosomal circles of DNA covering nearly a quarter of the yeast genome. The
approach ignored potential eccDNASs less than 1kb in size and did not depend on the
identification of junctional sequences to call a sequence an eccDNA. Thus the eccDNAs
identified varied from 1-38 kb in length, with a significant enrichment of circles from
repeated parts of the genome like transposons, ribosomal DNA circles, gene duplications etc,
suggesting a homologous recombination mediated biogenesis of the circles. Nevertheless,
nearly 60% of the eccDNA arose from unique sequences, and over 90% of the genomic sites
revealed 7 base direct repeats that may lend them to a microhomology-mediated mechanism
of circle formation.

A very recent study done in Caenorhabditis elegans and in human cell lines used an
approach that relies on density gradient centrifugation (Cesium Chloride- Ethidium
Bromide) followed by tagmentation and high-throughput sequencing [30]. The authors also
report circles mapping on both coding and noncoding regions of the genome. The eccDNA
frequently appeared to be derived from exons of protein coding genes like mucinand titin.
The authors hypothesized that eccDNA may contribute to the expression of different
isoforms of a gene by interfering with or promoting the transcription of specific exons [27].

Fluorescent microscopy has been used to quantify changes in large eccDNAs, DMs, between
cancerous and normal cells [31, 32]. EGFR and myc genes were amplified in cancer cells
after a few passages through the formation of eccDNA [32]. An image analysis software
package combined with fluorescence imaging to quantify copies of oncogene, found MYC
and EGFRto be amplified in ~40% of examined human cancer tissues whereas no
enrichment was found in normal tissues [31]. The oncogenes were significantly more
amplified through the mechanism of eccDNA formation than through chromosomal
amplification [31]. The failure to detect eccDNA in normal tissues is probably due to the
absence of an enrichment procedure for circles and because the small eccDNA (microDNA)
do not bind enough dye to be detected under the microscope. Together these studies suggest
that eccDNA could contribute to tumor heterogeneity and evolution of tumors by increasing
the copy number of oncogenes [28]. These findings were validated by a study where an
oncogene, MET, in glioblastoma cells was found to be amplified on eccDNA molecules as
seen by FISH [33].

Yeast also contained an eccDNA carrying the GAPI gene, encoding a protein involved in
amino acid absorption, that was amplified after metabolite limitation [34]. The eccDNA was
flanked by two long direct repeats and it was hypothesized that homologous recombination
between the two repeat regions could form an eccDNA.
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Clearly the eccDNA identified to date are distributed over a wide size range and can also be
easily divided into those that arise from repetitive DNA versus unique DNA (Table 1). Thus
it is likely that eccDNAs may arise by many different pathways and have different functions.

Future Questions

Biogenesis

The mechanisms that lead to the biogenesis of eccDNA have yet to be fully discovered. A
large percentage of eccDNA molecules contain or are proximal to short direct repeats,
suggesting that some form of microhomology directed repair may form eccDNA [35, 36].
However, a significant portion of eccDNA contain no repeats and could not recombine with
any nearby sequence [16]. EccDNA levels have been known to increase with the addition of
carcinogens [16, 37]. The contribution of DNA replication in eccDNA production, however,
is controversial where some labs find eccDNA levels increase when ongoing replication is
blocked by replication inhibitors [14] while others find that eccDNA can be formed in the
absence of any DNA replication [21]. Further, specific DNA repair proteins are necessary
for eccDNA formation such as MSH3 (involved in mismatch repair) in DT40 cells [28]; or
unnecessary for eccDNA formation, such as okra, mus309, and mei41 (involved in
homologous recombination, non-homologous end joining, and DNA damage recognition
respectively) in Drosgphila melanogaster cells [20]. Homologous recombination could
excise repetitive DNA sequences during early development to give rise to larger eccDNA.
This would contribute to the heterogeneity of tandem repeat sequences between individuals,
including genes organized in tandem arrays such as rDNA and tDNA [21, 22]. Another
hypothesis is that DNA synthesis through regions rich in repeats would require increased
recruitment of DNA repair proteins, which may cause part of the chromosome to be
incompletely condensed prior to mitosis. This would cause breakage of large fragments,
which are ligated into circles [38]. Finally, the enrichment of eccDNA in normal cells from
GC rich, transcriptionally active areas of the genome suggest that R-loop formation and its
repair may contribute to eccDNA formation [28]. In Figure 2 we have speculated on the
different mechanism by which the eccDNAs may arise. Overall, it seems that eccDNAs arise
from various processes and more research is needed to determine how the size, GC content,
and repeat sequences of eccDNA are tied to pathways involving DNA metabolism.

When unique DNA is detected as an eccDNA, there is also the issue of whether the
biogenesis arose from excision of the chromosomal DNA, leading to a corresponding
deletion in the chromosomal sequence, or whether the circular DNA was produced by some
kind of copying mechanism, as during DNA replication or repair, where there is no
concurrent loss of chromosomal DNA. Indeed, in at least two hot-spots for microDNA
production, a very high depth sequencing of the chromosomal DNA from adult mouse brain
identified microdeletions present substoichiometrically (in a somatically mosaic pattern)
[27]. The microdeletions were rare, occurring in 1 of 400-4000 alleles from the brain and
would be missed if the genomic sequencing is not done at a very high depth. Nevertheless,
the presence of eccDNA from over a hundred-thousand sites in mouse, human and chicken
cells makes it unlikely that all of them are created by an excision event that leaves behind
over a hundred-thousand somatically mosaic deletions on the chromosomes.
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Circular DNA containing telomeric DNA (t-circles) and ribosomal sequences (rDNA) have
been studied for many more years and many mechanisms of formation have been proposed,
though none proven. These theories include genomic rearrangement, excision and ligation,
recombination between tandem repeats, and reverse transcription of mRNA [39]. One
protein complex, CTC1/STN1/TEN1, known to be involved in telomere maintenance has
been shown to significantly contribute to t-circle formation [40]. Also, in yeast cells lacking
SGS1, a protein known to be involved in DNA repair, there are significantly increased levels
of eccDNA [41]. These results further suggest that multiple pathways contribute to eccDNA
formation.

Known functions of eccDNA include contribution to intercellular genetic heterogeneity in
tumors, particularly amplification of oncogenes and drug resistance genes, which presumes
that the genes on the eccDNA are expressed. Theoretical functions of eccDNA can include
expression of regulatory RNAs contributing to intercellular heterogeneity, sponging of
transcription factors, production of a pool of mutable DNA for evolution of tumors, gene
dose compensation, ageing, release from cells for intercellular communication, use in liquid
biopsy and stimulation of innate immune pathways (Figure 3).

EccDNAs have been linked to cancers and drug resistance. Double minutes carry oncogenes
or drug resistance genes and advance cancers by gene amplification [42-45]. Recent
evidence suggests oncogene amplification mediated by eccDNAS is a much more common
phenomenon than previously thought, and is critical for tumor heterogeneity and evolution.
For example, eccDNAs were detected in nearly 40% of the tumor cell lines and nearly 90%
of patient-derived brain tumor models [31]. This study also provides mathematical and
experimental evidence that driver oncogene amplification and tumor heterogeneity may be
significantly higher when the amplification occurs on eccDNA than when the amplification
occurs within chromosomes. Due to the random distribution of eccDNASs to daughter cells,
during each division one of the daughter cells may inherit a higher copy number of
eccDNAs with a driver oncogene, and thus acquire a proliferative advantage [31]. The
number of specific eccDNAs in cells may also change in response to environmental
conditions thereby introducing an additional mechanism for tumor adaptation to challenging
conditions. An example of this is in glioblastomas, where EGFR is frequently mutated and
commonly gives rise to the EGFRVI/I/ oncogenic variant. While EGFRvI/I promotes tumor
growth, it also makes the tumor cells sensitive to EGFR tyrosine kinase inhibitors [46]. It is
found that resistance to EGFR tyrosine kinase inhibitors is developed by losing double
minutes carrying the mutant £EGFR [46]. It is also possible that driver mutations can occur
extrachromosomally during the amplification of eccDNAs, and this will also be critical for
tumor heterogeneity and evolution [47]. Overall, eccDNAs appear to be a common
phenomenon in cancers contributing to tumor heterogeneity, adaptation, and evolution.

EccDNA has also been linked to aging. EccDNAs containing ribosomal RNA genes
accumulate with time and contribute to the aging of yeast cells [41]. These
extrachromosomal rDNAs have an ARS sequence (autonomously replicating sequence), and
are able to replicate [41]. Moreover, in each cell division they are preferentially segregated
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to mother cells. These properties are responsible for an exponential increase of these
eccDNAs in aging mother cells, while limiting the number of eccDNAs in daughter cells
prolongs their lifespans. The exact mechanism how the eccDNAs trigger the senescence and
eventual death of old cells is not clear. It was proposed that sheer abundance of these
eccDNAs might titrate the components of replication and/or transcription machineries, and
triggers the senescence and eventual death of old cells. Corroborating the titration
hypothesis, ectopic expression of ARS plasmid is sufficient to trigger a final arrested state of
old cells and eventual cell death [41]. Recent discoveries of eccDNA in normal cells and
tissues raises the interesting question of whether eccDNA accumulation may contribute to
ageing in higher eukaryotes.

EccDNAs may also play a role in gene compensation [48]. In S. cerevisiae, H2A and H2B
histones are encoded by two gene pairs named as H7AI-HTBI1and HTA2-HTB2. \When
HTAI-HTBI1is deleted, dosage compensation occurs by gene amplification of HTA2-HTB2
via formation of a new eccDNA containing 39kb of chromosome Il that includes H7AZ2-
HTB2, the histone H3-H4 locus, a centromere and origins of replication [48]. This new
eccDNA is created by recombination between two Ty1 retrotransposon elements that flank
this region [48]. In HTAI-HTBI deleted strains formation of the HTA2-HTB2eccDNA is
significantly elevated to compensate for the decrease in H2A and H2B [48].

In contrast to the DMs, the smaller type of eccDNAs are more widespread, but much less is
known about their function in cell biology [27, 49]. They are too small to contain protein-
coding genes, but long enough to code for regulatory short RNAs or fragments of genes.
Another possibility for the microDNA function may be molecular sponging: they may
function as sponges for transcription factors to control gene expression indirectly. Finally, it
was recently found that microDNAs are present in serum and plasma of both mouse and
humans as circulating DNA [49, 50]. Other than their potential as biomarkers in liquid
biopsy experiments, if other cells can take in these microDNAsS, this may be a novel way of
communication between cells. This possibility is a speculation at this point, but is an
important subject of future investigation.

Cells react to naked DNA in the cytoplasm by activation of the cGAS pathway that
culminates in expression of interferon and stimulation of the immune system [51, 52]. This
is part of the innate immune response that is used in response to foreign pathogens. One
interesting possibility is that the eccDNAs are released to the cytoplasm during mitosis and
are either degraded by enzymes like TREX1 or activate the cGAS pathway. Thus the
eccDNA, especially if they are not protected by chromatin, may be an endogenous antigen
that can activate autoimmune pathways.

Clinical utility

Tumor specific features of eccDNA could be important for the identification and prognosis
of the disease and therefore it is important to find any differences in eccDNA between tumor
and matched normal tissue. Human cancer cell lines were found to have a population of
longer eccDNAs than that in normal mouse tissues [27]. MicroDNA was present in both
tumor and normal lung tissue and most of the known properties of eccDNA were similar
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between the normal and tumor [49]. However, the eccDNA identified in human lung cancers
were slightly longer on average compared to matched normal tissue from the same patients
(3 out of 4 pairs of tumor and normal samples) [49]. It will, of course, be more important for
the use of eccDNA as biomarkers for cancers, if their abundance or sequence of origin
change in a predictable way when a normal cell is transformed into a cancer cell.

There are numerous reports using high-throughput sequencing technology to identify tumor-
specific linear DNA fragments present in the serum or plasma, the so called liquid biopsy
[53]. The presence of eccDNA in circulation has also recently been shown [49, 50]. The
characteristics of the microDNA (higher GC content, 2-15 bases long direct repeat flanking
their source genomic sites, genomic distribution etc.) of circulating eccDNA were very
similar to that reported earlier in mouse tissue and mouse, chicken and human cell lines.
Furthermore, the eccDNA arise from genic and intergenic regions. Consistent with the fact
that microDNA from lung cancers was slightly longer than matched normal tissue
(mentioned above), the circulating eccDNA in the patients before surgical resection of the
tumor was generally longer compared to the circulating eccDNA in the same patients 6
weeks after surgery [49]. This may suggest that human cancers also release longer eccDNA
into circulation than normal tissues. The eccDNAs are expected to be more stable compared
to linear DNA and this may be an advantage for using eccDNA in blood for liquid biopsy
experiments.

Concluding Remarks

The most important question to be resolved in order for eccDNA to be used as a biomarker
for cancer is determine whether cell-free eccDNA arising from tumors can be differentiated
from eccDNA arising from normal tissues. Further, because eccDNA has been shown to
confer an ability to amplify oncogenes and drug resistant genes it is vital to determine what
specific proteins are involved in eccDNA formation. The proteins involved in generating
eccDNA from the genome could act as targets for therapy against this form of genomic
plasticity. The functions of eccDNA needs to be further explored. The majority of eccDNA
are 200-400 base pairs (microDNA, some of the spcDNA). However, most studies have
focused on the gene amplification abilities of DMs, and it is possible that microDNA can
contribute to similar amplification of small genes or regulatory RNAs. Lastly, the turnover of
eccDNA in cells or in cell-free DNA in the circulation has yet to be determined, and the
results will have implications for their intracellular functions and their utility for liquid
biopsy, respectively. The half-life of these molecules inside the cells would be particularly
interesting in proliferating cells where nuclear envelope breakdown in mitosis exposes them
concurrently to cytoplasmic nucleases and to the cGAS DNA sensing system. Overall,
research on eccDNA has increased the appreciation of the plasticity of genomic DNA and
the dynamics of gene amplification and deletion and much more remains to be discovered
regarding their biogenesis, function and possible clinical utility (See Outstanding
Questions).
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Outstanding Questions

What repair pathways/proteins are involved in generating the different sizes of
eccDNA?

Do eccDNA increase or decrease in specific diseases?
Do eccDNAs regulate cell function or play a part in inter-cellular communication?

Can eccDNA re-insert into genome and change the structure and function of
genes?

Are eccDNAS passed on to the next generation of cells and organisms?

Glossary

Cycloheximide
protein synthesis inhibitor.

Density gradient centrifugation

Is a technique to isolate closed circular DNA. The genomic DNA is mixed in a CsCl solution
containing ethidium bromide (an intercalating agent) and subjected to ultracentrifugation to
form a density gradient. Plasmid-DNA sample is run separately to locate where circular
DNA will sediment. This location is used to isolate the eccDNA which is insufficient in
abundance to produce a visible band.

Double minutes

eccDNA first identified by karyotyping as existing independent of the chromosomes in
cancer cells. They are long enough to have their own origins of replication and have been
observed in tumor tissue where they most frequently harbor the oncogenes or genes involved
in drug resistance in tumor.

Homologous Recombination
A repair pathway that repairs double strand breaks by using the homologous sequence of a
sister chromatid to align, fill in gaps, and then ligate the damaged chromosome.

Junctional sequences
Nucleotide sequences created at the junction during circularization of the linear DNA. The
junctional sequence does not exist in the linear chromosome.

Junctional tags or reads

One of the ends of a paired-end read that cannot be mapped on to the genome and can only
be explained as a junctional sequence produced by joining two shorter sequences that flank
the location where the other end of the pair maps on the genome.

Microhomology mediated end joining
A repair pathway which uses 5-25 bp of homology to align and then ligate the broken ends
of a double strand break.
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Paired end reads
Reads from two ends of a defined size linear DNA fragment obtained by high-throughput
sequencing.

Rolling circle amplification

A DNA/RNA amplification process where tandem copies of a circular molecule are
generated as linear DNA. The final linear DNA/RNA molecule has direct repeats of the
original circular DNA/RNA molecule joined in tandem.
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Trends box

Genome sequencing, microscopic and biochemical methods have identified
eccDNA in a wide range of species, tissues and cells.

eccDNA are present in mammalian tumor cells and larger eccDNA harbor
oncogenes

eccDNA are heterogenous in size, ranging from few hundreds (microDNA) to few
megabases (double minutes)

Some eccDNA have a role in conferring tumor drug resistance

eccDNA provide genetic diversity between cells even in normal tissues
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Figure 1. Junctional tag
Schematic representation of eccDNA and junctional sequence genesis from linear DNA. The

two ends of linear DNA get ligated and ligation event creates a new junctional sequence
which is not present in parent linear DNA; The sequencing reads partially mapping to the
left and right side of ligation point are the junctional sequence. Because the junctional
sequence is not present in linear DNA it acts as a discriminatory feature within computer
algorithms to validate that the DNA fragment was within a circular DNA molecule [27, 28,
49]. The paired end reads pairs where one read completely maps inside the body of circle
and other second reads maps on the junctional sequence are used for the final validation of
circular nature of the starting DNA fragment.
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Figure 2. Examples of how eccDNA is formed
(A) Replication slippage creates a loop on the template strand through mis-priming of a

dissociated polymerase at the wrong direct repeat. The loop is then excised and ligated into a
circle, leaving a microdeletion on the chromosome. (B) Replication slippage creates a loop
in the product strand which is then excised and ligated into a circle, but no microdeletion is
left on the chromosome. An R-loop displaces the non-template strand and allows the direct
repeats on the unpaired strand to form into a loop which is then excised and ligated into a
circle. Alternatively (not shown), the RNA paired DNA strand could be excised, released
from the RNA and ligated between direct repeats to form a circle. In either case, the gap in
the chromosomal DNA is repaired by gap filling and leaves no deletions on the
chromosome. (C) ODERA mechanism of eccDNA formation. Replication slippage on pairs
of inverted repeats and ligation forms a single-strand circle, e.g. [54]. (D) Double strand
break within a repeat region with a proximal homologous repeat sequence is repaired by
homologous recombination. The small fragment forms a circle, while the chromosome
suffers a microdeletion. An example of this is in [34].

DNA circle formed by cleavage and ligation DNA circle formed by cleavage and ligation DNA circle formed by homologous recombination
Microdeletion in chromosome Chromosome repaired by DNA synthesis Microdeletion in chromosome
@:
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Figure 3. Functions of eccDNA in mammalian cells
The known functions of eccDNA are listed in black text; the hypothesized roles of eccDNA

are listed in grey text.
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Table 1
Size range of circular DNA in eukaryotes

Name of circular DNA Size range Replication | References | Function (if any)

Double-minute chromosomes 100kb — 3mb Self [31, 42-45] | Double minutes contain proto-oncogenes in
cancers

Extra chromosomal rDNA circle | 19.3 and 40.4 kb Self [41, 55] Accumulation associated with aging, suppress
mitochondrial “cheats” in Yeast

Telomeric circle Integral multiples of Self [22] Telomeric circles in a wide range of organisms

738 bp provide telomeric repeat template for restoring

telomere length by homologous recombination

Mitochondrial circular DNA 16 kb Self [56] Contains genes essential for mitochondria
function

Chloroplast circular DNA 120-160 kb Self [57] Contains genes including essential genes for
photosynthesis

Alpha satellite circle 2-20 kb Self [22] Centromere evolution?

MicroDNA 100-1000 bases ND [27, 28, 49] | miRNA generation?

Kinetoplast maxicircles 20-40 kb Self [58, 59] Encode ribosomal RNAs and mitochondrial
proteins

Kinetoplast minicircles 0.5-1 kb Self [58, 59] Produce guide RNA to decode maxicircle gene

information for mitochondria
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