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SUPPORTING ONLINE MATERIAL

MATERIALS AND METHODS

Mice. C57BL/6  were used for all experiments.  All experiments were performed in strict accordance 

with the University of Virginia Guidelines regarding use of experimental animals.

Extraction of nuclei from tissues (Fig. S1). Nuclei were extracted from tissues and cell lines as 

described (20) with minor modifications.  All the reagents used were pre-chilled and the entire 

procedure was performed on ice.  Tissues and cells were homogenized by douncing 50 times in 10 ml 

of Nuclear Extraction Buffer.  After homogenization, samples were layered on 18 ml of Sucrose 

Cushion in 40 ml ultracentrifuge tubes (Beckman, 25 × 89 mm, 344058) and spun at 30,000 x g for 45 

min at 4°C (Beckman, L8-70M, SW28 rotor).  Supernatant, including debris, was removed, and 200 μl 

of chilled 1 × PBS was added to the tube.  After 20 min incubation on ice, the nuclei were dissociated 

by pipetting, and recovered by centrifugation at 500 x g for 5 min.

MicroDNA library preparation and sequencing (Fig. S1 and Table S1). Extrachromosomal DNA 

was prepared from isolated nuclei as described (21) with minor modifications (HiSpeed Plasmid Midi 

Kit, Qiagen, 12643).  Nuclei were suspended in 10 ml Buffer P1 containing 10 ng/μl RNase A and 

lysed  by adding 10 ml Buffer P2.  Genomic DNA was precipitated on ice after the addition of 10 ml 

Buffer P3.  The precipitate was removed by QIAfilter Cartridge and the clear lysate was loaded onto an 

equilibrated HiSpeed Midi Tip.  After washing a tip with 20 ml Buffer QC, DNA was eluted with 5 ml 

Buffer QF.  Eluted DNA was precipitaed by adding 3.5 ml isopropanol and centrifuged immediately at 

15,000 x g for 30 min at 4°C.  DNA pellet was washed with 2 ml 70% ethanol and dissolved in 20 μl 

Buffer EB.  The extrachromosomal DNA was treated sequentially with 10 ng/μl RNase A and 200 ng/μl 

proteinase K (reaction volume: 20 μl/μg DNA), followed by phenol-chloroform extraction and ethanol 
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precipitation.  The fraction was then digested with 0.4 U/μl ATP-dependent DNase (reaction volume: 

250 μl/μg DNA) (Epicentre, E3101K) to remove linear double-stranded DNA (6).  This treatment cycle 

was repeated twice for some preparations.  ATP-dependent DNase-resistant DNA (eccDNA fraction) 

was purified by QIAquick PCR Purification Kit (Qiagen, 28104) to further remove oligonucleotides 

and DNA of >10 kb (including mitochondrial DNA) .  The yield of eccDNA from indicated amounts of 

starting tissue (or cells) is shown in Table S1.  This was the material used for PCR with outward 

directed primers (Fig. 1a, b) and for electron microscopy (Fig. 1d, e).

The eccDNA was then amplified by REPLI-g Mini Kit using Multiple Displacement 

Amplification.  20 ng of eccDNA in 10 μl Buffer EB was denatured by 10 μl Buffer D1.  After 

denaturation has been stopped by 20 μl Buffer N1, 60 μl master mix containing buffer and DNA 

polymerase was added.  Reaction mixture was incubated at 30°C for16 hours.  After inactivating 

REPLI-g Mini DNA Polymerase by heating the sample for 3 min at 65°C, the buffer was exchanged 

using Microcon YM-100 column.  The amplified DNA was then recovered with phenol-chloroform 

extraction and ethanol precipitation.  5 μg of Amplified DNA was nebulized and used for paired-end 

(PE) library construction as described (15).  Paired-end high-throughput sequencing was performed 

according to the manufacturer's protocol (Illumina).

Chromosomal DNA library preparation and sequencing. Genomic (chromosomal) DNA was 

prepared from embryonic mouse brain nuclei by DNAzol (Invitrogen, 10978021).  The 20 ng 

chromosomal DNA was amplified by REPLI-g Mini Kit, and 2 μg of amplified DNA was used for 

paired-end (PE) library construction as done for MicroDNA library preparation.

Outward directed PCR for the confirmation of circular form of DNA (Fig. 1a, b). The eccDNA 

fraction was denatured by 0.2M NaOH and 0.2 mM EDTA for 5 min at room temperature.  After 
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addition of 1/10 volume of 3M sodium acetate (pH 5.2), DNA was ethanol precipitated and dissolved in 

EB buffer.  PCR was done with KOD DNA polymerase according to the manufacturer's instructions.

Outward PCR primer set for clone 1

forward: GTGGGTCACCTGACCGGGACTT

reverse: CGGAAGACTACTGTTCCCAGCAACC

expected product size: 113 bp

Inward PCR primer set for clone 1

forward: TTTGAATTGGGTTGCTGGGAACAGT

reverse: AGGCTCCCTGGGAAGCGTAGTTCT

expected product size: 90 bp

Outward PCR primer set for clone 2

forward: GCTTTCAAACAGCCCCATTTCCA

reverse: GCCACTTCTACCAGAGTCCTCCTTGC

expected product size: 93 bp

Inward PCR primer set for clone 2

forward: TGGCAATCTGAAACACTCCCTTGTC

reverse: GTTTGAAAGCAGCGCCATTCTCCTA

expected product size: 104 bp

Identification of microDNA by paired-end sequencing of MDA products. The algorithms for 

identification of microDNA from paired-end sequencing of MDA products are shown in Fig. S4.   All 

sequence tags were mapped on the reference genome (mm9 for mouse and hg19 for human cell lines) 

by using the Novoalign software.  Table S2 summarizes the number of reads in different libraries.  Only 

those paired tags that could be mapped uniquely and in opposite orientation to each other were 
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considered for the identification of islands in the "island method".  The sequence coverage of each base 

pair was profiled for each chromosome, and islands (potential circles) delineated where there were two 

consecutive sequenced bases.  In other words an "island" is a contiguous portion of the genome where a 

cluster of PE-tags were mapped uniquely and in the opposite orientation to its pair. Paired End tags that 

had one tag mapping uniquely to an island, while the other was unmapped but passed the sequence 

quality filter, were considered separately for the validation of circles.  We generated a database of 

hypothetical junctional tags that could be created by ligation of the ends of islands to generate circles. 

The unmapped tags described above were matched against these hypothetical junctional tags.  If the 

mapped tag of a PE read falls in an island and the un-mapped tag matches with a hypothetical 

junctional tag generated by ligation of the ends of the island, we annotated that island as a circle.  This 

approach underestimates the number of true microDNAs because further sequence coverage is likely to 

reveal more junctional tags ligating the ends of islands. 

The "split read" method extracted the paired end tags where one end was mapped (M) and other 

end was un-mapped (UM) but had good base quality score.  The UM tags were split into two equal 

halves and mapped individually by using Novoalign software.  Those split pairs which were mapped on 

the same strand (F-F or R-R) with no mismatch were considered for the identification of circles.  The 

split read pair had to flank the mapped tag and be on the opposite strand relative to the mapped tag.  In 

addition, the distance between the mapped tag (M) and at least one part of the split read had to be 

within the estimated length of the sheared DNA fragments.  The mean + 3SD of the distance between 

paired-end reads mapping normally to genomic DNA gave an estimate of the maximal length of 

sheared DNA fragments in the library.  Thus we discarded all those pairs where the distances between 

the mapped tag (M) and both parts of the split read were greater than this maximal estimated length of 

the sheared DNA fragments.  The split read method reports the unique circles on the basis of the start 

and end of the split read positions. 
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The "Island method" and the "split-read method" both are dependent on the junctional tags for 

the identification of circles.  >80% of the circles were identified by both algorithms.  The "Island 

method" failed to detect circles 1) with low base coverage, 2) with the start and the end of the circle 

contaminated by reads from contaminating linear DNA or lost due to sequencing errors and 3) that 

were overlapping with each other.  On the other hand the "Split-read method" failed to detect circles if 

the two split reads do not map uniquely to the genome.

Generation of random control for microDNAs (Fig. 2d).  To determine if the direct repeats observed 

at the starts and ends of circles could have arisen by chance, we randomized the co-ordinates of each 

identified circle in the EMB1 library 100 times to generate 2,492,000 random entities.

Kleinschmidt method for visualization of dsDNA by EM. All procedures were performed as 

described (18).  30-50 ng of eccDNA (after nuclease digestion, but without MDA) was mixed with a 

buffer containing 250 mM ammonium acetate in a total volume of 43.3 μl.  Just before spreading, 1.7 

μl of 200 μg/ml cytochrome C solution was added, mixed briefly and the entire volume placed 

immediately on a piece of parafilm as a drop.  After 5 to 10 min incubation, the surface of the drop was 

touched lightly by a copper grid previously coated with parlodion film.  The grid was then dehydrated 

for 30 sec in 75% ethanol and 30 sec in 90% ethanol.  Following quick air drying, the grid was placed 

in a high vacuum evaporator and a thin layer of platinum (80%): palladium (20%) evaporated on the 

sample at an angle of 8 degrees at 2x10-6 torr.  Finally, the grid was covered with a thin layer of carbon 

to aid in stabilizing the parlodion film.  Samples were examined in an FEI T12 TEM and a Philips 

CM12 TEM equipped with Gatan 2kx2k SC200 CCD cameras at 40 kV.  Adobe Photoshop software 

was used to arrange images into panels for publication.  
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Preparation of DNA for visualization of ssDNA by electron microscopy. 100-150 ng of DNA was 

incubated with 100 ng T4gp32 protein in 20 mM Hepes pH 7.4, in a 20 μl volume, on ice for 15 

minutes, followed by fixation of DNA-protein complexes with 0.3% glutaraldehyde for 5 min at room 

temperature.  The sample was then passed over a 2-ml column of 6% agarose beads (ABT inc, Burgos 

Spain) equilibrated with TE buffer (10 mM Tris-HCl pH 7.4, 0.1 mM EDTA-NaOH) to eliminate 

unwanted salts and unbound proteins, and fractions enriched for DNA-protein complexes were 

collected.  The DNA was then prepared for EM by the direct mounting procedure.

Electron microscopy direct mounting method. All procedures were performed as described (19). 

Aliquots of the samples containing DNA-T4gp32 complexes were mixed with a buffer containing 

spermidine and adsorbed onto copper grids coated with a thin carbon film glow-charged shortly before 

sample application.  After adsorption of the samples for 2–3 min, the grids were washed with EM grade 

water and dehydrated through a graded ethanol series from 25% to 95%, 5 min each.  Following quick 

air drying the grids were rotary shadowcast with tungsten at 10−7 torr.  Samples were examined in an 

FEI T12 TEM and a Philips CM12 TEM equipped with Gatan 2kx2k SC200 CCD cameras at 40 kV. 

Adobe Photoshop software was used to arrange images into panels for publication.

Paired End-Sequencing of KCNK3 genomic locus. chr5:30,890,697-30,910,805 region was 

amplified by LA Taq with GC buffer (Takara, RR02AG) using 670 ng genomic DNA from 6 month old 

mouse brains as a template.  Amplified DNA was nebulized and used for paired-end library 

construction as described (15).  High-throughput sequencing was performed according to the 

manufacturer's protocol (Illumina).

Paired End-Sequencing of microDNA-enriched region in chromosome 10. Anchored ChromPET 
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(15) was used to capture and sequence chr10:80,213,587-80,372,454 region.  Biotin labeled bait RNA 

library was prepared from BAC clone RP23-74G6.  2 μg Genomic DNA from 6 month old mouse brain 

was used to construct the sequencing library according to manufacturer's protocol (Illumina).  700 ng 

of heat-denatured chromPET library was hybridized to 700 ng of biotin-labeled unique single-stranded 

bait RNA.  Captured DNA was amplified by PCR and recaptured on another aliquot of bait RNA. 

After converting the captured DNA to double-stranded DNA by PCR, high-throughput sequencing was 

performed according to the manufacturer's protocol (Illumina).

Identification of deletions in the genome (Fig. 3a). Two loci were selected on the basis of high 

density of microDNAs to find deletions in genomic DNA of adult mouse brain.  To avoid artifacts 

specific to an enrichment technique, two different methods were used to enrich the two genomic loci 

for highthroughput sequencing.  Following paired-end highthroughput sequencing of the enriched 

genomic DNA, the PE-tags were mapped using Novoalign.  To find the deletions, each locus was 

binned into 1000 bp sliding windows with 500 bp overlap.  Deletions in the genome would create a 

new junctional sequence by the ligation of two ends and hence we created a database of possible 

junctions created by deletions of 1-957 bp in each bin.  Since the length of the tag was 43 bp, the 

junction tag could be any combination of any two fragments which add to 43 bp (for example 10+33, 

11+32, 12+31 etc.).  All these combinations were generated for each potential break-point.  We then 

searched for PE-tags where one end maps inside the chromosomal bin and the other end is unmappable 

to normal genomic DNA but maps to a hypothetical deletion junction in that bin.

Sequences.  All raw sequence data and lists of the microDNA sequences will be deposited to a public 

database at time of publication.
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SUPPORTING TEXT

Previous evidence of DNA rearrangements and aneuploidy in neurogenesis.  DNA repair proteins 

are required for neurogenesis  during late embryonic development and somatic DNA recombination 

and aneuploidy has been reported in the brain (22-30) .

No microDNA in S. cerevisiae.  We also tried to identify short eccDNAs in S.cerevisiae, but failed to 

detect them when the protocol described for mouse or human microDNA was performed with the 

eccDNA fraction from yeast after removing mitochondrial and ribosomal DNA circles by restriction 

enzyme digestion. This result suggests that the short eccDNAs we observed in mouse and human cells 

are not artifactually produced from the simple extraction and purification of genomic DNA.  The 

failure to find a significant number of eccDNA with chromosomal genomic DNA from mouse brain 

supports this assertion.

Size of circular DNA in the embryonic mouse brain eccDNA fraction.  Both in Kleinschmidt grids 

(for double stranded DNA) and the T4gp32 stained samples (to see single stranded DNA), the majority 

of circles are small, <1000 bp.  The ratio of microDNA circles to large eccDNA circles is about 50:1.

MicroDNA copy number estimation.  1.2 μg eccDNA fraction was purified from 1x109 HeLa cells 

(Table S1).  Electron microscopy without MDA, indicated 50% of this material is small circular DNA 

and the other 50% is either bigger circles or linear DNA.  The average size of microDNA is 350 bp 

(MW = 230 kDa).  Thus 0.6 μg eccDNA from 1x109 HeLa cells contained 1.6x1012 microDNA 

molecules.  We therefore estimate that on an average, a single HeLa cell yields about 1600 

microDNAs. 

About 40 ng of extrachromosomal DNA was produced per embryonic mouse brain in three 
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different library preparations (Table S1).  Assuming a 80% contamination of this material with genomic 

linear DNA, we estimate that an embryonic mouse brain yielded roughly 3x1010 microDNAs.

Properties of  islands of chromosomal DNA from ED13.5 mouse brain are very different from 

microDNAs (Fig. S11). To rule out the high GC composition of miDNA and their biased distribution in 

genic region are not an artifact of high throughput sequencing technology bias we did the MDA on 

genomic DNA isolated from 13.5 days old embryo mouse followed by high throughput sequencing. 

On the basis of sequencing coverage we selected 10000 most abundantly sequenced genomic regions 

(genomic islands) to study their GC composition and genomic distribution.  The lengths of these 

negative control chromosomal islands peaked once at 100 bp (Fig. S11a) and the GC content was 

~35%, significantly below the average of the mouse genome (Fig. S11b).  In addition these sequences 

were not enriched in 5'UTRs, CpG islands or genic regions (Fig. S11c).  Thus the sequences obtained 

from the microDNA preparations have very unique features.

Frequency of chromosomal microdeletions

Based on our yield of microdeletions  relative to the sequence coverage, the frequency of 

microdeletions affecting a given locus appears to be ~ 1:2000.  Another way to estimate the frequency 

of a specific microdeletion is to measure the frequency of the junctional tag created by the deletion 

relative to the frequency of the wild-type tags that span the deletion breakpoints.  By this measure, 

individual microdeletions occurred at frequencies ranging from 1:300 to 1:4000.

Properties of small germline deletions reported in the Thousand Genomes Project (Fig. 4).  The 

length distribution of the deletions of < 1000 bp peak at 100 and 350 bp (Fig. 4a).  The subset of these 

deletions that are in the vicinity of genes (genes and 200 bp upstream) are enriched in 5'UTRs, CpG 
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islands and exons (Fig. 4b), similar to the microDNAs we have observed.  The GC content of the 

deletions is significantly enriched relative to the genomic average (Fig. 4c).  The vast majority of the 

deletions are flanked by direct repeats ≥ 2 bp with one repeat at one end of the deletion interval, and the 

other in the flanking DNA near the opposite end (Fig. 4d) (16).

Abbreviations

EMB1 = Embryonic Day (ED) 13.5 mouse brain library 1, EMB2= ED13.5 mouse brain library 2, 

EMB3 = ED13.5 mouse brain library 3, AMB = Adult mouse brain, EMH = ED13.5 mouse heart, 

EML= ED13.5 mouse liver, NIH3T3 = mouse embryonic fibroblast cell line, HeLaS3 = human cervical 

adenocarcinoma cell line and U937 = human histiocytic lymphoma cell line, CpG2kbU = sequences 2 

kb upstream from the start sites of CpG islands, CpG2kbD = sequences 2 kb downstream from the end 

sites of CpG islands, Gene2kbU = sequences 2 kb upstream from the start of the gene, Gene2kbD = 

sequences 2 kb downstream from the end of the gene and Gene200bU = sequences 200bp upstream 

from the start of the gene.
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Fig. S1
MicroDNA library preparation.  ATP-dependent DNase resistant-DNA from nuclei (eccDNA) was 
amplified by multiple-displacement amplification (MDA) with random primers.  The amplified DNA was 
sheared to obtain 500 bp fragments and sequenced.



>clone 1
CACCTGACCGGGACTTCGGCGACGCTATGGCGGCGCCCATGCTGCGCTTGGGTTTCCCAAAGTTCCGGCAGCCTTTGAA
TTGGGTTGCTGGGAACAGTAGTCTTCCGGTCAAGAGCTACACGGGTTGTGGCGCATTGCCAGAACTACGCTTCCCAGGG
AGCCTCGCGGCAGAGGGAGGGTGGGTCACCTGACCGGGACTTCGGCGACGCTATGGCGGCGCCCATGCTGCGCTTGGGT
TTCCCAAAGTTCCGGCAGCCTTTGAATTGGGTTGCTGGGAACAGTAGTCTTCCGGTCAAGAGCTACACGGGTTGTGGCG
CATTGCCAGAACTACGCTTCCCAGGGAGCCTCGCGGCAGAGGGAGGGTGGGTCACCTGACCGGGACTTCGGCGACGCTA
TGGCGGCGCCCATGCTGCGCTTG

repeated sequences mapped position
START END IDENTITY CHRO STRAND START END
1 58 100.0% 3 + 85378040 85378097
58 242 100.0% 3 + 85377913 85378097
242 418 100.0% 3 + 85377913 85378089

>clone 2
CTGAAACACTCCCTTGTCAGCACATCAGCAGGCCAAGGAAGCTTTCAGGGAATGCTCTGAGGGCCTGCACTGTAGGAGA
ATGGCGCTGCTTTCAAACAGCCCCATTTCCAACAGGCAAGAGTGCCTGAGAGTCACGTCTGCCCATAGCCCTCATGCAA
GGAGGACTCTGGTAGAAGTGGCTAGTGGCAATCTGAAACACTCCCTTGTCAGCACATCAGCAGGCCAAGGAAGCTTTCA
GGGAATGCTCTGAGGGCCTGCACTGTAGGAGAATGGCGCTGCTTTCAAACAGCCCCATTTCCAACAGGCAAGAGTGCCT
GAGAGTCACGTCTGCCCATAGCCCTCATGCAAGGAGGACTCTGGTAGAAGTGGCTAGTGGCAATCTGAAACACTCCCTT
GTCAGCACATCAGCAGGCCAAGGAAGCTTTCAGGGAATGCTCTGAGGGCCTGCACTGTAGGAGAATGGCGCTGCTTTCA
AACAGCCCCAT

START END IDENTITY CHRO STRAND START END
1 132 100.0%    15 + 38176284 38176415
133 322 100.0%    15 + 38176226 38176415
323 485 100.0%    15 + 38176226 38176388

>clone 3
GGATGCTGATGAACATCATACATTTCGCAATGTATTTGTTTGTTACCCTGAGGGGATGTGACAGTGGCATCCAAGACAG
AGCTATGGATGCTGATGAACATCATACATTTCGCAATGTATTTGTTTGTTACCCTGAGGGGATGTGACAGTGGCATCCA
AGACAGAGCTATGGATGCTGATGAACATCATACATTTCGCAATGTATTTGTTTGTTACCCTGAGGGGATGTGACAGTGG
CATCCAAGACAGAGCTATGGATGCTGATGAACATCATACATTTCGCAATGTATTTGTTTGTTACCCTGAGGGGATGTGA
CAGTGGCATCCAAGACAGAGCTATGGATGCTGATGAACATCATACATTTCGCAATGTATTTGTTTGTTACCCTGAGGGG
ATGTGACAGTGGCATCCAAGACAGAGCTATGGATGCTGATGAACATCATACATTTCGCAATGTATTTGTTTGTTACCCT
GAGGGGATGTGACAGTGGCATCCAAGACAGAGCTATGGATGCTGATGAACATCATACATTTCGCAATGTATTTGTTTGT
TACCCTGAGGGGATGTGACAGTGGCATC

START END IDENTITY CHRO STRAND START END
1 29 100.0% 2 + 74790702 74790730
28 114 100.0% 2 + 74790644 74790730
113 199 100.0% 2 + 74790644 74790730 
198 284 100.0% 2 + 74790644 74790730
283 369 100.0% 2 + 74790644 74790730
368 454 100.0% 2 + 74790644 74790730
453 529 100.0% 2 + 74790644 74790730
528 571 100.0% 2 + 74790644 74790687

>clone 4
CGGAGCTGACAAGAGAAGAGCTGTCTTCATACCTGCTCCTCCAAAATTCCAACTGCAGGGGGCTCTCCTGCAGTTTCAC
CATGGCTCCTCTGCAAGATGGCCACCACCTGGTTCCACACTGGAGTTCACCAGGTGCTCTTGTGGCCCAGCATGGGATC
CGTGGCTTGTCCATTCCGGAGGGACCATGCCCTGTGAGGAGGCACTTGACCACCCCCACCCCCATCCAGGTTACCCTTT
CCCTGGGAGGGCAGAGCTGACAAGAGAAGAGCTGTCTTCAAACCTGCTCCTCCGAAATTCCAACTGCAGGGGGCTCTCC
TGCACTTTCACCATGGCTCCTCTGCAAGATGGCCACCACCTGGTTCCACACTGGAGTTCACCAGGTGCTCTTGTGGCCC



AGCATGGGATCCGTGGCTTGTCCATTCCGGAGGGACCATGCCCTGTGAGGAGGCACTTGACCACCCCCACCCCCATCCA
GGTTACCCTTTCCCTGGGAGGGCAAAGCTGACAAGAGAAGAGCTGTCTTCAGACCTGCTCCTCCAAAATTCCAAC

START END IDENTITY CHRO STRAND START END
1 92 97.9% 3 + 89469427 89469518
93 340 98.8% 3 + 89469271 89469518
341 549 99.6% 3 + 89469271 89469479

>clone 5
GTGGGAGGGTCTCCTCTTATGGCTGTCTTCAGCCATGAGGAGTGAGGTCTCGTGGTGGGGGTGGGGGCCTGGAGAGATG
GCTCAGTGGTTAAAAGCACTGGCTGCTCTTCCAGAGGTCCTGAGTTCAATTCCCAGGAACCACATGGTGGCTCACAACC
TCTGTAATGGGATCCGATGCCCTCTTCTGGTGTGTCTGAGGACGTTAGGCCATTTCCCTTCCCATATAAAGTAGATGAT
CAGGTACAATGCCAGGTCCCTGCCAGTGGGAGGGTCTCCTCTTATGGCTGTCTTCAGCCATGAGGAGTGAGGTCTCGTG
GTGGGGGTGGGGGCCTGGAGAGATGGCTCAGTGGTTAAAAGCACTGGCTGCTCTTCCAGAGGTCCTGAGTTCAATTCCC
AGGAACCACATGGTGGCTCACAACCTCTGTAATGGGATCCGATGCCCTCTTCTGGTGTGTCTGAGGACGTTAGGCCATT
TCCCTTCCCATATAAAGTAGATGATCAGGTACAATGCCAGGTCCCTGCCAGTGGGAGGGTCTCCTCTTATGGCTGTCTT
CAGCCATGAGGAGTGAGGT

START END IDENTITY CHRO STRAND START END
1 39 100.0% 9 + 44821158 44821196
38 301 100.0% 9 + 44820933 44821196
300 563 100.0% 9 + 44820933 44821196

>clone 6
CCCAGCCTAGACCTAGGACATATTAGGAAGCTTCCCTGGCCTTCTGGTGGGCAGGGTATGTTGCCCTGAGACACACCCA
ACCCCCTTCTGGCTTGGGACTCAGCAGGACTGAATGAGGCTTCCACTTGCAGACTTTCCCCTAGGCTGAGGATCCTAGC
CTGTCTCGGGGTAGACATCCGGCCAGGGTGCACTAGAAAAGTCTATGTGCAGGTTCCCTGGGTACCCAGTCAATGCCCC
AGCCTAGACCTAGGACATATTAGGAAGCTTCCCTGGCCTTCTGGTGGGCAGGGTATGTTGCCCTGAGACACACCCAACC
CCCTTCTGGCTTGGGACTCAGCAGGACTGAATGAGGCTTCCACTTGCAGACTTTCCCCTAGGCTGAGGATCCTAGCCTG
TCTCGGGGTAGACATCCAGCCAGGGTGCACTAGAAAAGTCTATGTGCAGGTTCCCTGGGTACCCAGTCAATGCCCCAGC
CTAGACCTAGGACATATTAGGAAGCTTCCCT

STAR END IDENTITY CHRO STRAND START END
1 85 100.0% 5 + 30830261 30830345
82 319 99.6% 5 + 30830108 30830345
316 505 100.0% 5 + 30830108 30830297

>clone 7
AGGAGGAGGAGGAGGACGACGACGACGAGGACGGCGGCGGCGGCGACCACGGCGGCGGCGGGGGCGGCCACGGGCACGC
CGGCCACCACCATCACCACCACCACCACCACCACCACCACCCGCCCATGATCGCGCTGCAGCCGCTGGTGACGGACGAC
CCGACCCAAGTGCACCACCACCAGGAGGTGATCCTGGTGCAGACGCGCGAGGAGGTGGTCGGCGGGGACGACTCGGACG
GGCTGCGCGCCGAGGACGGCTTCGAGGACCAGATCCTCATCCCGGTGCCCGCGCCGGCCGGCGGCGACGACGACTACAT
AGAGCAGACGCTGGTCACCGTGGCGGCGGCCGGCAAGAGCGGCGGCGGGGCCTCGTCGGGCGGCGCATGAGATCGAGGT
GGAGACCATCCCGGTGGAGACCATCGAGACCACGGTGGTGGGCGAGGAGGAGGAGGAGGACGACGACGACGAGGACGGC
GGCGGCGGCGACCACGGCGGCGGCGGGGGCGGCCACGGGCACGCCGGCCA

START END IDENTITY CHRO STRAND START END
1 381 100.0% 12 + 110031750 110032130
381 524 100.0% 12 + 110031691 110031834

>clone 8
TGGTGCTGTAGAAAACTGGCCAGGCTGATGGTTGTGGAGGAGCCTGTGAACTTGATTAAAGTGCACAGGGCCTTGATTT



CCCTACTTGCAAAGGAGTAGGGAAATATGAGCCTTGGCTCTGCCTACCTCACGTTGCTGGTGCTGTAGAAAACTGGCCA
GGCTGATGGTTGTGGAGGAGCCTGTGAACTTGATTAAAGTGCACAGGGCCTTGATTTCCCTACTTGCAAAGGAGTAGGG
AAATATGAGCCTTGGCTCTGCCTACCTCACGTTGCTGGTGCTGTAGAAAACTGGCCAGGCTGATGGTTGTGGAGGAGCC
TGTGAACTTGATTAAAGTGCACAGGGCCTTGATTTCCCTACTTGCAAAGGAGTAGGGAAATATGAGCCTTGGCTCTGCC
TACCTCACGTTGCTGGTGCTG

START END IDENTITY CHRO STRAND START END
1 64 100.0% 18 + 61078141 61078204
64 200 100.0% 18 + 61078068 61078204
200 336 100.0% 18 + 61078068 61078204
336 416 100.0% 18 + 61078068 61078148

>clone 9
ACACGAGCCCCAGCAGGTCATTCATGGGCTAGAAGTTGGTGTGGCTAACTCACAGCCCTGGATTTGGGGCCTGAGAAGT
ATCTGAGCTGGTCAGCCAGCCCGCTCTCCCACATCCATACCACCAGGGTGAGCTCTCCTGCACTGTCCCAGCTAACTCA
TCCACCCGGTGCCCTAGCTGGCAAGGGACAGAAACAGCTCTATCACTCTTCTACCCTTGGGGCTTGCTCACTGTAACAG
GGCCAGCTTTGCTGTGCTGCCCAGGCAAGGTGCAGGGCCTGCAGCAGGTGAGGGGCAGGGCCCGCTCTCCTGCTCTCAT
GACCCCAGGGCCAGATCTCCCACCTGTTGCAGGTAGCAGGACGGTGGACATCTCCCCATTGCCCACACTGCCACAGGGC
AGACAAGCGACACGAGCCCCAGCAGGTCATTCATGGGCTAGAAGTTGGTGTGGCTAACTCACAGCCCTGGATTTGGGGC
CTGAGAAGTATCTGAGCTGGTCAGCCAGCCCGCTCT

START END IDENTITY CHRO STRAND START END
2 407 100.0% 2 + 168285200 168285605
406 510 100.0% 2 + 168285200 168285304

>clone 10
CTGTGGGTGGCCAGAAGCTTCTGGTCCTGAAGACACAGCTCCATCCTCACCTGGACCTATGACCCGCGGCCTCGCTCCC
CTCCTGCCCATTGAGATGGACAGACAGAGAGACAGGAGCCTCAGGCGCAATGGAGGCTCTTGCTGTGTCTCTTTCTTCA
TTGATTTTTAGGATCATTTAGCTAGAGAGTCTAGCCAGCATCCCTCGGTTACATGTTTTCAGCCAGGTTCTCAATCAAG
GCTGTCTCTCATTTCAGGGCTTGGCTGAGTAGGGTTTTCAGACACCCCAGCAGCAGCGTTGAGAGACACCTTCCCTGTG
GGTGGCCAGAAGCTTCTGGTCCTGAAGACACAGCTCCATCCTCACCTGGACCTATGACCCGCGGCCTCGCTCCCCTCCT
GCCCATTGAGATGGACAGACAGAGAGACAGGAGCCTCAGGCGCAATGGAGGCTCTTGCTGTGTCTCTTTCTTCATTGAT
TTTTAGGATCATTTAGCTAGAGAGTCTAGCCAG

START END IDENTITY CHRO STRAND START END
1 93 100.0% 2 - 101612416 101612508
93 404 99.7% 2 - 101612416 101612727
404 507 100.0% 2 - 101612624 101612727

Fig. S2
Sanger sequencing of cloned DNA fragments.  The fragments contained repeated sequences 
(different color segments in the ten clones shown) consistent with rolling circle amplification of 
circular DNA.  Black bold letters in sequences are direct repeats of micro-homology which 
were found at the starts and ends of the circles.  Each segment was mapped to same 
chromosome, direction and position.



CACACAAGCTCTACCGCCACAAAGCTCTCCAACTCCCCGCTAGGAGGAGTCACACAGGAC
CCACCAACCTTCCCACTTCTTTGGTTCCGCCCCTCCCTAACAAAGTTCCGGCAGCCTTTG
AATTGGGTTGCTGGGAACAGTAGTCTTCCGGTCAAGAGCTACACGGGTTGTGGCGCATTG
CCAGAACTACGCTTCCCAGGGAGCCTCGCGGCAGAGGGAGGGTGGGTCACCTGACCGGGA
CTTCGGCGACGCTATGGCGGCGCCCATGCTGCGCTTGGGTTTCCCTGGAAGACGCTGGGC
TTTAACATGGCTAGATGGCGGTTCCCGCCACCGAAGTGGCTCTCAGACTGGGCCCACATC
CAACTGGGCTAGGAGACAGAGTTC

clone1

AAAAGGACCTGAATTCCCCAGGACATTGTTGTTGTTTTTTGTTTGTTTGTTTGTTTCAAG
CTGGAGCGGTGACACACATGTGGCTGAAAGACCAAGGAACCACGTCTGCCCATAGCCCTC
ATGCAAGGAGGACTCTGGTAGAAGTGGCTAGTGGCAATCTGAAACACTCCCTTGTCAGCA
CATCAGCAGGCCAAGGAAGCTTTCAGGGAATGCTCTGAGGGCCTGCACTGTAGGAGAATG
GCGCTGCTTTCAAACAGCCCCATTTCCAACAGGCAAGAGTGCCTGAGAGTGCCTCCTTTC
TACCAGGGGCCAGAGGGGTTAGGTAGTGTGTCTGCCAAGCAAGCCAGAACCATAGGATTC
AAGCAAGGCCTTTTCTGCCCACCTATCACC

clone 2

Fig. S3
Clones 1 and 2 (Fig. S2) were mapped to the mouse genome in the UCSC genome browser.  Only one copy 
of the direct repeats observed in clone 1 or 2 was uniquely mapped to chr3:85,377,913-85,378,137 or 
chr15:38,176,226-38,176,415, respectively (red bars and red sequences).  The sequences were not 
repeated in the genomic locus, suggesting that the direct repeats observed in Fig. S2 were generated by 
rolling-circle amplification of circular DNA molecules containing at least one copy of each sequence.
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Fig. S4
Steps in the identification of microDNA and schematic representation of junctional tag (see methods in 
SOM for more details).
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Fig. S5
a. Electron microscopic images of additional double-stranded and single-stranded microDNAs from 
ED13.5 mouse brain.  b. EM of double-stranded (left circle) and single-stranded (right circle) microDNA 
from HeLa-S3.  Rest as in Fig. 1d and e.
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Fig. S6
Genomic sources of microDNAs of various tissues and cell lines: fold enrichment relative to random 
expectation.  MicroDNAs are significantly enriched in all the regions except intergenic regions of the 
genome.  The 5’UTR, exon and CpG islands are highly enriched.  Gene2kbU or Gene2kbD stand for 
2 kb up- or downstream of the starts and ends of genes. CpG2kbU or CpG2kbD are 2 kb up- or 
downstream from starts and ends of CpG islands.



Fig. S7
GC compostion of microDNAs as well as the up- and downstream flanking genomic regions for microDNAs 
from various mouse tissues and mouse cell lines.  The perpendicular black line is for average GC content of 
the mouse genome.
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Fig. S8
GC compostion of microDNAs as well as the up- and downstream flanking genomic regions for microDNAs 
from two human cell lines.  The perpendicular black line is for average GC content of the human genome.



Direct repeat length in bp Direct repeat GC content in %

F
re

q
u

en
cy

Fig. S9
Length distribution and GC content of direct repeats at the starts and ends of microDNAs in mouse and 
human samples.  The sequences around the starts and ends of the microDNAs did not contain any 
conserved sequence, any specific change in GC/AT composition or any family of repetitive sequences.  
However the starts and ends of the circles revealed direct repeats of micro-homology with high GC content. 
The observed direct repeats are 2-15bp long and direct repeats are also rich in GC content. 
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Fig. S10
MicroDNAs from different tissues and cell lines are enriched for nucleosome-occupied regions of the 
genome.  Rest as in Fig. 2e.
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Fig. S11
Genomic DNA was subjected to paired-end sequencing as a negative control to analyze the properties of 
the 10,000 islands with the highest frequency of mapped tags.  The  features of these genomic islands were 
completely different from the features of  microDNA, suggesting that the features identified in microDNA are 
not an artifact of MDA or highthroughput sequencing.  a. Length distribution shows no peak at ~200 and 
~400 bp.  b. GC content is below the genomic average.  c. There is no significant enrichment of the 
genomic islands in different annotated portions of the genome relative to random expectation.



Fig. S12
Length distribution of microdeletions identified in adult mouse brain.



1
chr5 30891274 (Mapped tag)GGCAGAATGTGCGCACGTTGGCTCCTTCTACTTCGCCATCACC
Junctional tag: GGCAGAATGTGCGCACGTTGGCTCCTTCTACTTCGCCATCACC
30890697 30890956:
GGCAGAATGTGCGCACGTTGGCTCTCATCGTGTGCACCTTCACCTACCTGCTGGTGGGCGCCGCGGTGT
TCGACGCACTGGAGTCGGAGCCGGAGATGATCGAGCGGCAGCGGCTGGAGCTGCGGCAGCTGGAGCTGC
GGGCGCGCTACAACCTCAGCGAGGGCGGCTACGAGGAGCTGGAGCGCGTCGTGCTGCGCCTCAAGCCGC
ACAAGGCCGGCGTGCAGTGGCGCTTCGCCGGCTCCTTCTACTTCGCCATCACC

2
chr5 30891083 (Mapped tag)GGCAGAATGTGCGCACGTTGGGCGCTTCGCCGGCTCCTTCTAC
Junctional tag: GGCAGAATGTGCGCACGTTGGGCGCTTCGCCGGCTCCTTCTAC
30890697-30890944:
GGCAGAATGTGCGCACGTTGGCTCTCATCGTGTGCACCTTCACCTACCTGCTGGTGGGCGCCGCGGTGT
TCGACGCACTGGAGTCGGAGCCGGAGATGATCGAGCGGCAGCGGCTGGAGCTGCGGCAGCTGGAGCTGC
GGGCGCGCTACAACCTCAGCGAGGGCGGCTACGAGGAGCTGGAGCGCGTCGTGCTGCGCCTCAAGCCGC
ACAAGGCCGGCGTGCAGTGCGCTTCGCCGGCTCCTTCTAC

3
chr5 30891659 (Mapped tag)CGGGAGGAGGGGTGTGGCCGGAGAGCGCCACTCCTCCGTGTCC
Junctional tag: CGGGAGGAGGGGTGTGGCCGG*AGAGCGCCACTCCTCCGTGTCC
30891244-30891326: 
CGGGAGGAGGGGTGTGGCCGGGCTAGGCCCTGGGGCTGGGCATCCAGAGTAAGGGCCGGAGAGAGCGCC
ACTCCTCCGTGTCC

4 
chr5 30891947 (Mapped tag)AGGGGGGTGGGTTGCGTGTGTCCTGTTAGCCTTCTTCCCCAGT
Junctional tag:  AGGGGGGTGGGTTGCGTGTGTCCTGTTAGCCTTCTTCCCCAGT
30891453-30891615: 
AGGGGGGTGGGTTGCGTGTGTCCGTGTGGGTGTGTGAGTGTGAGTGTGAGTGTGTGTCCACCTCCATGA
GTTTGGGCTGCACAGACAGGGCCTGTAATTCTCTGAGGGCAGCAGATCAGGGGCTGGAATCCAGATTCT
GTCCTGTTAGCCTTCTTCCCCAGT

5
chr5 30893082 (Mapped tag)GCCCCATCCCCCTTCACCAAAGCCCACCCCCTCACTAAGCCTC
Junctional tag: GCCCCATCCCCCTTCACCAAAGCCCACCCCCTCACTAAGCCTC
30892623-30892863: 
GCCCCATCCCCCTTCACCAAAGCCCGCACAGCTCCCCACTGCCCCATGCTCCTCACCCCGACTCCACCT
CCATGCCTGACTTTATTTACTTACTTGGTTGACCTCCTTCTACAGCCTCCAAATCACCTCTCAGAGAGC
ACTTTTACATGTTTATATCCAACACATCTTTTCTTCTGACTCCCCTTTGCTATCCAAGCTAGCCCCCTG
GGTCCAGTTTAAGCCCACCCCCTCACTAAGCCTC

6
chr5 30893141(Mapped tag) AGCTCCCCACTGCCCCATGCTCCAAATCACCTCTCAGAGAGCA
Junctional tag:  AGCTCCCCACTGCCCCATGCT*CCAAATCACCTCTCAGAGAGCA
30892652 30892761: 



AGCTCCCCACTGCCCCATGCTCCTCACCCCGACTCCACCTCCATGCCTGACTTTATTTACTTACTTGGT
TGACCTCCTTCTACAGCCTCCAAATCACCTCTCAGAGAGCA

7
chr5 30893071 (Mapped tag)ATGCTCCTCACCCCGACTCCACCTCCAAATCACCTCTCAGAGA
Junctional tag:  ATGCTCCTCACCCCGACTCCA*CCTCCAAATCACCTCTCAGAGA
30892668-30892758: 
ATGCTCCTCACCCCGACTCCACCTCCA  T  GCCTGACTTTATTTACTTACTTGGTTGACCTCCTTCTACAG
CCTCCAAATCACCTCTCAGAGA

8
chr5 30893938 (Mapped tag)AACTCAGCGTGGTTACCAGATCAGAGCCACCAGGATGATGGGC 
Junctional tag:  AACTCAGCGTGGTTACCAGAT*CAGAGCCACCAGGATGATGGGC
30893509-30893630: 
AACTCAGCGTGGTTACCAGATCAGGGTTACCAGATTGTTAGCTGGGTTAGTCAGAGCAGTGGGTACAGG
TCAGGGAAGGGAAGGGAAGAGATCTCCTGCCCAGAGCCACCAGGATGATGGGC

9
chr5 30894924 (Mapped tag)AGACTGACCTTATTACCCCCACTTTCTCTCTCTCTTTCTCTCT
Junctional tag:  AGACTGACCTTATTACCCCCA*CTTTCTCTCTCTCTTTCTCTCT
30894416-30894558: 
AGACTGACCTTATTACCCCCACTTTCGGCTACGCAGTGGAAGACTCTAAGTCAGCCACTCACCCATGGC
CTCAGAGCTTGAGAGCAAAGCACCTGTGCAGACTCAATGGGCCTATTTGACTCTTTCTCTCTCTCTTTC
TCTCT

10
chr5 30895149 (Mapped tag)TATCCAAGCTGGTGCATCCCTAGCCAGCCTGCTCTCTTCACAC
Junctional tag:  TATCCAAGCTGGTGCATCCCT*AGCCAGCCTGCTCTCTTCACAC
30894640-30895127: 
TATCCAAGCTGGTGCATCCCTAGCCAGGCATCCCAGGAGACGGGGCCTCTGGTGACAGCCTGCTGCTCT
CCCACCACCTAATGACCCCAGAGGCAGATCTGTGCCTGACACCTGAGTGTCCCGAGGAGATGTCGGGCT
CACAGGTGCTGGTTCTCCCACAGCAGGCCTGGGAGAGACCAGGTTATTGATCTGCCGATGGAGCTCCAG
CAGGAAGGCTGTGCTGTTGCTTTCCGGCTCCTAGCCCAACCCCCGCTGAGTGTGCAGCATGGTGACCCT
GGGACTGAATTCAAGCAGGTGGCCCAAGAGGGCAACAGTGCCCTTTATGTCAGAAGTGGCCGGCCACTT
CCCAAATCACAGAGCCCTATAATAAGAGAGTGAGGGGTAGCATTAGGGACATCCAGCCACTCAAAGAGC
TCAGTACTTGCCCAAGGTTACAAAGCAAGTTGAGCACTTGATGAAACCCATAGCCAGCCTGCTCTCTTC
ACAC

11
chr5 30896856 (Mapped tag)CCTGTAAGTGTTTGGGCATCTTTCTGTGGAGTCTCTGTGATTT
Junctional tag:  CCTGTAAGTGTTTGGGCATCT*TTCTGTGGAGTCTCTGTGATTT
30896372-30896431: 
CCTGTAAGTGTTTGGGCATCTTT  T  CCGAAAGCCAT  T  CTTTCTGTGGAGTCTCTGTGATTT

12
chr5 30898490 (Mapped tag)CCCCAAGGCCCTGGGCTTGATCCCCCACACTCACACACATACC
Junctional tag:  CCCCAAGGCCCTGGGCTTGAT*CCCCCACACTCACACACATACC
30897860-30898457: 



CCCCAAGGCCCTGGGCTTGATCCCCAGCACCAAGAAAATAATAATAATAATAATAAAGGCAACAGAAAT
TATCCCCGACCTTTTCTATAGGAAAGCTAGCAGAGAGACAATGGCTGAACACTAGCTGGGGAACTAGGG
GTCTGCAGGCTTACAGCCGGGAACCTGGGGGGTCTACAGGCTTACATCTGGAGACCTGGGGGTCTGCAA
GTTTACAGTTCTCCTGTCGCTGGCAGCACCCACAGCTGGGGAAGCAAAGACCTAAAGAACCTGAAAGAC
CAAACTCAGAAACACCCACACAGTGGGCACTGTGGTCCTAATTACTTTGGCTGAAAAGTAGATATGCTG
GGACCTGAAGGCTGAGCACCCCTCTCCAGGTCTTACTCCATTGGCACCAATATGGAGCCTAGGCACCAC
ATGCAGTAGTTGTATTGGGGGGTGGGAAAATGGACAGAGGAGGAAGACAGAAAAGTAATGAGTAGCCTA
CCCCGTGGGAATAGTGGACCCAGGAGTCTGCTAGCCCTTGTCTGTTGCACGTCCCCTACCTATGCTCTA
TACACATGCATGCACACACACTCACCCCCACACTCACACACATACC

13
chr5 30898453 (Mapped tag)ATACCACACATACACATACCACACATGTGCACAAACTCCTGAG
Junctional tag:  ATACCACACATACACATACCA*CACATGTGCACAAACTCCTGAG
30898453-30898527: 
ATACCACACATACACATACCACACACACACACACACACACACACACACACACACACATGTGCACAAACT
CCTGAG

14
chr5 30900568 (Mapped tag) 
CCTAATCTGGGGCAGGCCATCAACAGAGGCAAACTCCTTCTTC
Junctional tag:  CCTAATCTGGGGCAGGCCATC*AACAGAGGCAAACTCCTTCTTC
30900115-30900223: 
CCTAATCTGGGGCAGGCCATCCAGAAAGGCAAGCTAGAATGGTCCCCAGTTTGTATCATTGCTCCTGTC
AATAGGTAGAATTTCATCAACAGAGGCAAACTCCTTCTTC

15
chr5 30901981 (Mapped tag)CTTCAGGGTTCTGAACTGTCAAGTCCCTTTTCCCCTTCAGAGA
Junctional tag:  CTTCAGGGTTCTGAACTGTCA*AGTCCCTTTTCCCCTTCAGAGA
30901666-30901780: 
CTTCAGGGTTCTGAACTGTCAAGTCTCATGGGACAGCCTAAAGAGAGACATCAGTTCCCAGATGGGTCA
GCCTCCTCCTTCAGGACAAAGCCTAGTCCCTTTTCCCCTTCAGAGA

16
chr5 30902457 (Mapped tag)GCTGCTCCTTGGGCAGTTACCACGCACAGGACTCGTTCGCACT
Junctional tag:  GCTGCTCCTTGGGCAGTTACC*ACGCACAGGACTCGTTCGCACT
30901932-30902140: 
GCTGCTCCTTGGGCAGTTACCATGGATTGGGTTCTTTGTATGTGCCACCTCATCTAGACCTTTTGGTTG
CCCCAGGAGGAGGTGCTATCTAAACTTTATTTTACAGATGAGGCTCCTGAGGTCTGGGGAGGAAGGGTT
CAGGGAACACACCCCAAGTGTCCTTGGTTGGCAAGTGGCCATGTTCTACACGCACAGGACTCGTTCGCA
CT

17
chr5 30905776 (Mapped tag)TATAGAGGAGCAGGTTTTGTGCCTGGAATCTTCCAGCAGTGGG
Junctional tag:  TATAGAGGAGCAGGTTTTGTG*CCTGGAATCTTCCAGCAGTGGG
30905353-30905633: 



TATAGAGGAGCAGGTTTTGTGAGAAAGCTTCAAGGCTGCTGTTGGGGGCATCCTGACTAACTGTGAGAC
AATCTTGTGAAGGTGAGCCTGCCACTAGAGGAGAAATCAAAGCTAAGACAGAGACTCGGGAAACAGACA
TAATATTGAGAGCCAGATGCCGTGCAAGACCAGCTGGGAACAGCACAGTGCCCAGCCTAACTGTGACAA
TGGGAGATGGAGCAGGAAAGGCCAGAGAGCGCAGGGTGAGCTGCTGCACA  T  GCCTGGAATCTTCCAGCA
GTGGG

18
chr5 30907264 (Mapped tag)TGTCTGTCACTACCACGCCCACCTCTGAAATAACGGACATCGT
Junctional tag:  TGTCTGTCACTACCACGCCCA*CCTCTGAAATAACGGACATCGT
30906791-30906967: 
TGTCTGTCACTACCACGCCCACCTCAGAGAAAGGAGCAGATCAGCACACCAGAGCTCTTTCCATCTGAA
AGTCACCGGTGTTGCCCAAAGACTGCGTGTCCTCACTGCCCTAACCCTGGGTGCCAGGTTTGGGCACAT
CCTCACTGCTGATCTGACCTCTGAAATAACGGACATCGT

19
chr5 30908280 (Mapped tag)TCAGCTTTCTCAGAGCGGTGCCTGGATTCTGCCCTGGGACTTG
Junctional tag:  TCAGCTTTCTCAGAGCGGTGC*CTGGATTCTGCCCTGGGACTTG
30907843-30907984: 
TCAGCTTTCTCAGAGCGGTGCCTGGCACGTAGTAAGGGCTGTATAAATGTTAGCTTGTATTGTTTTGAA
CTGGGGAGGAGGAACGATGACAGGAGCATTTAATCATTTGAATAAAGTTGCCTGGATTCTGCCCTGGGA
CTTG

20
chr5 30908256 (Mapped tag)GCACGTAGTAAGGGCTGTATAAAGTTGCCTGGATTCTGCCCTG
Junctional tag:  GCACGTAGTAAGGGCTGTATA*AAGTTGCCTGGATTCTGCCCTG
30907867-30907977: 
GCACGTAGTAAGGGCTGTATAAA  T  GTTAGCTTGTATTGTTTTGAACTGGGGAGGAGGAACGATGACAGG
AGCATTTAATCATTTGA  A  TAAAGTTGCCTGGATTCTGCCCTG

21
chr5 30909195 (Mapped tag)GAAAGAGAGAGAGAGCGCCTGGTGTGTGTGTACGTGCATGAGT
Junctional tag:  GAAAGAGAGAGAGAGCGCCTG*GTGTGTGTGTACGTGCATGAGT
30908290 30908758: 
GAAAGAGAGAGAGAGCGCCTGGTGAGTTGGACTGCGGATGAGCACCTGCCTCTGGGCCACACAGGGACT
GAGAGGGAGAAGCCAGAGCCCTGCCACCCCCTTCTTCATAGGAGCATTTGCAAGCGGGCAGAGGTGAGT
CAGGTGTGTTTCTATAGAGCGGAGCCTCTCAGAAGAGCCTGTGCTCCCTTGGACAGGAAGAGGGGACTT
ACAGGAGGAAGAAGCCCCAACCACTCATGACCTTCAATTAGAGGTACTGAGGGAGGGAAGAGCAGCGGT
TCTAAAGTGGACTCCTCTCCCTTACTGTTGCCTGTCTTCTGCTTCCCTGAGAATGGTCACCCTGTAGCT
CATCTGGCTCTTGCACTCTGACCTGAATGGTGGACAGAGGTCACATGGAGGCAGGCAATGTGCTGCGGT
GTGTAAATGCACATGCTGTGTGTGTGTGTGTGTGTGTGTGTGTACGTGCATGAGT

22
chr5 30909486 (Mapped tag)TGTGTGTGTGTGTGTACGTGCATGAGAAGGACCTGCTCCCACC
Junctional tag:  TGTGTGTGTGTGTGTACGTGC*ATGAGAAGGACCTGCTCCCACC
30908732-30909160: 



TGTGTGTGTGTGTGTACGTGCATGAGTGAATATTGAGGATGAGGCTCCCACATCTGCAGACTGGCTCAG
GGGAAAGAAGGTTCCAGCAGCTGCCGCAGGCCCAAGTCCCTGTTGCCTAGAGTCCCTCTTCTCCCAGGC
GCCACGCCAGCCTCTACCATCTGAGCTCCTGAGCCCTGGGGAGGGTGCTGAGCCTAAGAAAAGCCTCCC
TTCACAGCTCCTGGCATCTGCTCCCGAATTCCCTGCCAGCCCAGTGCTGTCTGGGCCACTAGCCATGAC
CAGGAAGGAAAGTAGAGAGCAGGTGATAGAGAAAGGATGCCCCAAGGCCTCTCCCCGTCCCCAGGCCAT
CCATCAAGACTGGCCTCCATGCATCTGCTGGGATTCTGCCATGGACCGTGCAGTGGACCGGCATGAGAA
GGACCTGCTCCCACC

23
chr5 30909982 (Mapped tag)GTGTGCCAGAAGCAGCTCCATATTAATAACATCTTCTGTGTCT
Junctional tag:  GTGTGCCAGAAGCAGCTCCAT*ATTAATAACATCTTCTGTGTCT
30909232-30909588: 
GTGTGCCAGAAGCAGCTCCATATCTAATCTGGGAGGACAGAGGCGATCCAGGAGGGAACTCCAGGCTGT
AACCACGCTGTGAGCGAGTGCTCAGGGAAGAGCTGCGCTCCAAGGCAAAGCTGGCAGGAAACGCGGGGT
GCAGACTAGCTTGGGGTTTTATGGCAGTCAGGAAACGGAAGGTCCAGAGAGGAGTGTGTTGGATCAGAG
ATTTACAGCCTGTGTACTGGACCTGGACCCTTTCACTGTATTGTGTAAATTTAAGGGATGAGTGGGGAA
GATTTCTGAGTGGGGAGTGGCAACTCAGAGCTGTGCTGGAAAAAAAAGGTAACAGACATATTAATAACA
TCTTCTGTGTCT

24
chr10 80327887(Mapped tag)GAGGGTCTTCAGCATGTACAGGCAGAAGGCAATGCCCAGGGTG 
Junctional tag: AGTCAGACAGGAGA*GCCTAAATTCCACAGTTGTGTGTTCTGGG
80327503-80327612: 
AGTCAGACAGGAGAGTCGTGCCCCCACAGAAGCTTGCCTCTGCCCTTCACACTGGGCTGCAAGGCCCTG
GGCAGGCCCAACGCCTAAATTCCACAGTTGTGTGTTCTGGG

25
chr10 80370546(Mapped tag)CCAGAACTGGACTTCTGATCACAGCTGGGAAGGCTGCCGGCAC
Junctional tag: GGGACCCCAGCAGCTCCAA*CTGCGGGCTGCCTGTCTGCTGTTC
80370104-80370384 
GGGACCCCAGCAGCTCCAAGACCCACCTTGGCCAGCTGTGCTCGAAGCTCTGCCACCTCTGTCTCCAGG
CCCTGCTTGTCACTGAGGGCTGTGGCCAGCTCAGCCTCACTCCGGTGAAACAGTGATTCCAGATCCTTC
ACTCGGCCCTGGGCCACTGTGAGCTCACCTTCCCGCTTCTTGGCACTGAAAGCAAGGAGGACGGGGGTC
AGAAGGCCCAGGGAGGCCAAGCCCAAGGTTGCCGTGGGCCCTGGTAGTTGCTGCGGGCTGCCTGTCTGC
TGTTC

26
chr10 80321886(Mapped tag)CTATTGTTGGCAGGATCTCATGTAGCCCAGGCTGGCACCTGAC
Junctional tag: AGAGTTATGGTAGAGTCCTGAG*TCCTCAGGACTCACTTGGCTC
80321441-80321617 
AGAGTTATGGTAGAGTCCTGAGCCTTAGCTACCTCCAGCCCCTGCCAGTCTTCCCTCCTCTGGGCCATG
CCCTGCGCCTTGGCCTGATGTAGATATGGTTGTTTTCTCTGGTGAGTGGCAGCCATGGGGCCACTGTGC
CACAGCAATAGTGAGCTCTCCTCAGGACTCACTTGGCTC

27
chr10 80256192(Mapped tag)ACAGGTTAGGTGCATTCAATATGCCTGTCTCAGCTGAGCTGCC
Junctional tag: ATAGCAGTTCCTAATGATGAGGTT*TACTCTGGATGTTCAGCAA
80255754-80256118: 



ATAGCAGTTCCTAATGATGAGGTTGCATTCTCAGCCTCCACCCTGGAGTCGTGTGTGGAGGAAATCGGG
GTAGTCAGGTGGGTGAGGTTCTAGGCTGGCCATAGGCAGAAAGCTGCCTGGGGTAGCATGGTATCCTGG
AGCAGAGAGTTGGGCCCACCTACCTCTCCCAGAACAGAGGTTGTGAAACCCTGCCTGGCTGTCAGCCCT
GTAAGTGAAGAAGAGCCAGGTGGCAGCCCTCTGGCCTTCTCCATTGGGTCTGGCTATGTGGTGGCAGTA
GCCTGGGCAGCGAGGGCAGCCTGGCCATTGCCATCTGGAGGTCCTAGAGCTAGCACCTCTCCAGCTGAC
CTACTCTGGATGTTCAGCAA

28
chr10 80258129(Mapped tag)TAAAGGCAGCAACAATGTGTGAGATGCCTTGGGGGAACCAAGG
Junctional tag: CGCCATCCTGGCAGCTGCTGCTCC*CCAAGGTTGCTGCAGGGCT
80257664-80257931: 
CGCCATCCTGGCAGCTGCTGCTCCAGCAGCCATTGCCTCCACCTTACTTGAGTGTTAGGGGACAGACAC
AGCATGTTCATGGCCCAGTGGGCCACAGGTGCTCTGGGTACAACTGCAAGTCCTTTCCTGAGCCCATAA
GAAACAGGAACCCACAGTAAACTGACCATGGTGCATAGTGGCCCCAGGTACCCTGTGACTGATGGGCCT
AGTACAGGGTAAGGCTGCCTCAGTCATCCTTGCCACTCCAATCCAAGGTTGCTGCAGGGCT

29
chr10 80260914(Mapped tag)CCGCATCCCGCCGCACGGATCCGCGCGAACCAACACGCGCCCT 
Junctional tag: CGGGAGCAAAGGCGTCGG*GGCGGGAGAGAAAGGAGCGTCGGGG
80261406-80261317: 
CGGGAGCAAAGGCGTCGGCGTTTCGTGTGTGCGCAGGCCCAGCGGATGGACTTCCGTCTTCGGTAGGCG
GGAGAGAAAGGAGCGTCGGGG

30
chr10 80341911(Mapped tag)GTGCATGTGTATATGTGTTATGCACACACATATCCACATGTGT
Junctional tag: CAGGCATGCACCCAGCATTCCCTG*AGGAGCCATGCTGCAGCTC
80342421-80342142: 
CAGGCATGCACCCAGCATTCCCTGACACCCATGTGGACCCAAGTGCACCCTTTGCTAATCCTGGTATCC
CAAGGCTGAGGCCAAGCCAATTTGTCCCATCCTTAAGGAGACTTGATCTGCCTGAAATGGCCACTCAGA
CCCTTGTGACCGCCATGCACAGCAGAGGGGACAGGTCAGTGGCCCCACTATGACATCACTTAAGCTACA
GAGATTCTGGGTGAGACGCAACCATATCCCCAAATCATCACTGAAGTGAGAGACAGGAGCCATGCTGCA
GCTC

Fig. S13
All microdeletions identified in the adult mouse brain at the two loci tested.  In each block the 
first line shows the uniquely mapped tag position and sequence.  The second line is the 
junctional tag with the two parts highlighted in red and green.  The fourth line shows the 
normal genomic sequence at this locus with the deleted sequence in black, the junctional tag 
halves in red and green and the direct repeats at the ends of the microdeletions are in bold. 
The AA/AT/TT/TA periodicity is highlighted in yellow.



Table S1

Yields of purified eccDNAs from mouse tissues, mouse and human cell lines*

EMB1 EMB2 EMB3 AMB EMH EML NIH3T3 HeLa-S3 U937

number of tissues
or cell numbers

10 7 9 2 7 6 5x108 1x109 1x109

extrachromosomal 
DNA (ng)

5930 4290 7610 4030 3220 4850 6960 19800 15600

ATP-dependent DNase
resistant DNA: 
extrachromosomal 
circular DNA (ng)

237 411 304 290 269 545 384 1210 931

*In normal tissues, the extrachromosomal DNA accounted for 0.1-0.2% weight of 
chromosomal DNA and in tumor cells lines for 0.01% weight.  For comparison, telomeric DNA 
is about 0.4% of chromosomal DNA by weight.



Table S2

Sequencing and Mapping numbers of various tissue samples and cell lines

EMB1 EMB2 EMB3 AMB EMH EML Genomic NIH3T3 HelaS3 U937

paired reads 17667017 27782906 19314322 31196688 24068557 20468093 26993558 28009789 29056232 30065750

pairs aligned 8183161 16363457 10067149 11614968 12244947 8617404 15846611 19558292 13535751 13284489

read sequences 35334034 55565812 38628644 62393376 48137114 40936186 53987116 56019578 58112464 60131500

aligned 28227549 44942997 32990560 36524091 39350135 34026009 51686809 50454159 54325530 54992859

unique alignment 25634832 40792519 30556149 32931141 33837614 29666618 45368559 47764234 44250974 43666541

number of unique 
sites in the genome 
yielding circles

24921 22604 15722 14046 9689 13758 114 10517 38876 69483

Number of paired end reads obtained, total number of tags mapped to the genome, number 
of tags that were mapped uniquely in the genome and number of unique microDNAs identified 
in each library.




