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ABSTRACT Investigations aimed at de ning the 3D con guration of eukaryotic chromosomes have
consistently encountered an endogenous population of chromosome-derived circular genomic DNA, referred
to as extrachromosomal circular DNA (eccDNA). While the production, distribution, and activities of eccDNAs
remain understudied, eccDNA formation from speci c regions of the linear genome has profound
consequences on the regulatory and coding capabilities for these regions. Here, we de ne eccDNA
distributions in Caenorhabditis elegans and in three human cell types, utilizing a set of DNA topology-de-
pendent approaches for enrichment and characterization. The use of parallel biophysical, enzymatic, and infor-
matic approaches provides a comprehensive pro ling of eccDNA robust to isolation and analysis methodology.
Results in human and nematode systems provide quantitative analysis of the eccDNA loci at both unique and
repetitive regions. Our studies converge on and support a consistent picture, in which endogenous genomic
DNA circles are present in normal physiological states, and in which the circles come from both coding and
noncoding genomic regions. Prominent among the coding regions generating DNA circles are several genes
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known to produce a diversity of protein isoforms, with mucin proteins and titin as speci ¢ examples.

Endogenous DNA circles derived from canonical linear chromosomal
loci, known as eccDNA, were rst detected in nuclear fractions of plant
cells (wheat and tobacco) in the 1980s by electron microscopy (Kinoshita
et al. 1985). Since then, eccDNASs have been detected in human cell
lines (Kinoshita et al. 1985; Assum et al. 1989; Misra et al. 1989; Kuttler
and Mai 2007, Cohen et al. 2008) and cells of various organisms
(Gaubatz 1990). Accumulating levels of eccDNA have been observed
in connection with developmental progression (Gaubatz 1990; Gaubatz
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and Cutler 1990; Gaubatz and Flores 1990), aging (Kinoshita et al. 1985;
Gaubatz 1990; Gaubatz and Cutler 1990; Sinclair and Guarente 1997),
and genome instability (Cohen and Lavi 1996). Differences in eccDNA
copy number and/or expression suggest that eccDNASs can contribute
to genomic variation and mosaicism in different tissues, expanding the
diversity in coding and regulatory capacity of eukaryotic genomes and
transcriptomes.

A subset of eccDNA elements are associated with malignancies and
drug-resistant tumors in a wide variety of cancers, such as circularized
oncogenes and drug-resistance factors (“Double minutes”), which are
capable of driving events in oncogenesis (Carroll et al. 1988; Albertson
et al. 2003; Snijders et al. 2003). Beyond the known oncogene and
mobile elements, multiple genomically unstable phenotypes are asso-
ciated with an accumulation of eccDNAs (Gaubatz 1990; Cohen et al.
1997, 2003, 2008; Sinclair and Guarente 1997; Cohen and Segal 2009),
including an observed rise in eccDNA levels in cells treated with car-
cinogens and in broblasts from patients suffering from Fanconi’s
anemia.(Cohen et al. 1997) Moreover, deletions of genomic DNA seg-
ments in a circular form can occur in programmed processes such
as RAG-dependent V(D)J recombination at the immunoglobulin and
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Figure 1 Work ow. (A) Genomic DNA is isolated from the organism/tissue of interest. Tissue is homogenized and treated with sodium dodecyl
sulfate (SDS) and proteinase K. To enrich for circular DNAs, total genomic DNA (G) is treated with exonuclease V (exoV) (Palas and Kushner 1990)
to produce Ggxo Or banded in a cesium chloride (CsCl) gradient to separate G into GT and GB (Grossman et al. 1974). GT is the upper band of the
gradient and includes linear DNAs and nicked circular DNAs. GB, the bottom band, consists of covalently closed-circular DNAs. After enrichment
for circular DNA with either method (or both), eccDNA (extrachromosomal circular DNA) is minimally sheared by attenuated treatment with
Nextera tagmentase. (B) Transposition creates a 9-bp sequence duplication anking the transposon insertion site. Tn5 randomly binds and cuts
DNA, leaving a staggered, nine-nucleotide single-stranded overhang. DNA on either side of the cut is lled by DNA polymerase in the rst
polymerase chain reaction (PCR) cycle, thereby creating 9-bp duplications anking the genomic DNA sequence. Matching overhangs in the gure
have matching colors. Also, paired reads (R1 and R2, indicated by arrows) share the same color. If a circular DNA molecule gets cut only once by
Tn5, paired-end sequencing will reveal a unique 9-bp duplication at the beginning of each read (designated by colored overhangs), thereby

providing a bioinformatic mark for circular DNAs.

T-cell receptor loci in vertebrates. It should be noted that somatic
deletions are generally investigated only when there have been tissue sam-
ples, resources, and a prior reason to expect a speci ¢ phenotype and/or
locus to be associated with DNA rearrangement; therefore, there has been
little opportunity to assess the level and scope of DNA deletions and
corresponding eccDNAs in diseased or healthy cells. Even when they might
be of interest, circular DNA elements would often be unrecognized or lost
in whole-genome studies that depend on existing tools. Thus, eccDNA
remains a relatively unexplored component of the eukaryotic genome
(Cesare and Reddel 2010; Cohen and Segal 2009; Dilley et al. 2016).
Mechanistic features of eccDNA formation and metabolism simi-
larly remain a mystery. Despite tremendous progress in our under-
standing of the synthesis, maintenance, and repair of eukaryotic linear
genomes, not much is known about the fate of deleted/excised circular
pieces of the genome. In some cases, there is clear evidence for retention
of these circular DNAs (such as double-minute elements in cancer cells
and telomeric circles (Carroll et al. 1988; Dilley et al. 2016; Li et al.
2017)). More recently, a study demonstrated that deleted circular DNA
elements can be transcribed to produce dsRNAs, further contribut-
ing to small RNA-mediated genome reorganization (via piRNAS) in
Paramecium (Allen et al. 2017). With the diversity of potential roles for
eccDNA and eccDNA formation, studies focused on eccDNA provide a
unique window into our understanding of the dynamic genome.
Several recent studies have combined high-throughput sequencing
with protocols designed toward enrichment of eccDNA (Shibata et al.
2012; Moller et al. 2015; Kumar et al. 2017). These studies (in mouse
tissues and yeast) have provided intriguing clues with respect to
eccDNA sequence distributions. However, to obtain a comprehensive
picture of eccDNA, it is critical to apply diverse methods that minimize
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DNA sequence- or structure-dependent biases (Kumar et. al. 2017). To
this end, we used parallel methods to maximize the robustness of
circular DNA isolation and sequencing. This analysis provides ge-
nome-wide “circulome” maps of a whole organism (Caenorhabditis
elegans) and both healthy and diseased human tissues. We show that
(i) genomic circular DNA repertoire is a function of cell type and state,
(ii) eccDNA-mediated excision events are evident in both normal and
diseased backgrounds, and (iii) a subset of eccDNAs map to several
coding regions known to produce a diversity of protein isoforms.

MATERIALS AND METHODS

C. elegans strains and maintenance

C. elegans were grown at 16 (unless speci ed) on agar plates with
nematode growth medium seeded with Escherichia coli strain OP50
(Brenner 1974). Some strains were provided by the CGC, which is
funded by the NIH Of ce of Research Infrastructure Programs (P40
0D010440). Strains used are: wild-type animals, VVC2010 (PD1074), a
clonal derivative of Brenner’s original C. elegans strain N2 (Brenner
1974), glp-1(e2141ts) (Austin and Kimble 1987; Yochem and Greenwald
1989), and fem-3(q20gf) (strain JK816) (Barton et al. 1987).

Spermatocyte isolation

Sperm eccDNA was isolated from a fem-3(q20gf) mutant strain
(Barton et al. 1987); this mutation converts a hermaphrodite to a
sperm-only-producing strain. Sperm were isolated from a synchronized
adult population of fem-3(q20gf) at the permissive temperature accord-
ing to Gent et al. (2009). Brie y, after multiple washes in M9 buffer (to
remove bacterial contamination), the animals were diced with a razor
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blade in a glass dish under the microscope. The mixture of released
spermatogenic cells and carcasses was Itered through a double layer of
10 mm Nitex blotting cloth (Wildlife Supply) and washed three times in
M9 before ash freezing in liquid nitrogen. A fraction of the sample was
further fractionated by centrifugation for 20 min at (21,130 = g), the
pellet was discarded, and the supernatant (containing smaller spermato-
cytes) ash frozen in liquid N,.

Isolation of somatic tissue

A predominantly somatic tissue sample was isolated fromaglp-1(e2141ts)
mutant strain (Austin and Kimble 1987; Yochem and Greenwald 1989);
glp-1 encode!s a Notch signaling protein that induces the formation of a
germline in C. elegans. When shifted to a nonpermissive temperature at
the L1 larval stage, glp-1(e2141ts) animals produce animals with a full
soma but with germline that is reduced by - 99%.

C. elegans genomic DNA isolation

To prepare eccDNA and control genomic DNA, pellets of whole animals
(or sperm pellets) were incubated with occasional gentle mixing in 450 ml
of “Worm lysis buffer” (0.1 M Tris, 0.1 M NaCl, 50 mM EDTA, and 1%
SDS, pH =8.5) and 20 ml of 20 mg/ml Proteinase K (Roche) for 1.5 hr at
62 (., 25ml pellet per sample). Standard procedures were used for DNA
isolation. Brie y, after an NaCl precipitation step to remove debris
(180 ml of saturated NaCl, spinning at 21,130 « g for 15 min, retention
of supernatant), nucleic acids were ethanol-precipitated (1 ml of 220
ethanol), centrifuged at 4 for 30 min, pellets washed in 75% ethanol
(room temperature), and resuspended in 100 ml TE (10 mM Tris-HCI
and 1 mM EDTA, pH =8.0), and treated with RNAse A (Roche 2 ml of a
5 mg/ml stock) for 1 hr at 37 . After the addition of ammonium acetate to
a nal concentration of 1 M, DNA was puri ed by phenol-chloroform
extraction and ethanol precipitation, followed by a 75% ethanol wash.
Genomic DNA pellets were resuspended in TE and stored at 220 .

Fibroblast and granulocyte DNA isolation

For comparison of broblast and granulocyte eccDNA pro les, DNA
from a previous whole-genome sequencing study of a male individual
(Merker et al. 2013) was used. Fibroblast cells were derived from a
punch biopsy of healthy skin, while granulocytes (present at high levels
due to myelo brosis) were isolated from blood. The subject (Merker
et al. 2013) was counseled and consented under a research protocol
approved by the Stanford University Administrative Panel for the Pro-
tection of Human Subjects (Merker et al. 2013). DNA was extracted
using the Gentra Puregene Cell Kit (QIAGEN, Valencia, CA) according
to the manufacturer’s protocol.

eccDNA enrichment

Cesium chloride-ethidium bromide (CsCI-EB) density gradient
centrifugation: High-molecular weight genomic DNA was mixed into
2.0 ml of a CsCl solution having a density of 1.55 g/ml. The sample was
subjected to centrifugation at 500,237 = g for 2.5 hr in a S120-VT
vertical rotor (Thermo Scienti c). As a reference, a plasmid DNA
sample was run in parallel in a separate centrifuge tube. In the absence
of exonuclease V (exoV) treatment, a distinct band, corresponding to
sheared linear nuclear DNA (along with nicked/relaxed DNA circles),
was visible under ultraviolet light. The plasmid DNA control sample
showed two distinct bands corresponding to the nicked and linear (top)
and covalently closed plasmid (bottom). A hypodermic needle was used
to carefully isolate the fraction of interest with the closed circular plas-
mid band used as an indicator of the approximate location of the invisible
eccDNA band (Figure 1A). Ethidium was removed from the isolated bands
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Table 1 Capturing singly tagmented eccDNA circles

Fraction of 9-bp
Duplication
Incidents
Relative to Total

Fold Enrichment of Singly
Tagmented Circles in eccDNA
Fractions Over the

Sample Captured Incidents Corresponding
Name (%) Total Genomic DNA
Gexo 0.84 3111
GB 0.74 277.8
Spermexo 0.22 27.5
glp-lexo 0.4 181.8
G 0.003 —
SpermG 0.008 —
glp-1G 0.002 —

eccDNA, extrachromosomal circular DNA.

by extraction with CsCI/TE-saturated 1-butanol. Samples were dialyzed
for 2 d against TE buffer (10 mM Tris-Cl and 1 mM Na,EDTA) at 4 .

ExoV treatment: For enzymatic removal of linear DNA, 200 ng of
genomic DNA was treated with 400 U/mg exoV (NEB) over 3d in 50 mM
potassium acetate, 20 mM Tris-acetate, 10 mM magnesium acetate, and
1mMDTT, pH 7.9, in the presence of ATP and 100 mg/ml ampicillin (to
limit bacterial contamination). After each round of exoV treatment, the
reaction was heat inactivated at 70 for 30 min. A similar protocol was
followed for human genomic DNA treatment, except for the duration of
the reaction (5 d). For human eccDNA experiments, three different exoV
to DNA ratios were used ranging from 500 to 1000 U/mg (Figure 1A).

Library preparation and low-input Nextera protocol

To generate fragmented genomic DNA libraries with appropriate link-
ers, 1 ng of DNA was treated with 1.5 ml of Nextera XT tagmentase
(MMlumina) at 37 for 30 min with gentle shaking. For eccDNA libraries
with DNA input , 1 ng, the eccDNA sample was treated with 0.5 ml of
Nextera XT tagmentase at 37 for 30 min. In experiments where an
enrichment for singly tagmented circles was sought, the tagmentation
reaction was attenuated, with 0.5 ml of tagmentase incubated with the
DNA at 37 (without shaking) for only 3 min. A minimal number of
PCR cycles was chosen by monitoring the ampli ed DNA by gel elec-
trophoresis after varying numbers of PCR rounds, ensuring libraries are
prepared from PCR reactions in which the ampli ed DNA was still
undergoing ampli cation. We nd that ampli cation up to 10-12 cy-
cles of PCR is suf cient for library production.

Plasmids and synthetic DNA mini-circles

As a template for generating reference DNA circles, we used a plasmid
with two directly repeated loxP sites cloned in the backbone of the generic
vector pGEM5Zf(+) (Shoura et al. 2012; Shoura and Levene 2014). The
resulting plasmid, pCS2DloxPzero (Shoura et al. 2012), allows insertion
of arbitrary spacer sequences (gBlocks, IDT) between the two loxP sites
by linearizing the plasmid with both Notl and Pstl (NEB). Using
pCS2DloxPZero as a vector, we inserted a 378 bp insert sequence between
the two loxP sites, resulting in plasmid pCS2DIloxP378. Upon treating
pCS2DloxP378 with Cre recombinase [(puri ed in-house according to
Martin et al. (2002) and Gelato et al. (2005)], a 412 bp circle is produced
(378 bp + one loxP site; 34 bp), along with the 3034 bp parent plasmid.

Bioinformatic analysis
Bowtie2 (version 2.2.25) was used align the paired-end reads to the
nematode (ce10) or human (hg38) reference genomes, respectively.
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Figure 2 Data analysis. (A and B) are chromosomal maps of aligned reads in total genomic DNA (G) and eccDNA (Gexo, €xtrachromosomal
circular DNA), respectively. Reads are categorized as: unique, local repeats, intrachromosomal repeats, and dispersed repeats. The graphs show
unique reads and focal repeats only, as dispersed repeats cannot be mapped to one location. (C) Whole-genome distribution of sequence classes
in eccDNA fractions from WT animals, C. elegans sperm, and animals lacking germline cells. (D) Our methodology applied to glp-1 animals
(somatic adults). This map shows uniquely mapped areas on each chromosome that are signi cantly enriched in the circular pool {1-kbp intervals
with enrichment assessed through Bayes maximume-likelihood [minimum of twofold enrichment with a default false discovery rate of 0.05/
(2 number of genes)]}. This plot shows only reads that map uniquely to the genome. Position of the colored circle on the y-axis for each interval
is proportional to the degree of enrichment.

Mapped reads were deduplicated using Picard. Unique reads were
sorted and indexed using samtools (1.2.). To analyze sequences that
cannot be mapped uniquely, a separate positioning approach was used.
This approach uses both unique and repeated k-mer sequences (Li
et al. 2014) to characterize individual k-mer/read counts and positions
(python scripts available on request). Reads were divided into cate-
gories as follows. Unique Chromosomal: these reads represent the
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number of different read pair start/stop positional combinations for
which both reads are uniquely and unambiguously mapped the ref-
erence genome (consistent with Bowtie algorithms). Locally repeated
reads or “focal repeats™: de ned as sequence that occur multiple times
in the genome but for which all occurrences are con ned to a single
chromosome in a limited range of base pair distance (chosen as
300 kb for this study). Dispersed repeats: repeated reads that are
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Figure 3 Sequence coverage of three eccDNA (extrachromosomal circular DNA)-enriched regions in different C. elegans populations. (A-C)
show three distinct regions in the genome where eccDNA is generated. Red: exonuclease V (exoV)-treated DNA from synchronized young larvae,
L1; blue: exoV-treated DNA from a mixed-stage population. Green, brown, and orange tracks are untreated genomic DNAs (L1 Genomic-1 and
L1 Genomic-2 are independent biological replicas). (A) Hyper-enriched eccDNAs isolated from exoV-treated C. elegans genomic DNA map
precisely to a coding exon of the titin gene in the eccDNA pool. Unique mapping of untreated genomic DNA from the top band of a cesium
chloride-ethidium bromide gradient is shown in purple. (B and C) show similar pro les for eccDNAs corresponding to an intergenic repeat and the

tag-80 gene, respectively.

distributed beyond this limited range or on multiple chromosomes.
Intrachromosomal repeats: de ned as reads that map to multiple sites
on a single chromosome where the sites are separated by long dis-
tances (in this case, above the arbitrary cutoff of 300 kb). We used the
Dfam databases (Hubley et al. 2016) to annotate the repetitive ele-
ments found in the eccDNA fractions.

Enrichment analysis

Each eccDNA sample was sequenced in parallel to a control genomic
DNA sample (G) from the same biological specimen. Read counts for
each genomic interval (bins of 1 kb for C. elegans and 25 kb for human)
were obtained from each eccDNA sample and its paired control. To
identify exemplary enriched regions in the eccDNA fractions, we used
a minimum enrichment value of fourfold, required that a greater than
fourfold enrichment be robust to expected (binomial) stochastic vari-
ation in read counts, and used a two-tailed Bonferroni-corrected false
discovery rate of 0.05.

Data availability

The authors state that all data necessary for con rming the conclusions
presented in the article are represented fully within the article. Sequenc-
ing data will be publicly available on ENCODE (the Encyclopedia of
DNA Elements) under project le set ENCSR984FML.
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RESULTS

Circulome-Seq as a hybrid biophysical-biochemical-
bioinformatic method to characterize genomic
circular DNAs
The approach described here entails two independent and effective
separations of linear and circular DNA: (i) a subtractive biochemical,
enrichment-based method, multiple rounds of extensive digestion with
exonuclease V (removing the vast majority of linear DNA) (Palas and
Kushner 1990) and (ii) a biophysical puri cation method, centrifuga-
tion in CsCl/ethidium-bromide gradients, which provide topological
separation of circular forms from linear DNA (Grossman et al. 1974).
Applying one or both of these separations, we show a substantial en-
richment for circular DNAs evidenced by enrichment for the circular
mitochondrial DNA, which serves as an internal control (see Figure 1).
In both approaches, we avoid: (a) DNA-puri cation methods that in-
clude denaturation and subsequent renaturation steps (e.g., based on
alkaline lysis and neutralization), as these steps enrich for repetitive
linear DNA fragments along with circles (Wetmur and Davidson
1968); (b) digestion of genomic DNA with restriction enzymes
(Moller et al. 2015) or selection of a speci ¢ DNA size range through
size-exclusion columns (Shibata et al. 2012), which naturally biases
enrichment in favor of small eccDNAs; and (c) “rolling circle” ampli-
cation of input DNAs to increase circular DNA copy number before

eccDNA in Normal and Diseased States | 3299



Figure 4 A human extrachromosomal circular DNA (eccDNA) map. GA12878 is the canonical cell line used by the National Institutes of Standards
and Technology as a benchmark for high-throughput genome analysis (Zook et al. 2014). However, to date, published analysis of this sample to
has been focused on the linear genome. This map shows areas on each chromosome that are signi cantly enriched in the circular pool (25-kbp
intervals with enrichment assessed through Bayes maximum-likelihood). Position of the colored circle on the y-axis for each interval is proportional
to the degree of enrichment. The eccDNA pro le of each chromosome is distinctive, with enriched regions aligning to coding segments,
repetitive, and subtelomeric sequences. This plot shows only reads that map uniquely to the genome.

subsequent processing, which will decrease the delity of eccDNA
molecules and potentially introduce various artifacts (Fire and Xu
1995; Fuijii et al. 2014; Kumar et al. 2017). Notably, we nd that essen-
tially identical populations of circular species are obtained using either
method (i) or method (ii) (see Supplemental Material, Figure S1, A and
B).
Following enrichment by procedure (i) or (ii), or both (i) and (ii), we
nd that eccDNAs can be simultaneously fragmented and tagged via a
Tn5 transposition-based fragmentation and tagging system (Nextera
tagmentase) (Caruccio 2011; Reznikoff 2008). The use of tagmentation
has the advantage of allowing us to work with very low levels of input
material (, 1 ng of eccDNA). An additional advantage of using Nextera
fragmentation, in particular for small circles, is the duplication of a 9-nt
segment of the target sequence on opposing sides of each transposon
insertion (Gerstein et al. 2010). This feature provides a precise bioin-
formatic signature for the presence of singly tagmented circular DNAs
in a sequenced eccDNA pool (Figure 1B and Table 1). Our ability to
capture circles in the protocol was con rmed with control circular
substrates (3000- and 400-bp DNA circles) (Figure S2). Extensive anal-
ysis of C. elegans eccDNA shows that eccDNA enrichment is captured
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in a quantitatively reproducible manner (Figure S1). Con rming the
speci c role of exoV in eccDNA enrichment, we note that eccDNA is
unenriched when ATP was omitted from the ATP-dependent exoV
reactions (Figure S3).

eccDNA distribution in C. elegans somatic cells

and germline

To examine eccDNA distributions in a complex whole organism, we
carried out circular DNA isolation and sequencing on eccDNA prep-
arations from C. elegans. We investigated mixed stage C. elegans (whole
animals), synchronized young larvae (L1 stage), synchronized germ-
line-de cientadults (glp-1 mutants, predominantly somatic tissue), and
C. elegans sperm cells (Figure S4. These analyses identi ed a diverse
population of eccDNAs including segments from coding exons, trans-
posons, repetitive regions, telomeric sequences, and other unannotated
genomic locations (Figure 2 and Figure 3). A substantial portion of
eccDNA sequences originate from helitrons (a class of mobile elements
known to transpose via a circular intermediate) (Kapitonov and Jurka
2007), cut-and-paste transposons, and exons (for a complete list of
locations of eccDNAs and enrichment levels, see File S1). Of these

-=.G3:Genes| Genomes | Genetics
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Figure 5 Analysis, reproducibility, and cell-type speci city of human extrachromosomal circular DNAs (eccDNAs). (A-G) showing log;, of read
coverage for each chromosome with a bin size of 100 kbp. (A and B) show that eccDNA from the same tissue type is captured reproducibly. (C)
Similar reproducibility is obtained for total genomic DNA (G) from different tissue types (normal broblasts vs. myeloproliferative neoplasm
granulocytes from the same individual). Distinct differences are evident when eccDNAs are compared to their reference total genomic DNAs (D

and E) as well as when eccDNAs from different cell types are compared (F and G).

families, we were most surprised to observe circles directly derived from
coding regions. Among the most abundant species are ttn-1, plg-1,
srap-1, clec-80, clec-223, frm-1, arrd-27, Y46B2A.3, and tag-80 genes
(ttn-1, Y46B2A.3, and tag-80 are the C. elegans orthologs of titin, mu-
cin-1, and piccolo/aczonin, respectively.) The ttn-1 gene encodes a large
protein that is essential in muscle function in C. elegans. Interestingly,
the speci c titin exon that is producing eccDNAs encodes an extended
protein domain noted for its strong potential to form elastic structures
of diverse lengths (Guo et al. 2012; Khan et al. 2016; Werfel et al. 2016).

Characterizing eccDNA distributions in three different
human tissues

To characterize eccDNA populations in human cells, we isolated
eccDNA from human genomic DNA samples obtained from three
sources: (i) a lymphoid cell line that has been subject to extensive
sequence analysis and used as a standard for technical and software
benchmarking in the genomics community (“Genome in a Bottle” cell
line; GM12878) (Zook et al. 2014); (ii) neoplastic granulocytes from a
patient with primary myelo brosis, a subtype of myeloproliferative
neoplasm; and (iii) a normal nontransformed primary broblast pop-
ulation from the same patient. This analysis showed extensive, but
region-speci ¢, eccDNA production (Figure 4). Overall, classes of se-
quences compared closely with those previously identi ed in the C.
elegans genome, such as coding and noncoding segments along with
focal and dispersed repetitive sequences. Moreover, we nd that a
signi cant portion of the GM12878 circulome maps to mucin genes
(suchas MUC1, MUC2, MUC6, and MUCL17) encoding high-molecular
weight proteins characterized by the presence of large amino acid tan-
dem repeat sequences that show allelic size variation (Jia et al. 2010;
Fowler et al. 2001; Linden et al. 2008; Walsh et al. 2013). A complete list
of the eccDNA coordinates in GM12878 is presented in File S2.
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To evaluate the sensitivity and robustness of the human assay and to
assess whether eccDNA pro les are cell-speci ¢, we compared circular
DNApro lesbetween biological replicates of each cell type and between
cell types. The eccDNA pro les obtained for each biological replicate
pair are highly correlated, which indicates the reproducibility of the assay
(Figure 5, A and B). Between the different cell types, we observe sub-
stantial differences, with cell state/type as a likely component in de-
termining the diversity in the circulome. This holds true even when we
compared eccDNAs in  broblasts and granulocytes derived from the
same donor (Figure 5) (Merker et al. 2013).

DISCUSSION

In summary, we present a rigorous approach for isolating and purifying
endogenous circular DNAs from C. elegans and human tissues. We
have identi ed thousands of eccDNA regions in the genomes of C.
elegans and human cells. Interestingly, the identi ed eccDNA species
are enriched for speci ¢ exons that encode multi-isoform proteins (e.g.,
titin, mucins, and piccolo/aczonin). A main nding of this study is that
different cell types harbor different repertoires of circular DNASs. It has
been shown that eccDNA copy number can be modulated by chroma-
tin remodeling machinery (Peng and Karpen 2007). Therefore, we
speculate that the circulome of a cell is a function of the genome’s
unique and tandemly repeated sequence elements, recombination hot-
spots, and potentially of open chromatin. Whatever the determinants
that drive production of eccDNA circles from speci c regions in spe-
ci ¢ cell types, the rami cations for genome activity and genetic di-
versity between cells is substantial.

Comparison of eccDNA characterization methods

eccDNAs have mysti ed scientists for three decades, with the investi-
gation of eccDNA phenomena re ecting diverse approaches to char-
acterization, rstatindividual loci and more recently on agenome-wide
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scale. Several highly speci ¢ methods from the early characterization of
individual loci provided de nitive proof of eccDNAs as endogenous
elements (Vinograd and Lebowitz 1996). In a remarkable set of studies
starting in the 1990s, Cohen et al. (2003, 2008, 2010) and Cohen and
Segal (2009) adapted two-dimensional (2D) gel electrophoresis for the
detection and characterization of eccDNA. Each DNA population
(supercoiled, open circular, linear single, and double-stranded), con-
sisting of molecules of heterogeneous size, migrates as a separate arc,
allowing simultaneous analysis of size range, amount, and sequence
content of both supercoiled and open circular eccDNA. While this
method offers a rich protocol for the analysis of speci c loci, it is low
throughput. The rise of NGS allowed for a whole-genome characteriza-
tion of any genomic feature of interest. Applied to eccDNA, Shibata et al.
(2012) and Moller et al. (2015) offered additional insights into the
distribution of eccDNA in mouse and yeast cells. Both of these studies
relied on alkaline denaturation/renaturation and prolonged rolling circle
ampli cation to enrich for circles and produce abundant molecular
populations for capture and sequencing. While yielding a plentiful mo-
lecular population, these steps also have a substantial potential to enrich
for repetitive DNAs and other molecules that might be favored but do
not bear a circular topology (Wetmur and Davidson 1968; Fire and Xu
1995; Fujii et al. 2014). In addition, applying size-exclusion columns to
puri ed eccDNA molecules (Shibata et al. 2012; Kumar et al. 2017) can
be used to focus on speci ¢ subpopulations of the eccDNA pool, but will
preclude a comprehensive analysis of these molecules.

In devising the biochemical and computational methods used for the
study presented here, we have endeavored to build a framework in which
the full suite of biophysical tools that have been used to characterize
DNA topology can be augmented by NGS. The Circulome-Seq methods
described herein utilize newer capture and sequencing technologies,
allowing the use of small amounts of starting eccDNA while avoiding
methods such as alkaline lysis, rolling circle replication, and size-
exclusion chromatography. As the technical capabilities to characterize
large molecular populations advance, opportunities for interpretation
rely on bioinformatic analysis of both unique and repetitive components
of the genome. Using a k-mer approach (Li et al. 2014) combined with
careful partitioning between local and global repeats allows optimal
assignment of eccDNA to locally duplicated regions such as titin and
mucins (Figure S5). Using a capture tool (Tn5 transposase) that duplicates
a signi cant sequence element (9 bp) allows for isolation-independent
con rmation of circular topology for individual molecules. It is our
hope that the results, methods, and analyses presented here will con-
tribute a de nitive foundation to the genome-wide understanding of
eccDNA distribution, dynamics, and mechanistic processes.

ACKNOWLEDGMENTS

We thank the Fire laboratory for reading the manuscript, K. Artiles
for technical support, and C. Smith and M. Bassik for valuable input.
The use of high-performance computing resources of the FireLab
Server and TARDIS is acknowledged. We express gratitude to the
Charles and Ann Johnson Foundation for their support of myelopro-
liferative neoplasm research at Stanford. This work is supported by
grants from the National Institutes of Health (NIH) (RO1GM37706)
(to A.Z.F.), Stanford Medicine Dean’s Postdoctoral Fellowship (to
M.J.S.), Human Frontiers Science Program Postdoctoral Fellowship
LT000517/2011 (to 1.G.), a NIH/National Science Foundation Joint
Program in Mathematical Biology (DMS-0800929), and a Cecil and
Ida Green Endowment (to S.D.L.).

Author contributions: M.J.S. and A.Z.F. conceived of the study. M.J.S.,
I.G., and A.ZF. initiated the study. M.J.S. led project development,

3302 | M. J. Shoura et al.

designed experiments, developed the eccDNA assays, and performed
all experiments. M.J.S. and A.Z.F. analyzed the data with input from
L.H. and I.G. A.ZF. wrote python scripts for bioinformatic analysis.
J.M. and J.G. provided DNA from de ned hematopoietic populations.
S.D.L. provided materials, guidance, and experimental input. Overall
discussions of the data and implications involved MJ.S., 1.G., L.H.,
SD.L.,and AZF. MJS. AZF., and S.D.L. wrote the manuscript with
input from all authors. This manuscript is dedicated to the memory of
Julia Pak. The authors declare no competing nancial interests.

LITERATURE CITED

Albertson, D. G., C. Collins, F. McCormick, and J. W. Gray, 2003  Chromosome
aberrations in solid tumors. Nat. Genet. 34: 369-376.

Allen, S. E., I. Hug, S. Pabian, I. Rzeszutek, C. Hoehener et al., 2017  Circular
concatemers of ultra-short DNA segments produce regulatory RNAs. Cell
168: 990-999.e7.

Assum, G., B. Bockle, T. Fink, U. Dmochewitz, and W. Krone, 1989  Restriction
analysis of chromosomal sequences homologous to single-copy fragments
cloned from small polydisperse circular DNA (spcDNA). Hum. Genet. 82:
249-254.

Austin, J., and J. Kimble, 1987 glp-1 is required in the germ line for regu-
lation of the decision between mitosis and meiosis in C. elegans. Cell 51:
589-599.

Barton, M. K., T. B. Schedl, and J. Kimble, 1987 Gain-of-function muta-
tions of fem-3, a sex-determination gene in Caenorhabditis elegans. Ge-
netics 115: 107-119.

Brenner, S., 1974  The genetics of Caenorhabditis elegans. Genetics 77: 71-94.

Carroll, S. M., M. L. Derose, P. Gaudray, C. M. Moore, D. R. Needham-
Vandevanter et al., 1988 Double minute chromosomes can be produced
from precursors derived from a chromosomal deletion. Mol. Cell. Biol. 8:
1525-1533.

Caruccio, N., 2011 Preparation of next-generation sequencing libraries
using Nextera technology: simultaneous DNA fragmentation and adaptor
tagging by in vitro transposition. Methods Mol. Biol. 733: 241-255.

Cesare, A. J,, and R. R. Reddel, 2010 Alternative lengthening of telomeres:
models, mechanisms and implications. Nat. Rev. Genet. 11: 319-330.

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

Cohen, S., and D. Segal, 2009 Extrachromosomal circular DNA in eu-
karyotes: possible involvement in the plasticity of tandem repeats. Cy-
togenet. Genome Res. 124: 327-338.

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

Cohen, S., K. Yacobi, and D. Segal, 2003 Extrachromosomal circular DNA
of tandemly repeated genomic sequences in Drosophila. Genome Res. 13:
1133-1145.

Cohen, S., A. Houben, and D. Segal, 2008 Extrachromosomal circular DNA
derived from tandemly repeated genomic sequences in plants. Plant J. 53;
1027-1034.

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

Dilley, R. L., P. Verma, N. W. Cho, H. D. Winters, A. R. Wondisford et al.,
2016 Break-induced telomere synthesis underlies alternative telomere
maintenance. Nature 539: 54-58.

Fire, A., and S. Q. Xu, 1995 Rolling replication of short DNA circles. Proc.
Natl. Acad. Sci. USA 92: 4641-4645.

Fowler, J., L. Vinall, and D. Swallow, 2001 Polymorphism of the human
muc genes. Front. Biosci. 6: D1207-D1215.

Fujii, R., M. Kitaoka, and K. Hayashi, 2014 Error-prone rolling circle am-
pli cation greatly simpli es random mutagenesis. Methods Mol. Biol. 1179:
23-29.

Gaubatz, J. W., 1990 Extrachromosomal circular DNAs and genomic se-
quence plasticity in eukaryotic cells. Mutat. Res. 237: 271-292.

-=.G3:Genes| Genomes | Genetics


http://www.g3journal.org/highwire/filestream/486211/field_highwire_adjunct_files/4/FigureS5.pptx

Gaubatz, J. W., and R. G. Cutler, 1990 Mouse satellite DNA is transcribed
in senescent cardiac muscle. J. Biol. Chem. 265: 17753-17758.

Gaubatz, J. W., and S. C. Flores, 1990 Tissue-speci ¢ and age-related var-
iations in repetitive sequences of mouse extrachromosomal circular
DNAs. Mutat. Res. 237: 29-36.

Gelato, K. A., S. S. Martin, and E. P. Baldwin, 2005 Reversed DNA strand
cleavage speci city in initiation of Cre-LoxP recombination induced by
the His289Ala active-site substitution. J. Mol. Biol. 354: 233-245.

Gent, J. I., M. Schvarzstein, A. M. Villeneuve, S. G. Gu, V. Jantsch et al.,
2009 A Caenorhabditis elegans RNA-directed RNA polymerase in
sperm development and endogenous RNA interference. Genetics 183:
1297-1314.

Gerstein, M. B, Z. J. Lu, E. L. Van Nostrand, C. Cheng, B. I. Arshinoff et al.,
2010 Integrative analysis of the Caenorhabditis elegans genome by the
modENCODE project. Science 330: 1775-1787.

Grossman, L. ., R. Watson, and J. Vinograd, 1974 Restricted uptake of
ethidium bromide and propidium diiodide by denatured closed circular
DNA in buoyant cesium chloride. J. Mol. Biol. 86: 271-283.

Guo, W., S. Schafer, M. L. Greaser, M. H. Radke, M. Liss et al., 2012 RBM20,
a gene for hereditary cardiomyopathy, regulates titin splicing. Nat. Med.
18: 766-773.

Hubley, R., R. D. Finn, J. Clements, S. R. Eddy, T. A. Jones et al., 2016 The
Dfam database of repetitive DNA families. Nucleic Acids Res. 44: D81-
D89.

Jia, Y., C. Persson, L. Hou, Z. Zheng, M. Yeager et al., 2010 A compre-
hensive analysis of common genetic variation in MUC1, MUC5AC,
MUCS6 genes and risk of stomach cancer. Cancer Causes Control 21: 313—
321

Kapitonov, V. V., and J. Jurka, 2007 Helitrons on a roll: eukaryotic rolling-
circle transposons. Trends Genet. 23: 521-529.

Khan, M. A, Y. J. Reckman, S. Au ero, M. M. Van Den Hoogenhof, I. Van
Der Made et al., 2016 RBM20 regulates circular RNA production from
the titin gene. Circ. Res. 119: 996-1003.

Kinoshita, Y., N. Ohnishi, Y. Yamada, T. Kunisada, and H. Yamagishi,
1985 Extrachromosomal circular DNA from nuclear fraction of higher
plants. Plant Cell Physiol. 26: 1401-1409.

Kumar, P., L. W. Dillon, Y. Shibata, A. A. Jazaeri, D. R. Jones et al.,

2017 Normal and cancerous tissues release extrachromosomal circular
DNA (eccDNA) into the circulation. Mol. Cancer Res. DOI: .10.1158/
1541-7786.MCR-17-0095

Kuttler, F.,, and S. Mai, 2007 Formation of non-random extrachromosomal
elements during development, differentiation and oncogenesis. Semin.
Cancer Biol. 17: 56-64.

Li, J. S., J. Miralles Fuste, T. Simavorian, C. Bartocci, J. Tsai et al., 2017 TZAP:
a telomere-associated protein involved in telomere length control. Science
355: 638-641.

Li, W., J. Freudenberg, and P. Miramontes, 2014 Diminishing return for
increased mappability with longer sequencing reads: implications of the
k-mer distributions in the human genome. BMC Bioinformatics 15: 2.

Linden, S. K., P. Sutton, N. G. Karlsson, V. Korolik, and M. A. McGuckin,
2008 Mucins in the mucosal barrier to infection. Mucosal Immunol. 1:
183-197.

Martin, S. S., E. Pulido, V. C. Chu, T. S. Lechner, and E. P. Baldwin,

2002 The order of strand exchanges in Cre-LoxP recombination and its

-=.G3:Genes| Genomes | Genetics Volume 7

basis suggested by the crystal structure of a Cre-LoxP Holliday junction
complex. J. Mol. Biol. 319: 107-127.

Merker, J. D., K. M. Roskin, D. Ng, C. Pan, D. G. Fisk et al., 2013  Comprehensive
whole-genome sequencing of an early-stage primary myelo brosis patient
de nes low mutational burden and non-recurrent candidate genes. Haema-
tologica 98: 1689-1696.

Misra, R., A. G. Matera, C. W. Schmid, and M. G. Rush, 1989 Recombination
mediates production of an extrachromosomal circular DNA containing a
transposon-like human element, THE-1. Nucleic Acids Res. 17: 8327—
8341.

Moller, H. D., L. Parsons, T. S. Jorgensen, D. Botstein, and B. Regenberg,
2015 Extrachromosomal circular DNA is common in yeast. Proc. Natl.
Acad. Sci. USA 112: E3114-E3122.

Palas, K. M., and S. R. Kushner, 1990 Biochemical and physical characteriza-
tion of exonuclease V from Escherichia coli. Comparison of the catalytic
activities of the RecBC and RecBCD enzymes. J. Biol. Chem. 265: 3447-3454.

Peng, J. C.,, and G. H. Karpen, 2007 H3K9 methylation and RNA inter-
ference regulate nucleolar organization and repeated DNA stability. Nat.
Cell Biol. 9: 25-35.

Reznikoff, W. S., 2008 Transposon Tn5. Annu. Rev. Genet. 42: 269-286.

Salit, M., J. M. Zook, B. Chapman, J. Wang, D. Mittelman et al.,

2014 Integrating human sequence data sets provides a resource of
benchmark SNP and indel genotype calls. Nat. Biotechnol. 32: 246-251.

Shibata, Y., P. Kumar, R. Layer, S. Willcox, J. R. Gagan et al., 2012 Extra-
chromosomal microDNAs and chromosomal microdeletions in normal
tissues. Science 336: 82-86.

Shoura, M. J., and S. D. Levene, 2014  Understanding DNA looping through
Cre-recombination kinetics in Discrete and Topological Models in Mo-
lecular Biology, edited by Jonoska, N., and M. Saito. Springer-Verlag,
Berlin, Heidelberg.

Shoura, M. J., A. A. Vetcher, S. M. Giovan, F. Bardai, A. Bharadwaj et al.,
2012 Measurements of DNA-loop formation via Cre-mediated recom-
bination. Nucleic Acids Res. 40: 7452-7464.

Sinclair, D. A, and L. Guarente, 1997 Extrachromosomal rDNA circles—a
cause of aging in yeast. Cell 91: 1033-1042.

Snijders, A. M., J. Fridlyand, D. A. Mans, R. Segraves, A. N. Jain et al.,
2003 Shaping of tumor and drug-resistant genomes by instability and
selection. Oncogene 22: 4370-4379.

Vinograd, J.,, and J. Lebowitz, 1966 Physical and topological properties of
circular DNA. J. Gen. Physiol. 49: 103-125.

Walsh, M. D., M. Clendenning, E. Williamson, S. A. Pearson, R. J. Walters
et al., 2013  Expression of MUC2, MUC5AC, MUC5B, and MUC6
mucins in colorectal cancers and their association with the CpG island
methylator phenotype. Mod. Pathol. 26: 1642-1656.

Werfel, S., S. Nothjunge, T. Schwarzmayr, T. M. Strom, T. Meitinger et al.,
2016 Characterization of circular RNAs in human, mouse and rat
hearts. J. Mol. Cell. Cardiol. 98: 103-107.

Wetmur, J. G., and N. Davidson, 1968 Kinetics of renaturation of DNA.
J. Mol. Biol. 31: 349-370.

Yochem, J,, and I. Greenwald, 1989 glp-1 and lin-12, genes implicated in
distinct cell-cell interactions in C. elegans, encode similar transmembrane
proteins. Cell 58: 553-563.

Communicating editor: J. Kim

October 2017 | eccDNA in Normal and Diseased States | 3303



