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Background: Esophageal squamous cell carcinoma (ESCC) is the leading cause of cancer-related mortality.
While recent studies have documented the presence of extrachromosomal circular DNAs (eccDNAs) in
various tumors, to date, there have been no studies examining the distribution and function of eccDNAs in
ESCC.

Methods: The eccDNAs from three surgically matched ESCC tissue samples were extracted and amplified
by rolling circle amplification after removal of linear DNA and mitochondrial circular DNA. High-
throughput eccDNA sequencing and bioinformatics analysis was performed to study the distribution pattern
and the level of eccDNA expression. Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway analyses were performed on the genes associated with the differentially expressed
eccDNAs. Five up-regulated and five down-regulated candidate eccDNAs were validated by routine
polymerase chain reaction (PCR), TOPO-TA cloning and Sanger sequencing. The nucleotides flanking the
eccDNA junctions were analyzed to explore the mechanisms of eccDNA formation.

Results: A total of 184,557 eccDNAs was identified. The overall length distribution ranged from 33 to
968,842 base pairs (bp), with the peak at approximately 360 bp. These eccDNAs mainly originated from
5'- and 3'-untranslated regions (UTRs), and rarely from exons, introns, LINE, or Alu repeat regions. The
chromosome distribution, length distribution, and genomic annotation of the eccDNAs were comparable
between ESCC samples and matched normal epithelium. Nevertheless, 16,031 eccDNAs were found to
be differentially expressed between ESCC and matched normal epithelium, including 10,126 up-regulated
eccDNAs and 5,905 down-regulated eccDNAs. GO analysis and KEGG pathway analysis showed enriched
in cancer pathways, mitogen-activated protein kinase (MAPK) pathway, GTPase-related activity, and
cytoskeleton function. PCR, TOPO-TA cloning, and Sanger sequencing validated the junctional sites of five
up-regulated candidate eccDNAs and four other unexpected eccDNAs. A repeat nucleotide pattern between
the position flanking the start site and that flanking the end site was detected.

Conclusions: This study demonstrated the genome-wide presence of eccDNAs, explored the differential
expression of eccDNAs, and revealed the potential mechanisms of eccDNAs in ESCC. This work provides
further insights into our understanding of genome plasticity, the role of eccDNAs in ESCC, and may

contribute to the development of potential clinical therapies.
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Introduction

Esophageal cancer ranks seventh in the incidence of cancers
and sixth in cancer-related mortalities worldwide (1).
Esophageal squamous cell carcinoma (ESCC) accounts for
90% of all esophageal malignancies globally and remains
the dominant pathological type of esophageal cancer in
high-risk areas such as China (2). Despite rapid progress
in the diagnosis and treatment of ESCC, the overall 5-year
survival rate remains poor (3). Unfortunately, to date, the
molecular mechanisms underlying the high incidence and
poor prognosis associated with ESCC are yet to be fully
elucidated.

The majority of human cellular DNA is contained in
22 linear autosome pairs and a pair of sex-determining
chromosomes. Extrachromosomal DNA are DNA elements
that have separated from the chromosomes. The major
form of extrachromosomal DNA is extrachromosomal
circular DNA (eccDNA) characterized by a closed circular
structure (4). EccDNA was discovered half a century ago
when double minutes (DMs) were detected in malignant
tumor specimens from children (5). The size of eccDNAs
varies from hundreds of base pairs (bp) to several megabases
(Mb), however, the majority of eccDNAs are short, ranging
from 200-400 bp, and are thus called microDNA or small
poly-disperse circular DNA (spcDNA) (4,6). In common
physiology, the presence of eccDNAs is linked to normal
functions and certain phenotypes, and may involve in
genome’s plasticity and evolution (7). More recently,
it has been shown that eccDNAs could participate in
tumorigenesis and tumor progression. The eccDNAs with
longer sizes, such as DMs, participate in cancer initiation by
carrying oncogenes and promoting gene amplification (8,9).
However, less is known about the function and mechanism
of the more widespread, smaller type of eccDNAs, as
they are too small to contain coding genes (10). Recently,
high-throughput sequencing demonstrated that the size
distribution of eccDNAs varied between maternal and fetal
plasma (11). Furthermore, the genomic annotation of the
eccDNA sequences weakly distinguished prostate from
ovarian cancer cells (12). The eccDNAs identified in lung
cancer samples were longer than that in matched normal
tissue and the size of circulating eccDNAs in the plasma
decreased after surgical resection of lung cancer (10).
These studies suggested that the distribution of eccDNAs
may be correlated to tumor cell lineage and the formation
of certain malignancies. Moreover, tens of thousands of
eccDNAs from smaller ones to longer ones carrying known
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cancer drive genes were identified by pan-cancer analysis
from various tumor types, including ESCC (13), however, it
mainly focused on tumor cell lines or tissue samples, lacking
of the comparision of the distribution pattern of eccDNAs
in ESCC and matched normal esophageal epithelium.
To the best of our knowledge, this is the first report to
investigate the distribution, function, and mechanism of
eccDNAs in matched ESCC samples. We present the
following article in accordance with the MDAR reporting
checklist (available at https://dx.doi.org/10.21037/atm-21-
4372).

Methods
Tissue specimens

This study was approved by the Ethics Committee
at Qilu Hospital, Cheeloo College of Medicine,
Shandong University, China [reference number KYLL-
2021(KS)-013], in accordance with the ethical guidelines
of the Declaration of Helsinki (as revised in 2013). Written
informed consents were obtained from three male patients
(aged 56, 62, and 64 years) with ESCC undergoing surgery
in the Department of Thoracic Surgery at Qilu Hospital.
Three pairs of tumor tissue samples and matched non-
tumor esophageal epithelium samples were collected from
specimens obtained during surgery.

Tissue DNA preparation and eccDNA sequencing
High-throughput eccDNA sequencing and subsequent

bioinformatics analyses were performed by CloudSeq
Biotech Inc. (Shanghai, China). Specially, three pairs of
tumor and normal epithelium tissues were suspended
in L1 solution (Plasmid Mini AX; A&A Biotechnology,
Pomorskie Gdynia, Poland) and supplemented with
Proteinase K (ThermoFisher, MA, USA) before incubation
overnight at 50 °C with agitation. After lysis, samples
were treated with alkaline, 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-purified
DNA was treated with FastDigest Mssl (ThermoFisher,
MA, USA) to remove mitochondrial circular DNA and
incubated at 37 °C for 16 hours. The remaining linear
DNA was removed by exonuclease (Plasmid-Safe ATP-
dependent DNase, Epicentre, Wisconsin, USA) at 37 °C
in a heating block and the enzyme reaction was carried
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out continuously for 1 week, with application of additional
ATP and DNase every 24 hours (30 units per day)
according to the manufacturer’s protocol (Plasmid-Safe
ATP-dependent DNase, Epicentre). EccDNA-enriched
samples were used as templates for phi29 polymerase
amplification reactions (REPLI-g Midi Kit). EccDNA
was amplified at 30 °C for 2 days (46-48 hours). Phi29-
amplifified DNA was sheared by sonication (Diagenode
Bioruptor, NJ, Belgium), and the fragmented DNA was
subjected to library preparation with NEBNext® Ultra
IT DNA Library Prep Kit for Illumina (New England
Biolabs, MA, USA). Sequencing was carried out on
[llumina NovaSeq 6000 with 150 bp paired end mode
according to the manufacturer’s instructions.

Sequencing analysis of eccDNA

Paired-end reads were harvested from the Illumina
NovaSeq 6000 sequencer and quality-controlled by Q30.
After 3' adaptor-trimming and removal of low-quality reads
by cutadapt software (v1.9.1), the high-quality clean reads
were aligned to the reference genome (UCSC hgl9) with
bwa software v (v0.7.12). The circle-map software (v1.1.4)
was used to detect eccDNA within all samples, and samtools
(v0.2) software was used to obtain raw soft-clipped read
counts of the break point. The edgeR (v0.6.9) software
was used to perform normalization and differentially
expressed eccDNAs were filtered with a 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 analyses 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

The nucleotide pattern flanking the eccDNA junctional
sites was analyzed to explore the mechanism of generation
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 (hgl9)
was analyzed for each eccDNA locus.

Validation of eccDNA by routine polymerase chain reaction

(PCR), TOPO-TA cloning, and Sanger sequencing

Experimental validation was performed on five up-
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regulated and five down-regulated eccDNAs in different
genomic regions and different chromosomes. Briefly, DNA
was extracted from three matched ESCC specimens and
treated with FastDigest Mssl and exonuclease to remove
mitochondrial circular DNA and linear DNA as described
above. Rolling circle amplification was performed to
increase the yield. PCR was performed using Accurate Taq
Master Mix (dye plus) (Accurate Biotechnology, China) to
assess the expression levels of the candidate eccDNAs. The
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 final elongation at 72 °C for 2 minutes
and storage at 4 °C. The primers of the eccDNAs were
designed using the “out-facing” strategy and are described
in Table S1. 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, USA). The PCR product with specific positive
bands were purified and amplified with TOPO-TA cloning
(Zero TOPO-TA Cloning Kit, Shanghai Yeasan, China)
and sent for Sanger sequencing (Shanghai Sangon Biotech,
China). A comparison of the nucleotide composition of
each positive PCR product between Sanger sequencing and
high-throughput sequencing was performed.

Statistical analysis

The correlation between the ratio of coding genes/Mb and
eccDNA/MbD in any of the chromosomes was performed
by linear regression analysis. The data from two groups
were compared by Wilcoxon rank-sum test. P value <0.05
was considered to be statistically significant. All statistical
analyses were performed using GraphPad Prism 8.0

(GraphPad Software, San Diego, CA, USA).

Results

Genome-wide detection and analysis of eccDNAs in the
matched ESCC tissue

High throughput sequencing revealed more than 100
million clean reads in each esophageal epithelium sample.
By mapping these clean reads to the human genome
(UCSC hgl9), 184,557 eccDNAs annotated to 23 pairs
of chromosomes were identified. Most of these eccDNAs
were detected in more than one specimen (Table S2).
These results indicated that the presence of eccDNAs was a
common event in ESCC tissues.
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Figure 1 Genome-wide detection and analysis of eccDNA distribution by high-throughput sequencing in matched ESCC samples. (A)

The distribution of eccDNAs in the 23 pairs of chromosomes. (B) The eccDNA frequency per Mb in each chromosome. (C) There was
no significant relationship between the ratio of coding genes/Mb and eccDNAs/Mb in each chromosome (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. (FG) The
length distribution of eccDNA at <5,000 bp. EccDNA, extrachromosomal circular DNA; ESCC, esophageal squamous cell carcinoma; Mb,

megabase; bp, base pair.

The genomic distribution of the eccDNAs revealed that
they were common in each of the 23 pairs of chromosomes.
No eccDNAs from the mitochondrion was detected as they
were removed before sequencing. The eccDNA frequency
per Mb was comparable in each chromosome, except for
chromosome Y with a much lower frequency of eccDNAs
(Figure 1A4,1B). There was no correlation between the
ratio of coding genes/Mb and eccDNA/Mb in any of the
chromosomes (P=0.27; Figure 1C).

All the eccDNAs were mapped to different classes
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of genomic regions. Normalized genomic coverage was
defined 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 (11). The
eccDNAs mainly originated from the 5'- and 3'-untranslated
regions (UTRs), 2 kb upstream or downstream of genes,
and 2 kb upstream to 2 kb downstream of CpG island
regions. However, eccDNAs were rarely distributed in
exons, introns, LINE, or Alu repeat regions (Figure 1D).

All the eccDNAs identified were derived from 13,177
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Figure 2 A comparison of the distribution pattern of the eccDNAs between ESCC and matched normal epithelium. (A) A Venn diagram
showing the eccDNAs detected in the ESCC and matched normal epithelium samples. (B-D) The chromosome distribution, annotation
of genomic elements, and length distribution of eccDNAs were comparable in ESCC and matched normal epithelium. EccDNA,

extrachromosomal circular DNA; ESCC, esophageal squamous cell carcinoma.

genes in the genome. The limbic system associated
membrane protein (LSAMP) gene was associated with 192
eccDNAs. More than 100 eccDNAs were derived from 16
genes (Table S3) and only 1 eccDNA originated from 3,208
genes (Figure 1E).

The overall length distribution of the eccDNAs ranged
from 33 to 968,842 bp, with a peak at approximately
360 bp. Meanwhile, there were two additional peaks at
approximately 555 and 736 bp (Figure IF). In total, 95.0%
(175,363/184,557) of eccDNAs were shorter than 3,000 bp
and 86.1% (158,850/184,557) were shorter than 2,000 bp
(Figure 1E1G).

Comparing the distribution pattern of eccDNAs between
ESCC and matched normal epithelium samples

The distribution features varied between ESCC samples
and matched normal esophageal epithelium. The Venn
diagram shows that out of 184,557 eccDNAs, 65,809
eccDNAs were only detected in ESCC samples, 4,520
were only detected in normal esophageal epithelium,
while 114,228 eccDNAs were detected in both samples

© Annals of Translational Medicine. All rights reserved.

(Figure 24). However, the chromosome distribution and
annotation of genomic elements of the eccDNAs was
similar between ESCC and matched normal epithelium
(Figure 2B,2C).

Previous studies have demonstrated that the length
distribution of eccDNAs is different between maternal
and fetal plasma, and between lung cancer tissues and
normal lung tissues (10,11). Thus, the length distribution
of eccDNAs in the ESCC samples and the matched
normal esophageal epithelium was examined. The length
distribution in the ESCC and normal esophageal epithelium
showed similar features, including the location of the peak
and the span of the length of eccDNAs (Figure 2D).

Identification of the differentially expressed eccDNAs
between ESCC and matched normal epithelium

Most of the eccDNAs were detected in more than one
specimen. Thus, the level of eccDNA expression in
ESCC and normal esophageal epithelium was compared.
According to the screening criteria (P value <0.05 and
[LogFCI >1), a total of 16,031 eccDNAs was defined

Ann Transl Med 2021;9(18):1464 | https://dx.doi.org/10.21037/atm-21-4372


https://cdn.amegroups.cn/static/public/ATM-21-4372-supplementary.pdf

Page 6 of 14

Sun et al. EccDNAs in ESCC

B C
14 - . . 9
12 -
— 6
T 10~
g g o
a - a
= g 31
> (O]
<)
=
0 -
|
B
T T T -3 T T T
-10 -5 0 5 10 -3 0 3 6 9
N3 N2 N1C3 C2 C1 Log?2 (fold change) Group N
Group C vs. Group N
D E F
1.0 4
% 0.45 - é =
3] 0.40 A 5 += o 0.8 4
g  0.35 - g 510 o 6 o
% 2 0.30 - 5 308 / 2 %06
c . 0.25 4 o < 0] g
£ 50.20 4 %go.e ] N8 04-
S 80.15 S 8044 / € é
o 0.10 4 g ° 0.2 // 2 021
Q  0.05 4 o o™ | 8 = -
2 0 <l J 0.0 A -
'-E - '—E 0 T T T T T 1 T QI\ T T $ T |b 0| T I% T
1 2 4 QL Q N
000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000 »\5/\ ~\§\ ((/_‘_o &oq}qupe\é\q}prﬁo \>e D
Lenght of eccDNA (bp) Lenght of eccDNA (bp) Lo R) N @ @ ¥ OO
& & R R R

Figure 3 Identification of the differentially expressed eccDNAs between ESCC and matched normal epithelium. (A-C) Cluster, scatter
plot, and volcano plot showing the differentially expressed eccDNAs between ESCC and matched normal epithelium. (D,E) The length

distribution of the differentially expressed candidate eccDNAs. (F) The distribution of the differentially expressed candidate eccDNA in

different classes of genomic regions. EccDNA, extrachromosomal circular DNA; ESCC, esophageal squamous cell carcinoma.

as candidate functional eccDNAs, including 10,126 up-
regulated eccDNAs and 5,905 down-regulated eccDNAs.
Most of these candidate eccDNAs were detected in either
the ESCC samples or the normal esophageal epithelium,
while only a small fraction of candidate eccDNAs were
detected in both ESCC and normal samples (Figure 34-3C).
These candidate eccDNAs may be potential biomarkers to
distinguish ESCC from normal esophageal epithelium and
may participate in the initiation and progression of ESCC.
The length distribution of these candidate
eccDNAs ranged from 44 to 395,264 bp, with a peak at
approximately 357 bp and two additional peaks at 549
and 733 bp (Figure 3D,3E). Mapping of these candidate
eccDNAs to genomic elements revealed that they were
mainly derived from the 5'- and 3'-UTRs, and rarely from
exons, introns, or repeat regions such as LINE and Alu
(Figure 3F). Specially, among the 10,126 up-regulated
eccDNAs, 49.4% (5,007/10,126) were derived from the
region of the genes, while 50.6% (5,119/10,126) were

© Annals of Translational Medicine. All rights reserved.

derived from the intergenic regions. These eccDNAs
originated from 3,219 genes. Most of the eccDNAs
were derived from the activator of transcription and
developmental regulator 2 (AUTS2) gene. The top 10
genes giving rise to the up-regulated eccDNAs are shown
in Table S4. Among the 5,905 down-regulated eccDNAs,
48.4% (2,859) and 51.6% (3,046) were derived from the
region of genes and intergenic regions, respectively. The
down-regulated eccDNAs were derived from 2,235 genes,
with the LSAMP, CUB and sushi domain-containing
protein 1 (CSMD1) and bicaudal D homolog 1 (BICD1)
genes giving rise to the most eccDNAs. The top 10 genes
giving rise to the down-regulated eccDNAs are shown in

Table S4.

GO and KEGG pathway analysis of genes associated with
the differentially expressed eccDNAs

To examine the functions of the genes associated with

Ann Transl Med 2021;9(18):1464 | https://dx.doi.org/10.21037/atm-21-4372
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the differentially expressed eccDNAs, GO analysis was
performed, including identification of the related cellular
components, molecular functions, and biological processes
(Figure 44-4F). The dominant biological processes were
related to neurons, and the main molecular function and
cellular component was GTPase-related activity and the

© Annals of Translational Medicine. All rights reserved.

cytoskeleton, respectively. In addition, KEGG pathway
analysis revealed that the genes associated with the
differentially expressed eccDNAs were mainly involved in
cancer-related pathways, the mitogen-activated protein
kinase (MAPK) pathway, focal adhesion, and the Rapl
pathway (Figure 4G,4H).
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Bits

Figure 5 Validation of the junctional sites of the eccDINAs and motif analysis of the flanking junctional sites. (A) The PCR results of the five

down-regulated and five up-regulated candidate eccDNAs in three pairs of matched ESCC samples. (B) The results of Sanger sequencing

validated the junctional site of the five up-regulated eccDNA in tumor samples. In high-throughput sequencing, red and blue color indicate

the two ends of the junctional sites, while the nucleotides with underscore indicate identical nucleotides at both ends. (C) The results of

Sanger sequencing unexpectedly validated the junctional sites of the other four true eccDNAs detected by high-throughput sequencing.

(D) The motif analysis of the flanking junctional sites by high throughput sequencing. EccDNA, extrachromosomal circular DNA; PCR,

polymerase chain reaction; ESCC, esophageal squamous cell carcinoma.

Validation of the eccDNAs in the ESCC samples

PCR was performed to verify five up-regulated candidate
eccDNAs (designated as ‘Ox’) and five down-regulated
candidate eccDNAs (designated as ‘Sx’). Surprisingly,
all five up-regulated candidate eccDNAs were strongly
expressed in at least one tumor sample and negative in all
the normal epithelium sample. Meanwhile, the five down-
regulated candidate eccDNAs were negative in all tumor
samples and all normal epithelium samples (Figure 54). To
further explore the unexpected results observed with the
down-regulated candidate eccDNAs, the data from the
high-throughput sequencing was compared with the PCR
results. Interestingly, only candidate eccDNAs with more
split read counts in the high-throughput sequencing (>20)
were positive in the PCR results, while those candidate
eccDNAs with fewer split read counts in the high-
throughput sequencing (<14) were negative in the PCR
results (Table 1).

TOPO-TA cloning and Sanger sequencing was
performed to validate the junctional sites. Interestingly, the
junctional sites connecting the start and end site of each
up-regulated candidate eccDNA were completely validated
in at least one PCR positive product (Figure 5B). When
the start site and genomic downstream of the end site of a
candidate eccDNA, such as O2, O3, O4 or OS5, had one or
more identical nucleotides, the end site indicated by high-
throughput sequencing would be extended to one or more
nucleotides downstream of the true end sites because high-
throughput sequencing could not determine whether these

© Annals of Translational Medicine. All rights reserved.

identical nucleotides at the junctional site were from the
start site or the end site.

Unexpectedly, the junctional site of candidate eccDNAs
could not be validated in the other four PCR positive
products by Sanger sequencing. To further explore this,
these PCR positive products were re-evaluated and
found to be slightly longer or shorter than the expected
products. When comparing these PCR products to all the
eccDNAs detected by high-throughput sequencing, these
four PCR products were determined to be identical to
the four eccDNAs partially overlapped with our expected
eccDNAs (Figure 5C). When carefully comparing the data
from the high-throughput sequencing to the PCR results
obtained by Sanger sequencing, these four unexpected
overlapped eccDNAs and the candidate eccDNAs actually
coexisted in abundance in those samples. However, the
primer pairs that can potentially amplify both eccDNAs
could only amplify the unexpected eccDNAs in the actual
PCR reaction due to unknown factors, such as competitive
binding to primer pairs or amplifying inefficiency. Thus,
more specific primers should be designed in the future
when studying the function and mechanism of a candidate
eccDNA (Table 2).

Based on above results, all the five candidate eccDNAs
and the four unexpected eccDNAs detected in high-
throughput sequencing were validated by PCR and Sanger
sequencing, demonstrating that the presence and expression
of these candidate eccDNAs in the PCR reaction was in
agreement with the results from the high-throughput
sequencing.
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Table 1 A comparison of split read counts from high-throughput sequencing and PCR results

Sun et al. EccDNAs in ESCC

Samples
Selected candidate eccDNAs
C1 c2 C3 N1 N2 N3

O1

High-throughput sequencing 8 235 1,360 0 0 0

PCR results - + + - - -
02

High-throughput sequencing 41 98 3 0 0 0

PCR results + + - - - -
03

High-throughput sequencing 24 1 62 0 0 0

PCR results + - + - - -
04

High-throughput sequencing 13 20 2 0 0 0

PCR results - + - - - -
05

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

01-5 indicates candidate up-regulated eccDNA; S1-5 indicates candidate down-regulated eccDNA in ESCC. C1-3 are ESCC samples;
N1-3 are matched normal epithelium samples. In high-throughput sequencing, the split read counts are shown. In PCR results, ‘+’
indicates positive bands and ‘-’ indicates negative bands. PCR, polymerase chain reaction; eccDNA, extrachromosomal circular DNA;

ESCC, esophageal squamous cell carcinoma.
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Ann Transl Med 2021;9(18):1464 | https://dx.doi.org/10.21037/atm-21-4372



Annals of Translational Medicine, Vol 9, No 18 September 2021

Page 11 of 14

Table 2 High-throughput sequencing and PCR results of candidate and unexpected eccDNAs

Samples
Primer type EccDNAs ID Detection type

ci c2 c3 N1 N2 N3

O1 primer 01 (chr3:153320590-153321556) High-throughput 8 235 1,360 0 0 0
chr3:153320515-153321586 sequencing 6 233 1 0 1 0

O1 (chr3:153320590-153321556) PCR results - - + - - -
chr3:153320515-153321586 - + - - - -

02 primer 02 (chr14:65484268-65484970) High-throughput 41 98 3 0 0 0
chr14:65484250-65484750 sequencing 38 0 3 0 0 0

02 (chr14:65484268-65484970) PCR results - + - - - -
chr14:65484250-65484750 + - - _ _ _

O3 primer 03 (chr1:201630725-201631049) High-throughput 24 1 62 0 0 0
chr1:201630702-201631065 sequencing 1 0 61 0 0 0

03 (chr1:201630725-201631049) PCR results + - - - - -
chr1:201630702-201631065 - - + - - -

05 primer 05 (chr3:137490587-137491130) High-throughput 1 484 482 0 0 0

chr3:137490571-137491158 sequencing 1 471 0 0 1 1

05 (chr3:137490587-137491130) PCR results - - + - - -
chr3:137490571-137491158 - + _ _ _ _

01-5 indicates candidate up-regulated eccDNA in ESCC samples. C1-3 are ESCC samples; N1-3 are matched normal epithelium
samples. In high-throughput sequencing, the split read counts are shown. In PCR results, ‘+’ indicates positive bands and ‘-’ indicates
negative bands. PCR, polymerase chain reaction; eccDNA, extrachromosomal circular DNA; ESCC, esophageal squamous cell carcinoma.

Motif analysis of the flanking eccDNA junctions and the
mechanism of eccDNA formation

To explore the mechanism of eccDNA generation, the
nucleotide composition from 10 bp upstream to 10 bp
downstream of the start and end position for each eccDNA
was analyzed. Interestingly, repeat nucleotide patterns were
detected between the position flanking the start site and that
flanking the end site (Figure 5D and Table S5), and such
nucleotide patterns may lead to the generation of eccDNAs.

Discussion

In this study, the extracted DNA in paired healthy and
ESCC samples were carefully treated with FastDigest
MssI and exonuclease to remove mitochondrial circular
DNA and chromosomal linear DNA, and then rolling
circle amplification was performed to increase the yield
of eccDNAs before sequencing. Thus, only specific
eccDNAs, instead of genomic DNA or mitochondrial

© Annals of Translational Medicine. All rights reserved.

DNA, were subsequently investigated by high-throughput
sequencing. High-throughput sequencing demonstrated
the presence of eccDNAs in paired ESCC samples.
Although Moller er al. (6) previously showed that
eccDNAs were mainly mapped to gene-rich chromosomes,
this current study demonstrated that the eccDNAs could
be mapped to any region of the human genome and the
frequency of eccDNA formation was not associated with
the chromosomes nor the coding genes. Interestingly,
the eccDNAs were far less frequently mapped to the Y
chromosome than other chromosomes and this may be
due to less genetic information or the denser structure
of the Y chromosome. Mapping the eccDNAs to various
genomic regions demonstrated that they originated
mainly from regulatory regions such as the 5'-UTR, 3'-
UTR, CpG island, upstream or downstream of genes, and
less frequently from exons, introns, Alu or LINE repeat
region, and this pattern differs from the distribution
pattern reported in other studies (11). To explore the
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cause of this specific tendency, motif analysis of the
flanking eccDNA junctions were performed to study the
mechanism of eccDNA formation. Repeat nucleotide
patterns were found between the position flanking the
start site and that flanking the end site. Previous studies
showed that the structure of the 2-15 bp direct repeats
flanking the junction site or the dual direct repeats
flanking the start and end position possibly contribute
to the formation of eccDNAs through circularization
mediated by homologous recombination, microhomology
end joining, or nonhomologous end joining (4,11). Our
results and these latter reports demonstrated that these
mechanisms related to direct repeats may participate in the
formation of eccDNAs and warrant further investigation.
In agreement with previous reports, the length
distribution of the eccDNAs showed that most were
less than 1 kb with three peaks at 360, 555, and 736 bp.
However, while significant differences in length distribution
of eccDNAs have been detected between lung cancer
samples and matched normal tissue, before and after
surgery, and in maternal and fetal plasma (6,10), no obvious
differences were found between ESCC and matched
normal epithelium samples in this study. Additionally, no
significant differences were observed in the eccDNAs with
regards to chromosome distribution and specific genomic
regions. Surprisingly, the expression levels of eccDNAs
were obviously varied between ESCC and matched
normal epithelium. Kumar ez 4/. previously speculated
that variations in eccDNA abundance in patients with
cancer may be difficult to be observed because rolling
circle amplification with random primers would result
in a massive loss of information related to the level of a
specific eccDNA (10). Nevertheless, in our study using a
similar method based on screening criteria, an abundant
number of significantly up-regulated and down-regulated
candidate eccDNAs were identified in ESCC samples. This
can be explained by the fact that most of these candidate
eccDNAs were detected exclusively in ESCC samples
or matched normal tissue and only a small fraction of
them were detected in both, thus there was a significant
contrast in expression between ESCC and normal samples.
Moreover, the expression of the five up-regulated candidate
eccDNAs and the four unexpected up-regulated eccDNAs
were successfully validated using routine PCR and Sanger
sequencing, verifying the authenticity of our high-
throughput sequencing data. Interestingly, the absence of
the five down-regulated eccDNAs in the PCR may be due
to the relatively low expression as indicated by the low split

© Annals of Translational Medicine. All rights reserved.
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read counts in high-throughput sequencing, suggesting
that high-throughput sequencing is more efficient than
routine PCR for the evaluation of candidate eccDNAs
with low expression. Improving the efficiency of rolling
circle amplification or the development of other advanced
techniques may be required to massively increase the
yield of products after removing mitochondrial circular
DNA and linear DNA. This will facilitate the use of PCR
as a convenient and economical method for studying the
function and mechanisms of eccDNAs in the future. It is
noteworthy that the validation of the four unexpected up-
regulated eccDNAs highlights the need for highly specific
primers for the PCR amplification of specific products,
especially when there are two or more partially-overlapping
eccDNAs in the same sample. In addition, the expression of
the candidate eccDNAs at altered levels demonstrated that
the deletion or amplification of a specific candidate eccDNA
in normal esophageal epithelium may lead to tumorigenesis
and progression of ESCC. However, the exact mechanism
remains to be elucidated.

GO and KEGG pathway analysis of genes associated
with the differentially expressed eccDNAs showed
enrichment in cancer-related pathways, MAPK pathway,
focal adhesion pathway, Rapl pathway, GTPase related
activity, and cytoskeleton function, all of which have been
shown to play key roles in ESCC progression (14-17). Most
of the eccDNAs were less than 1 kb, and thus too small to
carry oncogenes to participate in cancer induction. Meller
et al. previously identified 25 transcripts across eccDNA
junctions by screening mRNA sequencing and speculated
a fraction of eccDNAs could be transcribed (6). In our
study, we did not observe any transcripts across eccDNA
junctions by screening the whole transcriptome sequencing
data in the three paired ESCC samples (data not shown).
It is possible that the transcription of eccDNAs across
eccDNA junction is not a dominant mechanism in ESCC
progression. Recently, Paulsen ez a/. reported that shorter
eccDNAs (microDNA) carrying microRNA (miRNA)
genes or sequences of exons could generate functional small
regulatory RNA, such as miRNA or novel si-like RNA,
independent of a canonical promoter sequence to modulate
related gene expression in vitro and in vive (18). In our
results, the candidate differentially expressed eccDNAs were
mainly derived from the 5'-, 3'-UTRs, and the CpG region,
rather than exons, introns or repeat sequences. Previous
studies demonstrated that the 5'-, 3'-UTR, and CpG region
play important roles in the regulation of RNA translatability
and stability, as well as RNA transcription (19-21). Hence,
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it is possible that miRNA or si-like RNA generated by the
eccDNAs could transcriptionally or posttranscriptionally
affect the levels of the corresponding RNA, especially those
of oncogenes or tumor suppressor genes, and participate
in ESCC induction and progression. However, whether
this hypothesis is the dominant mechanism of eccDNA in
ESCC remains to be confirmed.

Based on above altered expression of eccDNAs in
matched ESCC samples and the discussion, we suggest
the deletion or amplification of the eccDNAs in normal
esophageal epithelium may function in ESCC initiation by
promoting oncogene amplification or generating functional
small regulatory RNA et 4l. In the future, we will focus on
experimental validation of some representative eccDNAs
in vitro and in vivo to further test our hypothesis in the
function of eccDNAs in ESCC. If it can be validated,
we think the eccDNAs will have wide applications in the
future. For examples, the differences of the extent and
nature of eccDNAs between normal and cancer cells may
be suggested as biomarker in cancer research. Supposing to
be released as extracellular free DNAs, the eccDNAs can be
potentially regarded as a basis for detection or monitoring
of drug resistance /survival. The functional eccDNAs can
be also considered as novel effective therapeutic targets for
tumor therapy.

Conclusions

This investigation demonstrated the genome-wide
presence of eccDNAs in ESCC samples. Furthermore, the
distribution and differential expression of eccDNAs and the
potential mechanisms of action were examined in paired
ESCC samples. Larger sample sizes are required to further
verify these findings. In addition, the specific proteins
or regulatory mechanisms involved in the formation of
eccDNAs remain to be investigated. Future studies should
examine the exact mechanisms leading to the differential
expression of eccDNAs in ESCC and the role they play
in tumor heterogeneity and patient prognosis. Further
investigations should focus on the application of eccDNAs
as potential biomarkers and therapeutic targets in patients
with ESCC.
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