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Abstract
Background

Esophageal squamous cell carcinoma (ESCC) is the leading cause of cancer-related mortality worldwide.
Extrachromosomal circular DNAs (eccDNAs), especially the more-spread smaller type, were rarely studied
before. Recently, the distribution of eccDNAs was reported to be distinguished in different tumor cell
lineage or different condition of lung cancer. However, there was no exploration of eccDNA distribution
and function in ESCC.

Methods

The eccDNAs from 3 surgical matched ESCC tissues were extracted and ampli�ed after removing linear
DNA / mitochondrial circular DNA and rolling circle ampli�cation. High-throughput eccDNA sequencing
and subsequent bioinformatics analysis was performed to study the distribution pattern and the level of
eccDNAs in these matched tissues. Gene ontology and KEGG pathway analysis based on the genes
associated with the eccDNAs at differential level were performed. 5 up-regulated and 5 down-regulated
candidate eccDNAs were selected to be validated by routine PCR, TOPO-TA Cloning and Sanger
sequencing. The nucleotides �anking eccDNA junctions were analyzed to explore the mechanism of
eccDNA formation.

Results

184557 eccDNAs were identi�ed. The overall length distribution was from 33bp to 968842bp, with the
peak at ~360bp. They were originated mainly from 5’-untranslated regions, 3’-untranslated region, and
rarely from exons, introns, LINE or Alu repeat region. The distribution patterns of the eccDNAs, such as
chromosome distribution, length distribution and genomic annotation, were similar between ESCC and
matched normal epithelium. Nevertheless, 16031 eccDNAs were found to be at differential level between
ESCC and matched normal epithelium, including 10126 up-regulated eccDNAs and 5905 down-regulated
eccDNAs. GO analysis and KEGG pathway analysis showed enriched pathways in cancer, MAPK pathway,
GTPase related activity and cytoskeleton function et al. PCR, TOPO-TA Cloning and Sanger sequencing
validated the junctional sites of 5 up-regulated candidate eccDNAs and 4 other unexpected eccDNAs.
Repeat nucleotide pattern between the position �anking the start site and that �anking the end site was
detected.

Conclusion

This study �rstly demonstrated genome-wide presence of eccDNAs, explored the eccDNAs at differential
level and revealed potential mechanism of eccDNAs in ESCC, thus suggesting potential clinical utility in
ESCC and increasing our understanding about genome plasticity. 

Background
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Esophageal cancer ranks seventh in the incidence of cancers and sixth in cancer-related mortality
worldwide [1]. Esophageal squamous cell carcinoma (ESCC) accounts for 90% of esophageal cancer
globally and remains the dominant pathological type of esophageal cancer in high-risk areas, such as
China [2]. Despite of rapid progress in the diagnosis and treatment of ESCC, the overall 5-year survival
rate remains poor [3]. To our knowledge, the underlying molecular mechanisms causing high incidence
and poor prognosis of ESCC have not fully elucidated.

The majority of human cellular DNA is contained in 22 linear autosome pairs and a pair of sex-
determining chromosomes. Extrachromosomal DNA indicates the DNA elements separated from the
chromosomes. The major form of extrachromosomal DNA is extrachromosomal circular DNA (eccDNA)
featured by closed circular structure [4]. EccDNA was found half a century ago since double minutes
(DMs) were detected in malignant tumor specimens of children [5]. The size of eccDNAs varies from
hundreds of base pairs (bp) to several mega bases (Mb), however, the majority of eccDNA were short
from 200–400 bps, also called microDNA or small poly-disperse circular DNA (spcDNA) [4, 6]. The
eccDNA with longer size, such as DM, participates in cancer induction by carrying oncogenes and
promoting gene ampli�cation [7, 8]. However, less is known about the function and mechanism of the
more-spread smaller type of eccDNAs because they are too small to contain coding genes [9]. Recently,
by high-throughput sequencing, size distribution of the eccDNAs was identi�ed to be varied between
maternal and fetal plasma [10]. The genomic annotation of the eccDNA sequences weakly distinguished
prostate from ovarian cancer cells [11]. The eccDNAs identi�ed in lung cancer samples were longer than
that in matched normal tissue. The size of circulating eccDNA in plasma decreased after surgical
resection of lung cancer than before surgery [9]. These studies suggest the distribution of eccDNA could
be correlated to tumor cell lineage and the eccDNA may be associated with the formation of certain
tumors. However, there wasn’t the exploration of eccDNA distribution and function in ESCC. Here, we are
the �rst to investigate the distribution, function and mechanism of eccDNAs in ESCC.

Methods
Tissue specimens

This study was approved by the Ethic Committee at Qilu Hospital, Cheeloo College of Medicine,
Shandong University in accordance with the ethical guidelines of the Declaration of Helsinki. Written
informed consent was obtained from 3 enrolled patients with ESCC undergoing the surgery in the
Department of Thoracic Surgery, Cheeloo College of Medicine, Shandong University. 3 pairs of tumor
tissues and matched non-tumor esophageal epithelium were collected from the specimens dissected
from above patients in the surgery.

Tissue DNA preparation and eccDNA sequencing

High-throughput eccDNA sequencing and subsequent bioinformatics analysis was performed by
CloudSeq Biotech Inc. (Shanghai, China). Specially, 3 pairs of tumor and normal epithelium tissues were
suspended in L1 solution (Plasmid Mini AX; A&A Biotechnology) and supplemented with Proteinase K
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(ThermoFisher) before incubation overnight at 50 °C with agitation. After lysis, samples were alkaline
treated, followed by precipitation of proteins and separation of chromosomal DNA from circular DNA
through an ion exchange membrane column (Plasmid Mini AX; A&A Biotechnology). Column-puri�ed DNA
was treated with FastDigest MssI (Thermo Scienti��c) to remove mitochondrial circular DNA and
incubated at 37 °C for 16 h. Remaining linear DNA was removed by exonuclease (Plasmid-Safe ATP-
dependent DNase, Epicentre) at 37 °C in a heating block and enzyme reaction was carried out
continuously for 1 week, adding additional ATP and DNase every 24h (30 units per day) according to the
manufacturer’s protocol (Plasmid-Safe ATP-dependent DNase, Epicentre). eccDNA-enriched samples was
used as template for phi29 polymerase ampli�cation reactions (REPLI-g Midi Kit) amplifying eccDNA at
30 °C for 2 days (46–48 h). Phi29-ampli��ed DNA was sheared by sonication (Bioruptor), and the
fragmented DNA was subjected to library preparation with NEBNext® Ultra II DNA Library Prep Kit for
Illumina (New England Biolabs). Sequencing was carried out on Illumina NovaSeq 6000 with 150bp
paired end mode according to the manufacturer’s instructions.

Sequencing analysis of eccDNA

Paired-end reads were harvested from Illumina NovaSeq 6000 sequencer, and were quality controlled by
Q30. After 3’ adaptor-trimming and low quality reads removing by cutadapt software (v1.9.1), the high
quality clean reads were aligned to the reference genome (UCSC hg19) with bwa software v (v0.7.12).
Then, circle-map software (v1.1.4) was used to detect eccDNA within all samples, and samtools (v0.2)
software was used to get raw soft-clipped read counts of the break point. Then edgeR (v0.6.9) software
was used to perform normalization and differentially expressed eccDNA �lter by p-value < 0.05 and fold
change (>2 or <1/2). Bedtools (v2.27.1) software was used to annotate the eccDNAs. Gene ontology (GO)
and Kyoto Encyclopedia of Genes and Genomes (KEGG) Pathway enrichment analysis were performed
based on the differentially expressed eccDNA-associated genes. IGV (v2.4.10) software was used for
eccDNA visualization.

Motif analysis of eccDNA junctional sites

We analyzed the nucleotide pattern �anking eccDNA junctional sites to explore the generation
mechanism of these eccDNAs. Specially, the nucleotide composition from 10 bp upstream to 10 bp
downstream of the start and end position inferred from the reference genome (hg19) were analyzed for
each eccDNA locus. 

Validation of eccDNA by routine PCR, TOPO-TA Cloning and Sanger sequencing

5 up-regulated and 5 down-regulated eccDNAs in different genomic regions and different chromosomes
were chosen for experimental validation. Brie�y, DNA was extracted from 3 matched esophageal
squamous cell carcinoma specimens and treated with FastDigest MssI and exonuclease to remove
mitochondrial circular DNA and linear DNA as described above. Then rolling circle ampli�cation as above
was performed to increase the yield. PCR with primers in these products using Accurate Taq Master Mix
(dye plus) (Accurate Biotechnology, China) was performed to assess the candidate eccDNA level. The
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reaction conditions were 94°C for 30 seconds, 28 cycles at 98°C for 10 seconds, 55°C for 30 seconds, and
72°C for 1 minute, followed by �nal elongation at 72°C for 2 minutes and storage at 4°C. The primers of
eccDNA were designed using the “out-facing” strategy and they were described in Supplementary Table
S1. Polymerase chain reaction (PCR) products were loaded onto 1.5% agarose gels and visualized under
an ultraviolet Luminescent Image Analyzer (LAS-4000 Mini; GE Healthcare Life Sciences, Pittsburgh, US).
The PCR product with speci�c positive bands were puri�ed and ampli�ed with TOPO-TA Cloning (Zero
TOPO-TA Cloning Kit, Shanghai Yeasan, China) and sent for Sanger sequencing (Shanghai Sangon
Biotech, China). The comparation of the nucleotide composition of each positive PCR product between
Sanger sequencing and high-throughput sequencing was performed.

Results

Genome-wide detection and analysis of eccDNAs in the
matched ESCC tissue
After DNA isolation, removal of linear DNA and mitochondrial circular DNA, rolling ampli�cation and high
throughput sequencing, there were more than 100 millions of clean reads in each sample after removing
low quality reads. By mapping these clean reads to human genome (UCSC hg19), 184557 eccDNAs
annotated at 23 pair of chromosomes were identi�ed in these specimens. Most of these eccDNAs were
detected in more than one specimen (Supplementary Table S2). These results indicated the existence of
eccDNAs was a common event in ESCC tissues.

The genomic distribution of eccDNAs revealed that they were common in each of 23 pairs of
chromosomes. No eccDNAs from mitochondrion was detected because they have been removed before
sequencing. The eccDNA frequency per Mb was even in each chromosome, except chromosome Y with
much lower frequency of eccDNAs (Fig. 1a/b). No correlation between the ratio of coding genes/Mb and
eccDNA/Mb in each chromosome was found (p = 0.27) (Fig. 1c).

We mapped all the eccDNAs to different classes of genomic regions. Normalized genomic coverage was
de�ned as the percentage of eccDNA mapped to that class of genomic regions divided by the percentage
of the genome covered by that class of genomic region [10]. We found the eccDNAs were originated
mainly from 5’-untranslated regions (5’-UTR), 3’-untranslated region (3’-UTR), 2 kb upstream or
downstream of genes, 2 kb upstream to 2 kb downstream of CpG island regions etc.. Meanwhile, they
were rarely distributed in exons, introns, LINE or Alu repeat region (Fig. 1d).

As to the eccDNAs relative to the deprived genes, 13177 genes in the genome gave rise to all the
eccDNAs. There were the most 192 eccDNAs annotated at the gene of LSAMP. More than 100 eccDNAs
were annotated at 16 respective genes (Supplementary Table S3). Only one eccDNA was originated from
3208 genes (Fig. 1e).
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The overall length distribution of eccDNAs was from 33 bp to 968842 bp, with the peak at ~ 360 bp.
Meanwhile, there were 2 additional peaks at ~ 555 bp and ~ 736 bp (Fig. 4A). 95.0% (175363/184557 of
eccDNA were shorter than 3000 bp and 86.1% (158850/184557) were shorter than 2000 bp (Fig f/g).

The comparation of the distribution pattern of the eccDNAs between ESCC and matched normal
epithelium

The distribution features varied between ESCC samples and matched normal esophageal epithelium. As
Venn Diagram showed about the total of 184557 eccDNAs, 65809 eccDNAs were only detected in ESCC
samples, 4520 were only detected in normal esophageal epithelium, while 114228 eccDNAs were
detected in both samples (Fig. 2a). However, the chromosome distribution and annotation of genomic
elements of eccDNAs was similar in ESCC and matched normal epithelium (Fig. 2b/c).

Because the length distribution of eccDNAs could distinguish maternal from fetal plasma and lung
cancer from normal lung tissues in previous reports [9, 10], we analyzed the length distribution of
eccDNAs in ESCC and matched normal esophageal epithelium. We found the length distribution in either
ESCC or normal esophageal epithelium had similar features, such as the location of peak and the span of
the length of eccDNAs (Fig. 2d).

Identi�cation of the eccDNAs at differential level between ESCC and matched normal epithelium

Because most of eccDNAs were shown to be detected in more than one specimen, we further compared
the level of eccDNAs in ESCC to that in normal esophageal epithelium to investigate the function of
eccDNAs in ESCC. According to the screening criteria (p value < 0.05 and |LogFC| >1), a total of 16031
eccDNA was de�ned as candidate functional eccDNAs, including 10126 up-regulated eccDNAs and 5905
down-regulated eccDNAs. Most of these candidate eccDNAs were detected in either ESCC samples or
normal esophageal epithelium, while only a small fraction of candidate eccDNAs were detected in both of
them (Fig. 3a/b/c). These candidate eccDNAs could distinguish ESCC from normal esophageal
epithelium and may participate in the origin and progression of ESCC.

The length distribution of these candidate eccDNAs were from 44 bp to 395264 bp, with peak at ~ 357 bp
and two additional peak at ~ 549 bp and ~ 733 bp, respectively (Fig. 3d/e). By mapping these candidate
eccDNAs to genomic elements, we found they were mainly from 5’-UTR and 3’-UTR, and rarely from
exons, introns or repeat regions such as LINE and Alu (Fig. 3f). Specially, among 10126 up-regulated
eccDNAs, 49.4% (5007/10126) eccDNAs were annotated in the region of genes, while 50.6%
(5119/10126) eccDNAs were annotated in the intergenic region. These eccDNAs were originated from
3219 genes. The most eccDNAs (13) were deprived from AUTS2 gene. The �rst 10 genes giving rise to the
eccDNAs were shown in Supplementary Table S4. Among 5905 down regulated eccDNAs, 48.4% (2859)
and 51.6% (3046) were annotated in the region of genes and intergenic region, respectively. They were
deprived from 2235 genes. The most eccDNAs (7) were from LSAMP, CSMD1 and BICD1. The �rst 10
genes giving rise to the eccDNAs were shown in Supplementary Table S4.
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GO and KEGG pathway analysis based on the genes associated with the eccDNAs at differential level

To understand the functions of genes associated with the eccDNAs at differential level, GO analysis was
performed. GO analysis of genes associated with respective down-regulated or up-regulated eccDNAs
included identi�cation of cellular components (Fig. 4a/d), molecular function (Fig. 4b/e), and biological
processes (Fig. 4c/f). Although the dominant biological processes were related to neurons, GTPase
related activity and cytoskeleton were the main component in the molecular function and cellular
components. In addition, the functions of the genes associated with eccDNAs at differential level were
characterized by KEGG pathway analysis (Fig. 4g/h). The differentially expressed eccDNA-associated
mRNAs were dominantly associated with pathways in cancer, mitogen-activated protein kinase (MAPK)
pathway, focal adhesion, Rap1 pathway et al.

Discussion
This study originally investigated the features of eccDNAs in paired ESCC samples. EccDNAs were
ampli�ed by rolling circle ampli�cation after removing linear DNA and mitochondrial circular DNA to yield
the target product and to avoid bias caused by other DNA ampli�cation [9]. Subsequent high-throughput
sequencing demonstrated the common presence of eccDNAs in paired ESCC samples. Although Møller
previously showed eccDNAs mapped mainly to gene-rich chromosomes, here we found the eccDNAs
could be mapped to any region of the human genome and the frequency of eccDNAs formation was not
associated with the chromosomes or coding genes [6]. Interestingly, the eccDNAs were far less frequently
mapped to Y chromosome than other chromosomes maybe due to the less genetic information or denser
structure etc. Specially, by mapping the eccDNAs to various genomic regions, they were originated
dominantly from regulatory region such as 5’-UTR, 3’-UTR, CpG island, upstream or downstream of genes
and less frequently from exons, introns, Alu or LINE repeat region, which pattern is a little different from
the distribution pattern in previous studies [10]. To explore the cause of the speci�c tendency, we made
the motif analysis of �anking eccDNA junctions to study the mechanism of eccDNA formation. We found
repeat nucleotide pattern between the position �anking the start site and that �anking the end site.
Previous studies showed the structure of 2–15 bp direct repeats �anking the junction site or dual direct
repeats �anking the start and end position possibly contributed to the formation of eccDNAs through the
circularization mediated by homologous recombination, microhomology end joining, nonhomologous
end joining etc [4, 10]. Our analysis and these studies demonstrated that kinds of mechanism related to
direct repeats may participate in the formation of eccDNA, which is necessary to be further explored.

In agreement with previous reports, the length distribution of detected eccDNAs implied that most of them
were less than 1 kb with 3 peaks at 360 bp, 555 bp and 736 bp. However, unlike the signi�cantly different
length distribution of eccDNAs between lung cancer samples and matched normal tissue, before and
after surgery, or maternal and fetal plasma as previously showed [6, 9], there was no obvious difference
between ESCC and matched normal epithelium. Additionally, we did not observe any signi�cant
difference in the eccDNAs with regards to chromosome distribution and speci�c genomic regions
between them. Surprisingly, the level of eccDNAs was obviously varied between ESCC and matched
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normal epithelium. Kumar previously speculated whether the abundance of eccDNAs is altered in patients
with cancer is di�cult to be observed because rolling circle ampli�cation with random primers would lose
a massive information related to the level of a speci�c eccDNA [9]. Nevertheless, in our study with similar
method based on screening criteria, abundant signi�cantly up-regulated or down-regulated candidate
eccDNAs potentially functioning in ESCC were �nally selected according to high-throughput sequencing
results. It can be explained by the fact that most of these candidate eccDNAs were detected exclusively in
ESCC or matched normal tissue and only a small fraction of them were detected in both, thus easily being
made a contrast between them. Moreover, the existence and the level of 5 up-regulated candidate
eccDNAs and 4 unexpected up-regulated eccDNAs were successfully validated using routine PCR and
Sanger sequencing, verifying the authenticity of our high throughput sequencing results. Interestingly, the
absence of 5 down-regulated eccDNAs in PCR possibly due to the relative low expression indicated by
few split read counts in high-throughput sequencing suggests that high throughput sequencing is more
e�cient than routine PCR to evaluate those candidate eccDNAs at low expression. Nevertheless, in our
opinion, maybe more e�cient way of rolling circle ampli�cation or more advanced techniques other than
rolling circle ampli�cation to massively increase the yield of products after removing mitochondrial
circular DNA and linear DNA are necessary to be further studied and applied, so that PCR, as a convenient
and economic method, could be widely used to study the function and mechanism of eccDNAs in future.
It is noteworthy that the validation of 4 unexpected up-regulated eccDNAs reminded us of designing more
speci�c primers in PCR to amplify the speci�c product, especially when there were two or more partially-
overlapped eccDNAs in the same sample. It should be highly emphasized and paid much attention to
when we further study the function and mechanism of one speci�c eccDNA in ESCC or other tumors. In
addition, the presence of the candidate eccDNAs at altered level demonstrated the deletion or
ampli�cation of a speci�c candidate eccDNA caused by certain stimulus, maybe like gene mutation etc.,
in normal esophageal epithelium might lead to the tumorigenesis and progression of ESCC. However, the
exact mechanism remains to be explained and studied.

We further explored the possible function and mechanism of the eccDNAs in ESCC. GO analysis and
KEGG pathway analysis using the genes generating the candidate eccDNAs at differential level showed
enriched pathways in cancer, MAPK pathway, focal adhesion pathway, Rap1 pathway, GTPase related
activity and cytoskeleton function etc., all of which was previously known to play key roles in ESCC
progression [12–15]. As to investigate how the eccDNAs affect those pathways or functions, most of
eccDNAs were less than 1 kb, and thus is too small to be like longer DM carrying oncogenes to participate
in cancer induction. Møller previous identi�ed 25 transcripts across eccDNA junction by screening mRNA
sequencing and speculated a fraction of eccDNAs could be transcribed [6]. Nevertheless, we did not
observe any transcripts across eccDNA junction by screening our whole transcriptome sequencing results
in the same 3 paired ESCC samples (data not shown). We think the transcription of eccDNAs across
eccDNA junction is at least not a dominant mechanism in ESCC progression. Recently, Paulsen reported
shorter eccDNAs (microDNA) carrying miRNA gene or sequences of exons could generate functional
small regulatory RNA, such as microRNA (miRNA) or novel si-like RNA, independent of a canonical
promoter sequence to modulate related gene expression in vitro and in vivo [16]. In our results shown
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above, the candidate eccDNAs at differential level were mainly annotated at 5’-UTR, 3’-UTR and CpG
region rather than exons, introns or repeat sequences. Previous studies demonstrated 5’-UTR, 3’-UTR and
CpG region are playing important roles in regulation of RNA translatability and stability or RNA
transcription [17–19], We think maybe miRNA or si-like RNA generated potentially by the eccDNAs could
affect the level of the corresponding RNA, especially those oncogene or tumor suppressor gene,
transcriptionally or posttranscriptionally, and participate in ESCC induction and progression. However,
whether this hypothesis is the dominant mechanism of eccDNA in ESCC or whether there is some other
possible mechanism remained to be elucidated in future.

Conclusions
We �rstly demonstrated the genome-wide presence of eccDNAs, explored the distribution and different
level of eccDNAs, and revealed the potential mechanism of eccDNAs in paired ESCC samples. However,
large size of samples is needed to reach �nal conclusion. In addition, more interesting questions remain
to be answered in future. For examples, what is the speci�c protein or regulatory mechanism involving the
formation of eccDNAs? What is the exact mechanism leading to the different level of eccDNAs in ESCC
and matched normal epithelium? Does the amount of eccDNAs participate in the tumor heterogeneity?
Do the eccDNAs play important roles in the prognosis of ESCC patients? Could the eccDNAs be as the
useful clinical biomarker based on the level of cell-free eccDNAs in plasma of ESCC? In future, we will
continue to research on these questions to investigate its potential clinical utility in ESCC and to increase
our understanding about genome plasticity.
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Table 1. The comparation between split read counts from high-throughput sequencing and PCR
results.

Selected candidate eccDNAs Samples

C1 C2 C3 N1 N2 N3

O1 high-throughput sequencing 8 235 1360 0 0 0

PCR results - + + - - -

O2 high-throughput sequencing 41 98 3 0 0 0

PCR results + + - - - -

O3 high-throughput sequencing 24 1 62 0 0 0

PCR results + - + - - -

O4 high-throughput sequencing 13 20 2 0 0 0

PCR results - + - - - -

O5 high-throughput sequencing 1 484 482 0 0 0

PCR results - + + - - -

S1 high-throughput sequencing 0 0 0 7 5 6

PCR results - - - - - -

S2 high-throughput sequencing 0 0 0 10 6 4

PCR results - - - - - -

S3 high-throughput sequencing 0 0 0 9 2 3

PCR results - - - - - -

S4 high-throughput sequencing 0 0 0 14 4 1

PCR results - - - - - -

S5 high-throughput sequencing 0 0 0 11 6 2

PCR results - - - - - -

Note: Ox indicates candidate up-regulated eccDNA, while Sx indicates candidate down-regulated
eccDNA in ESCC. In high-throughput sequencing, the split read counts was shown. In PCR results, ‘+’
indicates positive bands and ‘-’ indicates negative bands.
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Table 2. High-throughput sequencing and PCR results of candidate and unexpected eccDNAs

Primer
type

EccDNAs ID Detection type Samples

C1 C2 C3 N1 N2 N3

 

O1
primer

O1 (chr3:153320590-
153321556)

High-throughput
sequencing

8 235 1360 0 0 0

chr3:153320515-
153321586

6 233 1 0 1 0

O1 (chr3:153320590-
153321556)

PCR results

 

- - + - - -

chr3:153320515-
153321586

- + - - - -

 

O2
primer

O2 (chr14:65484268-
65484970)

High-throughput
sequencing

41 98 3 0 0 0

chr14:65484250-
65484750

38 0 3 0 0 0

O2 (chr14:65484268-
65484970)

PCR results - + - - - -

chr14:65484250-
65484750

+ - - - - -

 

O3
primer

O3 (chr1:201630725-
201631049)

High-throughput
sequencing

24 1 62 0 0 0

chr1:201630702-
201631065

1 0 61 0 0 0

O3 (chr1:201630725-
201631049)

PCR results

 

+ - - - - -

chr1:201630702-
201631065

- - + - - -

 

O5

primer

O5 (chr3:137490587-
137491130)

High-throughput
sequencing

1 484 482 0 0 0

chr3:137490571-
137491158

1 471 0 0 1 1

O5 (chr3:137490587-
137491130)

PCR results - - + - - -

chr3:137490571-
137491158

- + - - - -
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Figures

Figure 1

Genome-wide detection and analysis of eccDNAs distribution by high throughput sequencing in matched
ESCC samples. a. The eccDNAs distribution in 23 pairs of chromosomes. b. The eccDNA frequency per
Mb in each chromosome. c. The relationship between the ratio of coding genes/Mb and eccDNAs/Mb in
each chromosome was not signi�cant (p = 0.27). d. The distribution of eccDNAs in different classes of
genomic regions. e. The distribution of the counts of eccDNAs generated by different genes. f/g. The
length distribution of eccDNA at ≤5000bp.
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Figure 2

The comparation of the distribution pattern of the eccDNAs between ESCC and matched normal
epithelium. a. Venn Diagram showing the eccDNAs detected in ESCC or matched normal epithelium.
b/c/d. The chromosome distribution, annotation of genomic elements and length distribution of eccDNAs
were similar in ESCC and matched normal epithelium.
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Figure 3

Identi�cation of the eccDNAs at differential level between ESCC and matched normal epithelium. a/b/c.
Cluster, scatter plot and volcano plot showing the candidate eccDNAs at differential level between ESCC
and matched normal epithelium. d/e. Length distribution of the candidate eccDNAs at differential level. f.
The distribution of the candidate eccDNA at differential level in different classes of genomic regions.
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Figure 4

GO and KEGG pathway analysis based on the genes generating eccDNAs at differential level. a/b/c. The
cellular components, molecular function, and biological processes based on the down-regulated
eccDNAs. d/e/f. The cellular components, molecular function, and biological processes based on the up-
regulated eccDNAs. g. KEGG pathway analysis based on the down-regulated eccDNAs in matched ESCC
samples. h. KEGG pathway analysis based on the up-regulated eccDNAs in matched ESCC samples.
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Figure 5

Validation of junctional sites of eccDNAs and motif analysis �anking junctional sites. a. The PCR results
of 5 down-regulated and 5 up-regulated candidate eccDNAs in 3 pairs of matched ESCC samples. b. The
results of Sanger sequencing validated the junctional site of the 5 up-regulated eccDNA in tumor
samples. In high-throughput sequencing, red and blue color indicated the two ends of junctional sites,
while the nucleotides with underscore indicated the same nucleotides at both the two ends. c. The results
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of Sanger sequencing unexpectedly validated junctional sites of the other 4 true eccDNAs detected by
high-throughput sequencing. d. The motif analysis �anking eccDNA junctional sites by high throughput
sequencing.
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results of Sanger sequencing validated the junctional site of the 5 up-regulated eccDNA in tumor
samples. In high-throughput sequencing, red and blue color indicated the two ends of junctional sites,
while the nucleotides with underscore indicated the same nucleotides at both the two ends. c. The results
of Sanger sequencing unexpectedly validated junctional sites of the other 4 true eccDNAs detected by
high-throughput sequencing. d. The motif analysis �anking eccDNA junctional sites by high throughput
sequencing.
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