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Abstract: Extrachromosomal circular DNAs (eccDNAs) are heterogeneous circular DNA
molecules derived from genomic DNA, and believed to be involved in intercellular com-
munication and in natural biological processes. Extracellular vesicles (EVs) are membrane-
bound particles released from all cells, and have been shown to contain various classes
of nucleic acids. EVs can play a role in intercellular communication and may be used as
biomarkers. This constitutes the first study to demonstrate that EVs derived from healthy
human dermal fibroblasts carry eccDNA. eccDNA from EVs and their corresponding donor
cells were isolated and sequenced on the Oxford Nanopore Minlon platform, followed
by the identification of potential eccDNAs through four different bioinformatic pipelines,
namely ecc_Finder, cyrcular-calling, CReSIL, and Flec. Our main findings demonstrate
that EVs derived from human dermal fibroblasts carry eccDNA; there is variability in
the number of eccDNAs identified in the same sample through different pipelines; and
there is variability in the identified eccDNAs across biological replicates. Additionally,
eccDNAs characterized in this research had (a) sequences as small as 306 base pairs and
as large as 28,958 base pairs across all samples, (b) uneven chromosomal distribution,
and (c) an average of 49.7% of the identified eccDNAs harboring gene fragments. Future
implications for this novel research include using this framework method to elucidate
factors and conditions that may influence the skin aging process and related biogenesis in
human dermal cells.

Keywords: eccDNA; EV; extracellular vesicles; nanopore sequencing; long-read sequencing;
human dermal fibroblasts; bioinformatic pipelines

1. Introduction

Extrachromosomal circular DN As (eccDNASs) are circular DNA molecules derived
from genomic DNA, displaying heterogeneity in size and number [1,2]. eccDNAs have
been identified in a range of eukaryotic organisms and are believed to harbor functions
associated with genetic heterogeneity, amplification of oncogenes, and drug resistance [2].
In humans, they have been associated with cancer [3] and other pathologies, such as type
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II diabetes [4]. eccDNAs have also been identified in healthy tissues [5] and are believed
to play a role in intercellular communication [6], as well as in natural biological processes,
such as aging, in both human cell lines [7] and other eukaryotic species [8].

There is still a lack of understanding regarding the biogenesis of eccDNA, but it has
been proposed that their formation might be linked to processes such as DNA damage and
repair pathways [9], apoptotic DNA fragmentation [10], or the formation of loops during
DNA replication. DNA replication-associated loop formation would also explain why
eccDNAs would be able to incorporate transposable elements and enhancer or promoter
components [11]. It is still unknown whether there are genomic regions that favor the
formation of eccDNAs, and it has been suggested that eccDNA formation occurs in a
random fashion [10,12].

Extracellular vesicles (EVs) are membrane-bound particles released from all cells,
formed by a hydrophilic core and an outer lipid layer [13]. The classes of vesicles are char-
acterized by their size and the presence of known surface markers. Traditionally, studied
markers include membrane tetraspanins CD81, CD9, and CD63, but biogenesis markers,
such as syntenin-1, have been shown to act as universal markers for extracellular vesi-
cles [14,15]. EVs are released by multiple cell types in both physiological and pathological
processes, showing the potential of these particles as biomarkers for pathologies, including
cancer [16], vascular aging [17], and others [18]. EVs carry proteins, lipids, and metabolites
and have been shown to contain various classes of nucleic acids, including DNA, mRNA,
miRNA, and other non-coding RNAs, which seem to participate in EV-mediated cellular
communication [19]. To this end, EVs have been credited with facilitating the induction
of immune responses [20], cellular differentiation [21], and tissue regeneration [22]. This
demonstrates their ability to modulate cellular processes, culminating in their well-studied
potential to act as therapeutic agents.

Considering the role of both eccDNA and EVs in cellular communication, as well
as the rich nucleic acid content in these vesicles, we hypothesized that EVs derived from
healthy cells carry eccDNA. EVs were isolated from three biological replicates of primary
human dermal fibroblasts without any known pathologies. eccDNA was then isolated from
these vesicles and sequenced on the Oxford Nanopore Minlon platform, a third-generation
sequencing technology that generates long reads. eccDNAs were identified in all samples
through four different bioinformatic pipelines. To our knowledge, this constitutes the first
work demonstrating that EVs derived from human dermal fibroblasts carry eccDNA.

2. Results

2.1. Extracellular Vesicles Characterization
2.1.1. Nanoparticle Tracking Analysis (NTA) and Transmission Electron Microscopy (TEM)

Evaluation of EVs by NTA showed average concentration ranges of 6.30 x 108
+/—4.10 x 107 particles/mL; 3.55 x 108 +/— 1.06 x 107 particles/mL; and 2.31 x 108
+/—9.08 x 10° particles/mL for EV1, EV2, and EV3, respectively (Figure 1a). Average
mode values for particle sizes are 127.2 +/— 2.9 nm (EV1), 99.8 +/— 4.8 (EV2), and 102.4
+/— 3.4 (EV3) (Figure 1b). Supplementary Figure S1 shows the correlation between size
distribution and particle concentration. TEM (Figure 2) shows EVs ranging from 64 nm to
189 nm across all three samples.
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Figure 1. (a) Concentration (mean +/— SD) of particles/mL, taken from five different measurements
of the same sample. Average concentrations are 6.30% +/— 4.10” particles/mL (EV1), 3.55% +/— 1.06”
particles/mL (EV2), and 2.318 +/—9.08° particles/mL (EV3). (b) Average mean and mode (+/— SD)
of EVs size distribution (nm): 170.1 nm (EV1 mean); 127.2 (EV1 mode); 131.9 (EV2 mean); 99.8 (EV2
mode); 146.8 (EV3 mean); and 102.4 (EV3 mode). Data obtained from NTA analysis.

$%4,64.8nm
o 63.7 nm

Figure 2. Extracellular vesicles observed under transmission electron microscopy. (a) EV1. (b) EV2.
(c) EV3.

2.1.2. Flow Cytometry

EVs were examined for the presence of biogenesis marker syntenin-1 by flow cytometry.
Events were gated at the 100-240 nm size range, and the positivity percentage of syntenin
was calculated for events within the 100-240 nm gate. 87.1% (EV1), 93.4% (EV2), and 92.5%
(EV3) of events were positive for syntenin (Figure 3). The PBS-only control identified only
2.1 events/pL to be positive for syntenin out of 356.65 total events/uL at 100-240 nm,
resulting in a positivity rate of 0.6%, indicating that free antibodies or possible artifacts are
not interfering with the analysis.
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Figure 3. Positive events for syntenin-1 in EV samples. (a) Bar graph demonstrating total events/uL,
syntenin-1-positive events/pL, and % of positive events in relation to total events in the 100-240 nm
gate. (b) Flow cytometry dot plots illustrating syntenin-1-positive events in the 100240 nm gate
(indicated in blue) in relation to total events within the 100-240 nm gate (all colors).

2.2. Identification of eccDNAs Isolated from the Extracellular Vesicle Fraction
2.2.1. eccDNAs Are Present in EVs, but There Is Variability Amongst Pipelines in the
Identification Process

EV samples isolated from three different primary human adult dermal fibroblasts were
individually analyzed with four different pipelines, namely (i) cyrcular-calling, (ii) CReSIL,
(iii) ecc_Finder, and (iv) Flec. There was variation in the number of circles identified with
each pipeline, with CReSIL and Flec identifying the highest numbers, cyrcular-calling
presenting intermediate values, and ecc_Finder consistently acting as the most conservative
of the four pipelines used. A similar profile of the pipelines was observed with eccDNAs
isolated from matching donor cells (here, D1, D2, and D3).

When comparing the outputs of different pipelines, the number of eccDNAs commonly
identified by all four pipelines was 0 (EV1); 107 (EV2); 18 (EV3); 0 (D1); 58 (D2); 80 (D3);
while the number of consensus circles identified in cyrcular-calling and at least two other
pipelines was 45 (EV1); 227 (EV2); 150 (EV3); 18 (D1); 246 (D2); 214 (D3). The latter
group (cycrular-calling and two others) comprises the selected circles for profiling of size,
chromosomal distribution, and genic regions of overlap. Selecting circles identified by at
least three of the four pipelines increases confidence without being overly restrictive. Table 1
highlights the number of eccDNA molecules identified by each pipeline for each sample,
and Figure 4 shows the number of eccDNAs normalized to every one thousand reads.
Figure 4a highlights individual pipelines, while Figure 4b highlights the normalized number
of eccDNAs commonly identified either by all four pipelines or by the cyrcular-calling
pipeline and any other two. Table 1 contains raw values of the number of identified eccDNA
molecules, whereas Figure 4 normalizes the number of identified eccDNA molecules to
every one thousand reads. This approach addresses the overall profiling of eccDNA
identification across samples, which is relatively standardized even though the sequencing
steps generated a different number of reads in each sample.
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Table 1. Number of eccDNA molecules identified by pipelines cyrcular-calling, ecc_Finder, CReSIL,
and Flec for each sample.

Number of Reads Cyrcular- Common in Cgmr?lflr;rl-n
(Top) yret ecc_Finder CReSIL  Flec 1 LY
Calling All Pipelines Calling and at Least
Total Bases (Bottom) . 1.
Two Other Pipelines
1529
EV1 11,394,724 59 0 83 213 0 45
6945
EV2 57,736,046 251 136 504 907 107 227
5259
EV3 48,300,293 211 29 581 1725 18 150
3836
D1 30,999,272 24 0 1022 1427 0 18
7194
D2 49 947 289 295 64 407 694 58 246
8855
D3 66,141,179 250 113 352 603 80 214
Number of identified eccDNAs normalized to every one thousand reads
a b
< ;gg B Cyreular-calling 2 57 B commonin all
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Figure 4. (a) Number of eccDNAs identified through each pipeline normalized to every one thousand
reads. (b) Number of eccDNAs in common on all four pipelines (dark blue) or in cyrcular-calling and
any other two pipelines (light blue) normalized to every one thousand reads.

2.2.2. Characteristics of Identified eccDNAs: Size, Chromosomal Distribution, GC Content,
and Categorization

Variation in the length of identified eccDNAs was observed within and across samples.
Across samples, the average size of eccDNAs was 6991 base pairs (bp), 4104 bp, and
5649 bp for EV1, EV2, and EV3, respectively. Within samples, eccDNA sizes ranged from a
minimum of 392 bp (EV3) to a maximum of 19,558 bp (EV1). In eccDNAs isolated from
cells, the average size of circles was 4784 bp (D1), 5430 bp (D2), and 5209 bp (D3). The
smallest eccDNA was 306 bp (D3), and the largest was 28,958 bp (D3). Figure 5 shows the
size distribution of identified eccDNAs in EVs and in their matching donor cells.
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Figure 5. Size distribution (in base pairs) of identified eccDNAs in EV samples and their matching
donor cells. Each dot represents an identified eccDNA (individual values). The largest eccDNAs
identified are 19,558 bp in EVs (EV1) and 28,958 bp in cells (D3). Mean +/— SD are indicated for
each sample.

Next, we calculated the average number of eccDNAs/mb in each chromosome. ec-
cDNAs were identified in fourteen somatic chromosomes in all three EV samples and
in six somatic chromosomes in two EV samples. In one somatic chromosome (chr19),
eccDNAs were only identified in one sample (EV2), and no eccDNAs were identified in
one chromosome (chr22) (Figure 6a). The graph has no representation of chrY, as cells
were derived from female donors; however, eccDNAs were identified in chrX in all three
EV samples. There was no overlap of identified eccDNAs across samples. In donor cells’
samples (Figure 6b), eccDNAs were identified in eleven somatic chromosomes in all three
samples and in eight somatic chromosomes and in chrX on samples D2 and D3 (but not
on D1). In three somatic chromosomes (chrl7, chrl9, and chr22), eccDNAs were only
identified in one sample (D3).

We then selected samples EV1 and D1 to evaluate the GC content surrounding the
breakpoint regions of identified eccDNAs, considering 1000 bp upstream and downstream
of the breakpoint. In both samples, the GC content varied from 30% to 50%, with the
exception of one breakpoint region in EV1 (GC content 25.1%) and one region in D1 (GC
content 52.9%). Overall, the average GC % was 37.4% for EV1 and 38.2% for D1. We
also evaluated the presence of CpG islands in sequences surrounding the breakpoint for
eccDNAs identified on EV1 and D1. For EV1, 10 out of the 45 identified eccDNAs had CpG
islands on the 2000 bp sequence surrounding the breakpoint and for D1, CpG islands were
observed on 2 of the 18 identified eccDNAs.

Additionally, we evaluated the categorization of sequences, which is a feature of the
cyrcular-calling pipeline. “Regulatory” was the most prominent category for four of the
samples (EV2, D2, EV3, D3), with a frequency of 40% to 50% occurring in these named
samples. In contrast, “coding” was the most prominent category for the samples EV1 and
D1, with a frequency of 35% to 45%. It was found that the “intronic” category was the most
underrepresented in all samples, with its frequency varying from 0% to 13% (Figure 7).
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Figure 6. The number of identified eccDNAs in each chromosome for each sample was divided by
the size of each chromosome (in megabases), generating an estimated number of eccDNAs/mb/chr.
(a) eccDNAs/mb/chr in EV samples. (b) eccDNAs/mb/chr in cell samples.
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Figure 7. Categorization of eccDNA sequences as coding, regulatory, intronic, or other. Data is
indicated as the percentage of eccDNAs in each category, in relation to total eccDNAs in each sample.

2.2.3. Gene Fragment-Containing eccDNAs

In addition to the genomic coordinates of identified eccDNAs, the output of the
cyrcular-calling pipeline includes overlapped genes and the breakpoint sequence, account-
ing for one thousand base pairs before and after the determined breakpoint. Considering
only eccDNAs commonly identified in cyrcular-calling and at least two of the other three
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pipelines, we used the information provided by cyrcular-calling to evaluate the frequency
of eccDNAs that overlap with genes (Figure 8). The average of all samples of the per-
centages of identified eccDNAs harboring gene fragments was 49.7%. For each sample,
the percentage of gene fragment-containing eccDNAs in relation to the total number of
eccDNAs was 37.8% (EV1), 61.1% (D1), 53.7% (EV2), 47.6% (D2), 47.3% (EV3), and 50.9%
(D3). Supplementary Table S1 contains a list of all unique genes overlapped by eccDNAs in
each sample.

Gene fragment-containing eccDNAs

250

2254
& 200+
3 1754
8 1504 37.8% 61.1% 53.7% 47.6% __ 47.3% 50.9%
% 1254 .
E 100
g 75+ _
2 50-
25-A11' 5 Mk} rry22 2117 71 AF1109
0- f Iul << 1 [
EV1 D1 EV2 D2 EV3 D3
Hl Total eccDNAs gene fragment-containing eccDNAs

Figure 8. Gene fragment-containing eccDNAs. Numbers in grey inside the dark blue bar indicate
the total number of identified eccDNAs for that sample. Numbers in black inside the light blue bar
indicate the number of eccDNAs overlapping with genes for that sample. Numbers above the bars
indicate the percentage of overlapping eccDNAs in comparison to the total number of eccDNAs for
each sample.

For the gene ontology analysis, we grouped all the genes identified in all three EV
samples, as well as the genes identified in all three samples of donor cells, and they were
compared with the Homo sapiens reference list (all genes in the database). No statistically
significant results under the “molecular function” category were identified for the list
of genes in the EV group, and the only statistically significant term identified under the
“molecular function” category for the group of genes in the donor cells group was cell
adhesion molecule binding, with a p-value of 4.65 x 10~°. The top three most significant
p-values for the “biological process” category are multicellular organism development
(2.94 x 10~7), anatomical structure development (1.70 x 10~°), and system development
(2.73 x 107°) for the EV group; and neurogenesis (4.28 x 10~8), generation of neurons
(1.11 x 10~7), and nervous system development (2.61 x 10~7) for the donor cells group.
In the “cellular component” category, the top three most significant p-values are synaptic
membrane (8.77 x 10719, neuron projection (1.92 x 10~8), and cell projection (8.19 x 1078)
for the EV group; and cell junction (1.17 x 10~ 1), synapse (2.32 x 10~1?), and neuron-to-
neuron synapse (9.01 x 10~7) for the donor cell group.

2.2.4. eccDNA Similarity in Different Samples

Next, we evaluated the presence of eccDNAs commonly identified across samples
based on their genomic coordinates. We compared all EVs, all cells (Ds), as well as each
EV sample to its respective cells of origin (e.g., EV1 vs. D1). No similar eccDNA regions
were identified in all three EVs nor in all three cells; however, one eccDNA was commonly
identified in EV2 and EV3 samples, and a different eccDNA was commonly identified in
D2 and D3 samples. When comparing EVs to cells, no similar eccDNAs were identified.
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Because different eccDNAs may carry different regions of the same gene, we then
checked for similarity in genes harboring eccDNAs between multiple samples. No gene
was commonly identified on all three EV samples nor on all three donor samples, but
there were six genes in common between EV2 and EV3 (DACH2, LRRC4C, GPM6A, DABI,
PARDG6G, and GNAII); two genes in common between D1 and D3 (PTPRD and GPD2);
and four commonly identified genes between D2 and D3 (FMN1, MDGA2, DMD, and
MLLT10). Additionally, there were six commonly identified genes between EV2 and D2
(DACH2, KCNMA1, PIEZO2, GRIP1, PTPRM, and DACH1) and two in between EV3 and
D3 (MINDY3 and CDH13). Among the gene fragments harboring eccDNAs, there were no
genes in common between EV1 and D1.

3. Discussion

Extracellular vesicles are known carriers of various nucleic acid species, playing a role
in intercellular communication. eccDNAs have been suggested to contribute to genetic
heterogeneity and are also believed to be involved in intercellular communication. Thus, we
hypothesized and demonstrated that EVs derived from cultured human cells carry eccDNA.
We isolated EVs from conditioned media of three primary human dermal fibroblast cell
lines and then performed eccDNA isolation, enrichment, and sequencing using the Minlon
sequencing platform (Oxford Nanopore). This long-read sequencing technology has been
extensively used in the identification of eccDNAs and facilitates the identification of larger
eccDNAs in comparison to short-read sequencing [23]. We then analyzed the data through
four different pipelines: cyrcular-calling, ecc_Finder, CReSIL, and Flec. The same protocol
was carried out for the three primary human dermal fibroblast cell lines from which EVs
were isolated.

To our knowledge, this constitutes the first study to identify eccDNA molecules from
human dermal fibroblast-derived extracellular vesicles. eccDNAs were identified in all
EV samples. However, we observed variability in the number of circles identified in each
sample and through different pipelines. Variability in the overall number of eccDNAs
per sample was also observed by Ren et al. when working with different isolations of
adipose-derived mesenchymal stem cells, where approximately three times more eccDNAs
were identified in one isolation of cells compared with isolations of the same cell type from
a different donor [7]. Differences in eccDNA counts due to biological variation were also
observed in other species, such as pigeons [24]. This observation is similar to what was
observed in our work, where there was variability in both the number of reads and the
number of eccDNAs identified in each donor sample. Overall, there is a lack of discussion
in the literature about the variability of eccDNAs in biological replicates. This can be
explained in part by the fact that most studies tend to group their replicates together and
evaluate control vs. treatment data only. The variability of eccDNAs amongst same-type
cells from different donors may corroborate the hypothesis of a random pattern of formation
of eccDNAs [10].

In addition to the variability in the number of identified eccDNAs in each sample,
there was minimal overlap of identified circles across samples: of 421 unique eccDNAs
identified on EV1, EV2, and EV3, only one was present in EV2 and EV3, and none were
commonly identified between EV1 and the other samples. Similarly, of the 477 unique
eccDNAs identified in the cells of origin, only one circle was commonly identified between
D2 and D3. Dos Santos et al. also observed that identified eccDNAs vary amongst cancer
cell line replicates, with recurrence of 0.1% to 0.3% of eccDNAs on two replicates of the same
cell line, which was further lowered to 0% to 0.034% when looking for eccDNAs common
to three replicates of the same cell line, in both mouse and human cancer cell lines [25].
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Similarly, Meller and co-workers observed minimal overlap of identified eccDNAs on
different isolations of leukocytes from the same individual [5].

Across all samples, the smallest eccDNA identified was 306 bp, and the largest was
28,958 bp, with average sizes ranging from 4.1 kb to 6.9 kb in different sample groups.
Other studies identified the average size of circles varying from 3.5 kb to 4 kb [26], but
a myriad of studies also identified the average eccDNA size to be below 1 kb. Although
there is great variability across the literature on the average sizes of eccDNAs, this might be
related to different sequencing methods, sample origin, or possibly, the random formation
pattern of eccDNAs.

The average percentage of the identified eccDNAs harboring gene fragments was
49.7%, with a total of 447 unique genes identified. It is noteworthy that although approx-
imately 2% of the human genome is made up of coding regions of genes, our findings
show that almost 50% of the identified eccDNAs harbor gene fragments. The enrichment
of eccDNAs in genic regions was also previously reported by Lin et al. [27]. Although
further studies are necessary to best explain this, we hypothesize this could be due to
a relationship between eccDNA formation and chromatin accessibility, which was also
observed by Chen et al. [28], who studied eccDNA formation in single cells. Chen and
collaborators observed that eccDNA was enriched in regions marked with H3K4me3 and
H3K9me3, histone modifications associated with active enhancer and heterochromatin,
suggesting that gene loci, chromatin accessibility, and repair systems influence eccDNA
formation [28].

Of the unique genes identified across our samples, 19 (4.44%) were commonly iden-
tified in two samples, and only one gene (DACH2) was identified in eccDNAs derived
from three samples (two EVs and one donor sample). No gene was commonly identified
in all three vesicle samples nor in all three donor samples. DACH?2 is located on chr X,
associated with premature ovarian failure, and it has been suggested as a biomarker for
ovarian cancer [29]. Other noteworthy genes are GPM6A, identified in EV2 and EV3, and
the PTP receptors (type G identified in D1 and D3; type M identified in EV2 and D2).
GPMO6A expresses a glycoprotein and acts as a signal transducer, among other functions,
and has been previously identified in extracellular vesicles [30].

Other published studies have also observed that eccDNAs are distributed across the
genome [10,24]. However, there are marked differences in terms of which genomic regions
have a greater number of associated eccDNAs. Ren et al. [7] and others [12,31] observed
chr19 and chr17 as those with the greater number of eccDNAs/mb. In contrast, we observed
that these chromosomes have an overall low number of eccDNAs/mb compared with other
chromosomes. Moreover, for chr19, eccDNAs were only identified on EV2 and D3 but were
not identified on EV1, EV3, D1, or D2. This may indicate a random pattern of eccDNA
formation across the genome, as previously suggested by Wang and collaborators [10].

The uniqueness of our study lies in the use of four different pipelines to identify the
eccDNAs, all of which were developed for Nanopore sequencing reads. Still, each pipeline
identified different numbers of eccDNAs. While CReSIL and Flec identified the highest
numbers of eccDNAs (from 83 to 1725 in different samples), ecc_Finder was the most
conservative pipeline, identifying from zero to 136 circles in different samples, and cyrcular-
calling was the second-most conservative, identifying from 24 to 295 circles in different
samples. Despite this difference in numbers across pipelines, 62% to 90.6% (excluding
samples EV1 and D1) of the circles identified on ecc_Finder were also identified on every
other pipeline. As for cyrcular-calling, 71.1% to 90.4% of circles were also identified on
CReSIL and Flec. These data suggest that there is a validation of most circles identified on
more conservative pipelines; however, there is still scope for improvement, such as further
development of the bioinformatic profiling of eccDNAs.
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There has been a concerted effort to advance our understanding of the potential role
of core EV biogenesis in therapies and innovative treatments, including targeting this topic
using innovative high-throughput screening strategies [32-34]. Extracellular vesicles have
been noted to play a critical role in tumor growth and progression through trading between
tumor and yonder cells [35], as well as in other pathologies, including neurodegenerative
and metabolic diseases [36]. Similarly, although more recently, eccDNAs have also been
associated with the pathological evolution of cancer and other diseases [37-39]. Given that
both EVs and eccDNAs play a potential role in intercellular communication, as well as
potential as biomarkers, we explored the presence of eccDNAs as potential molecules in
EVs. eccDNAs have been previously identified in EVs derived from plasma, where it was
observed that EVs isolated from liver-failure patients carried a greater number of eccDNAs
than those from healthy controls [40]. In an opposing manner, our study focused on the
isolation of EVs from cultured cells, and the choice of dermal fibroblasts poses an interest
in further understanding the relationship between extracellular vesicles and dermal aging.

Potential limitations of this study include the fact that eccDNA was isolated from cells
that had been in a serum-free environment for 24 h. This was carried out to ensure eccDNA
was isolated from EVs derived from the same culture of cells from which eccDNA was
isolated. However, it is appreciated that exposure to different serum-starvation periods
may influence eccDNA production by cells. We intend to explore this further in our future
research. Additionally, future research will address the study of EV-derived eccDNA for
potential interference of cell-free DNA molecules. We also acknowledge the need to explore
the relationship between eccDNA formation and methylation patterns. The identification
of EV-derived eccDNAs from both short-read and long-read next-generation sequencing
methodologies is also merited, as this will contribute to identifying and validating a greater
range of circles. Thus, this research will inform many new lines of research inquiry.

4. Materials and Methods
4.1. Workflow

This project’s workflow (Figure 9) consisted of culturing three samples of primary
human adult fibroblasts and isolating extracellular vesicles from cultured cells” conditioned
media. Then, eccDNA was isolated and enriched from both cells and EVs and sequenced
on Oxford Nanopore’s Minlon Platform. Four different bioinformatic pipelines were used
for analysis of sequenced data and identification of eccDNAs, and eccDNAs identified in
multiple pipelines were selected for a profile study of size, chromosome distribution, and

overlapping with gene-containing regions.

Collection of EVs isolation Isolation and
Cell cultare: conditioned media and enrichment of
human dermal containing EVs characterization eccDNAs from EVs

fibroblasts
And from cells

- Identification of Identification of
“él;nlsgrfgr ) eccDNAs through consensus eccDNAs eccSE;;?’ :_);ﬂ e
q 9 bioinformatic pipelines in multiple pipelines P

Figure 9. Experimental workflow. Steps 1-3: cell culture and isolation of extracellular vesicles (EVs).

Steps 4 and 5: isolation and enrichment of eccDNA from EVs and cells, followed by sequencing.
Steps 6-8: bioinformatic analysis for identification of eccDNAs and study of their profile.
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4.2. Cell Culture

Three lines of primary human adult normal dermal fibroblasts were obtained from
PromoCell (Heidelberg, Germany). The cell lines originated from three healthy females
aged 34, 27, and 28 years old and were referred to as D1, D2, and D3 throughout this work.
Cells were cultured in Dulbecco’s Modified Eagle Medium (low glucose, no phenol red, no
L-glutamine; Gibco, Thermo Fisher Scientific, Waltham, MA, USA), supplemented with
1% penicillin-streptomycin, 1% L-glutamine, and 10% Fetal Bovine Serum (FBS), and kept
in a humidified incubator at 37 °C and 5% CO;. Media changes were performed every
48 h to 72 h, and cells were passaged upon reaching approximately 80% confluency. For
the purposes of EV isolation, once cells reached 80% confluency at passage 8, media was
removed, cells were washed with phosphate saline buffer (PBS), and fresh serum-free media
was added to the cells. This is to avoid the co-isolation of EVs present in FBS. Cells were
kept in serum-free media for 24 h, and conditioned media was collected for EV isolation.

4.3. Extracellular Vesicle Isolation

Conditioned media was subjected to serial centrifugation steps to remove any remain-
ing cellular debris, as follows: 1000x g for 10 min; 2000x g for 20 min; and 10,000x g
for 45 min at 4 °C [41]. Between each sequential centrifugation, the pellet was discarded,
and the supernatant was transferred to a clean tube. The remaining media was filtered
using a 0.22 um filter. EV isolation was performed using the ultrafiltration method with
Vivaspin®20,100 kDa MWCO (Cytiva, Uppsala, Sweden) devices, a protocol adapted
from [42]. Devices were prepped with 10 mL of PBS and centrifuged for 10 min at 3000x g
at 4 °C in a fixed-rotor centrifuge (Mikro 220R, Hettich, Tuttlingen, Germany). Then, condi-
tioned media was subjected to the same centrifugation conditions, adding more media as
necessary until all material had been processed. EVs were then resuspended in PBS and
stored at —20 °C until used for characterization and DNA isolation. As conditioned media
was obtained from three lines of primary human adult dermal fibroblasts, a new device
was used for each. Isolated vesicles were named EV1, EV2, and EV3.

4.4. Extracellular Vesicle Characterization

EVs were characterized for particle concentration and size by NTA (nanoparticle
tracking analysis), transmission electron microscopy (TEM), and flow cytometry for the
positive presence of syntenin-1, a marker of EV biogenesis. For NTA, 10 uL of PBS-
resuspended EVs were diluted in 990 pL of PBS. The particle size and concentrations were
measured using the Nanosight device (NS300; NTA 3.4, build 3.4.003 for EV1 and 3.4.4
for EV2 and EV3, Malvern, UK). Five 30 s videos were taken at a controlled temperature
of 38.5 °C and a camera level of 13. A threshold of 5 was considered for the analysis.
For TEM, samples were placed on a copper grid and stained with a pioloform-coated
solution, followed by 2% aqueous uranyl acetate and drying. Images were acquired using
a FEI 200 kV Tecnal 20 LAB4 emitter transmission microscope (FEI Company, Hillsboro,
OR, USA).

For flow cytometry, 10 pL of each EV sample was incubated with 1 uL of primary
and secondary antibodies against syntenin-1. Samples were then diluted in 4 mL of PBS,
followed by a second dilution where 50 uL from the first dilution was added to 1900 uL of
PBS. Gates were configured using PBS and PBS + antibodies. The selected event population
was 100 nm to 240 nm, and the number of positive events for syntenin-1 was gated from
this population. For each EV sample, 20 uL of samples were read using a CytoFLEX Flow
Cytometer (Beckman Coulter Life Sciences, Indianapolis, IN, USA), with excitation in the
FITC channel.
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4.5. DNA Isolation and eccDNA Enrichment

DNA was isolated using the DNA Plasmid Isolation Kit (T1010, New England Biolabs,
Ipswich, MA, USA). Lysis buffer was added to the pellet of cells or to vesicles resuspended
in PBS, and the protocol was followed as per the manufacturer’s instructions. Next, isolated
DNA was subjected to treatment with 5 units of the endonuclease Mssl (pmel) (Thermo
Fisher Scientific, Waltham, MA, USA) for 16 h at 37 °C, followed by 10 min at 65 °C for
enzyme inactivation. Then, each sample was treated with ATP-dependent Exonuclease V
(MO0345, New England Biolabs, Ipswich, MA, USA) at 37 °C (48 h treatment for EV samples
and 144 h treatment for cell samples). Setup of the initial reaction was performed following
the manufacturer’s protocol, and every 24 h the reaction was supplemented with 10 units
of exonuclease V and 1 mM of ATP. After 48 h (for EVs) or 144 h (for cells), the enzyme
was heat-inactivated at 70 °C for 30 min. The samples were then subjected to rolling
circle amplification (RCA) using EquiPhi29™DNA polymerase (ThermoFisher Scientific,
Waltham, MA, USA). Briefly, the first reaction was set up with 7 uL. of DNA sample in
ultrapure water, 1 uL of 10 x EquiPhi29™ buffer, and 2 pL of exo-resistant random primers
(500 uM stock) (ThermoFisher Scientific, Waltham, MA, USA). This was incubated at 95 °C
for 3 min, followed by 3 min on ice. This was carried on to a second reaction with the
addition of 1 uL of EquiPhi29™ bulffer, 2 uL of ANTP mix (10 mM each), 0.2 uL of DTT
(0.1 M), 5.8 uL of ultrapure water, and 1 pL of 10x EquiPhi29™ polymerase enzyme and
incubated at 30 °C for 48 h, followed by heat inactivation at 65 °C for 10 min. The eccDNA
enrichment protocol with endonuclease and exonuclease enzymatic treatments followed by
RCA was adapted from [5]. After rolling circle amplification, DNA was quantified using
a Qubit™ 3 Fluorometer (Invitrogen, ThermoFisher Scientific, Waltham, MA, USA) and
carried forward to sequencing library preparation.

4.6. Sequencing

Enriched eccDNA was prepared for sequencing following Oxford Nanopore’s LSK-109
and NBD104 preparation protocol and quantified using a Qubit 3 Fluorometer (Invitrogen,
ThermoFisher Scientific, Waltham, MA, USA) between each sequential step. Prepped
DNA was sequenced using a Spot-ON Flow Cell, R9 version, and the Minlon Mk1B
device (Oxford Nanopore Technologies, Oxford, UK), and reads were basecalled using
the MiniKnow software (MinKNOW version 23.11.5; subpackages MinKNOW core 5.8.7,
Dorado 7.2.13, Bream 7.8.2, and Script Configuration 5.8.6).

4.7. Bioinformatic Analysis

Sequences were analyzed for eccDNA identification through four different publicly
available pipelines: CReSIL version 1.0.0 (available on https://github.com/visanuwan/
cresil (accessed on 11 July 2023)) [43]; cyrcular-calling version 2.0 (available on https:
/ /github.com/snakemake-workflows/cyrcular-calling (accessed on 11 July 2023)) [44];
ecc_finder version 1.0.0 (6 October 2021) (available on https:/ /github.com /njaupan/ecc_
finder (accessed on 11 July 2023)) [45]; and Flec (eccDNA_RCA_nanopore) version 1.0
(available on https:/ /github.com/YiZhang-lab/eccDNA_RCA_nanopore (accessed on 11
October 2023)) [46].

The reference genome used for mapping was the soft-masked GRCh38.110 down-
loaded from Ensembl, and RepeatMasker files were obtained from UCSC. All four pipelines
were installed in separate conda environments [Anaconda Software Distribution. Computer
software. Vers. 23.5.2. Anaconda, July 2023. Web. <https://anaconda.com> (accessed
on 01 August 2023)] in order to avoid dependency conflicts and allow the run using de-
fault parameters. Output files containing the genomic coordinates of predicted eccDNAs
were then further processed using the program Intervene (version 0.6.5) [47] in order to
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identify intersecting eccDNAs across tested pipelines. For further studies on the profile
of identified eccDNA, we selected all circles that were identified in at least three of the
four pipelines, and identification in the cyrcular-calling pipeline was a mandatory criterion.
This is due to the information on breakpoint sequences and gene overlaps provided by
cyrcular-calling, but not by the other pipelines. Thus, the following Intervene data were
combined in order to obtain all eccDNA identified by cyrcular-calling and at least any other
two pipelines: cyrcular-calling + ecc_Finder + Flec + CReSIL; cyrcular-calling + ecc_Finder
+ Flec; cyrcular-calling + Flec + CReSIL; cyrcular-calling + ecc_Finder + CReSIL.

To evaluate the eccDNA profile in relation to chromosomal distribution, the number of
eccDNA /mb/chr was calculated by dividing the number of eccDNAs in each chromosome
by the size of each chromosome (in megabases) (chromosome size reference: Human
Genome Assembly GRCh38.p14, available at https:/ /www.ncbi.nlm.nih.gov/grc/human/
data (accessed on 5 April 2024)). GC content of the sequence from 1000 bp upstream to
1000 bp downstream of the breakpoint was calculated using the GC content tool at the
Jamie McGowan platform (https:/ /jamiemcgowan.ie/bioinf/gc_content.html, accessed
on 12 May 2024), and CpG Islands on the same region were identified using the CpG
Islands tool at the Sequence Manipulation Suite platform (https://www.bioinformatics.
org/sms2/cpg_islands.html, accessed on 30 May 2024), using the software’s standard
calculation, which is performed with a 200 bp window moving through the sequence
at 1 bp intervals (CpG island: region where the GC content is greater than 50% and the
Observed/Expected value is greater than 0.6). Gene Ontology analysis was performed
using The Gene Ontology Resource (https://geneontology.org/, accessed on 30 May 2024)
(Annotation Version: GO Ontology database; DOI: 10.5281/zenodo.10536401. Released
17 January 2024). Intersection of eccDNAs identified in different samples was performed
using the program Intervene, and intersection between genes carried by eccDNAs in
different samples was performed using the Venn diagram webtool available at https:
/ /bioinformatics.psb.ugent.be/webtools/Venn/ (accessed on 3 April 2024).

Graphs for EV characterization; number of identified eccDNAs; eccDNA size and chro-
mosomal distribution; eccDNA categorization; and gene fragment-containing eccDNAs
were generated using the GraphPad Prism (version 10.2.0) software.

5. Conclusions

To the best of our knowledge, this constitutes the first study to demonstrate that
human dermal fibroblast-derived extracellular vesicles carry eccDNA. It is also the first
study to identify eccDNA in EVs using a long-read sequencing methodology. However,
our findings suggest that there is no direct correlation between the genomic regions of
eccDNAs identified in vesicles and in their cells of origin, nor is there consistency between
different samples of EVs. Therefore, more extensive studies on the biogenesis of eccDNAs
are merited. It is also appreciated that further exploration of EVs containing eccDNAs in
different tissues will provide greater insights into the potential of the biomarker prospective
of these molecules. Future implications for this novel research include using this framework
method to elucidate factors and conditions that may influence the skin aging process and
related biogenesis in human dermal cells.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms26094144/s1.

Author Contributions: Conceptualization, B.S.-P., GJ.PJ., J.L.d.C., R.P, M.L. and N.J.R. Methodology,
BS.-P,J.AL,JHR,]J.CdS., C.A.d.S. and G.J.PJ. Data analysis, B.S.-P,, J.A.L.,, C.A.d.S. and G.J.PJ.
Writing—original draft preparation, B.S.-P,, J.A.L. and J.H.R. Writing—review and editing, B.S.-P.,
J.C.d.S,GJ.P],JLd.C, ML, RP and NJ.R. Supervision, M.L., R.P. and N.J.R. Project administration,


https://www.ncbi.nlm.nih.gov/grc/human/data
https://www.ncbi.nlm.nih.gov/grc/human/data
https://jamiemcgowan.ie/bioinf/gc_content.html
https://www.bioinformatics.org/sms2/cpg_islands.html
https://www.bioinformatics.org/sms2/cpg_islands.html
https://geneontology.org/
https://bioinformatics.psb.ugent.be/webtools/Venn/
https://bioinformatics.psb.ugent.be/webtools/Venn/
https://www.mdpi.com/article/10.3390/ijms26094144/s1
https://www.mdpi.com/article/10.3390/ijms26094144/s1

Int. J. Mol. Sci. 2025, 26, 4144

15 of 17

References

M.L. and N.J.R. Funding acquisition, M.L. and N.J.R. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by the Technological University of the Shannon (TUS) Presi-
dent’s Doctorate Scholarship #TUS_2020/P1018. NTA and flow cytometry data acquisition were
funded by Fundacao de Amparo a Pesquisa do Estado de Sao Paulo (FAPESP) # 2015/21829-9 and
#2022/01505-8. B.S.-P.; M.L., and N.J.R. were funded by the Technological University of the Shan-
non: Midlands Midwest (TUS). R.P. was funded by Catholic University of Brasilia (UCB), Fundagao
de Apoio a Pesquisa do Distrito Federal (FAPDF) # 193.000.464/2011, and Conselho Nacional de
Desenvolvimento Cientifico e Tecnolégico (CNPq) # 424074/2016-8. J.A.L.; J. H.R., and C.A.S. were
funded by Coordenacao de Aperfeicoamento de Pessoal de Nivel Superior (CAPES). ].L.C. and G.J.P.
were funded by the University of Brasilia (UnB). J.C.S. was funded by the University of Sao Paulo
(USP), Fundagao de Amparo a Pesquisa do Estado de Sao Paulo (FAPESP) #21/06645-0, and Conselho
Nacional de Desenvolvimento Cientifico e Tecnolégico (CNPq) grant PQ 308101/2021-9.

Institutional Review Board Statement: Not applicable. The cell lines used in this study were
purchased from PromoCell (Heidelberg, Germany).

Informed Consent Statement: Not applicable.

Data Availability Statement: Raw sequencing files (fastq format) are available at the Sequence Read
Archive (SRA, NCBI) under BioProject ID PRJNA1251131 (Biosamples accessions SAMN47998430,
SAMN47998431, SAMN47998432, SAMN47998433, SAMN47998434, and SAMN47998435). Identified
eccDNA regions are available as Supplementary Materials (Supplementary Document S1) to this
manuscript. Any further data can be made available upon request from the authors.

Acknowledgments: We would like to acknowledge Schaienni Saldanha at the University of Sao Paulo
for assistance with the NTA and flow cytometry analysis. We also acknowledge Emma McDermott
and the staff at the Anatomy Imaging and Microscopy Facility at the University of Galway for their
assistance with TEM imaging.

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

Abbreviations

The following abbreviations are used in this manuscript:

eccDNA  Extrachromosomal Circular DNA

EV(s) Extracellular Vesicles

NTA Nanoparticle Tracking Analysis
SD Standard Deviation

TEM Transmission Electron Microscopy

1. Shmookler Reis, R.J.; Lumpkin, C.K,, Jr.; McGill, ].R.; Riabowol, K.T.; Goldstein, S. Genome alteration during in vitro and in vivo

aging: Amplification of extrachromosomal circular DNA molecules containing a chromosomal sequence of variable repeat
frequency. Cold Spring Harb. Symp. Quant. Biol. 1983, 47, 1135-1139. [CrossRef] [PubMed]

2. Paulsen, T.; Kumar, P.,; Koseoglu, M.M.; Dutta, A. Discoveries of Extrachromosomal Circles of DNA in Normal and Tumor Cells.
Trends Genet. 2018, 34, 270-278. [CrossRef] [PubMed]

3. Kumar, P; Dillon, L.W.; Shibata, Y.; Jazaeri, A.A.; Jones, D.R.; Dutta, A. Normal and Cancerous Tissues Release Extrachromosomal
Circular DNA (eccDNA) into the Circulation. Mol. Cancer Res. 2017, 15, 1197-1205. [CrossRef]

4.  Xu,Z;He,].;Han, P; Dai, P; Lv, W,; Liu, N,; Liu, L,; Liu, L.; Pan, X.; Xiang, X.; et al. Plasma extrachromosomal circular DNA
is a pathophysiological hallmark of short-term intensive insulin therapy for type 2 diabetes. Clin. Transl. Med. 2023, 13, e1437.

[CrossRef]


https://doi.org/10.1101/SQB.1983.047.01.128
https://www.ncbi.nlm.nih.gov/pubmed/6574863
https://doi.org/10.1016/j.tig.2017.12.010
https://www.ncbi.nlm.nih.gov/pubmed/29329720
https://doi.org/10.1158/1541-7786.MCR-17-0095
https://doi.org/10.1002/ctm2.1437

Int. J. Mol. Sci. 2025, 26, 4144 16 of 17

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Mpoller, H.D.; Mohiyuddin, M.; Prada-Luengo, I; Sailani, M.R.; Halling, J.F.; Plomgaard, P.; Maretty, L.; Hansen, A.J.; Snyder, M.P;
Pilegaard, H.; et al. Circular DNA elements of chromosomal origin are common in healthy human somatic tissue. Nat. Commun.
2018, 9, 1069. [CrossRef]

Zuo, S.; Yi, Y.; Wang, C.; Li, X.; Zhou, M.; Peng, Q.; Zhou, J.; Yang, Y.; He, Q. Extrachromosomal Circular DNA (eccDNA): From
Chaos to Function. Front. Cell Dev. Biol. 2021, 9, 792555. [CrossRef] [PubMed]

Ren, S.; Wu, D.; Shen, X.; Wu, Q.; Li, C,; Xiong, H.; Xiong, Z.; Gong, R.; Liu, Z.; Wang, W.; et al. Deciphering the role of
extrachromosomal circular DNA in adipose stem cells from old and young donors. Stem Cell Res. Ther. 2023, 14, 341. [CrossRef]
Prada-Luengo, I.; Moller, H.D.; Henriksen, R.A.; Gao, Q.; Larsen, C.E.; Alizadeh, S.; Maretty, L.; Houseley, ]J.; Regenberg, B.
Replicative aging is associated with loss of genetic heterogeneity from extrachromosomal circular DNA in Saccharomyces
cerevisiae. Nucleic Acids Res. 2020, 48, 7883-7898. [CrossRef]

Dillon, L.W.; Kumar, P; Shibata, Y.; Wang, Y.H.; Willcox, S.; Griffith, ].D.; Pommier, Y.; Takada, S.; Dutta, A. Production of
Extrachromosomal MicroDNAs Is Linked to Mismatch Repair Pathways and Transcriptional Activity. Cell Rep. 2015, 11, 1749-1759.
[CrossRef]

Wang, Y.; Wang, M.; Djekidel, M.N.; Chen, H.; Liu, D.; Alt, EW.; Zhang, Y. eccDNAs are apoptotic products with high innate
immunostimulatory activity. Nature 2021, 599, 308-314. [CrossRef]

Yang, L.; Jia, R.; Ge, T.; Ge, S.; Zhuang, A.; Chai, P.; Fan, X. Extrachromosomal circular DNA: Biogenesis, structure, functions and
diseases. Signal Transduct Target Ther. 2022, 7, 342. [PubMed]

Wen, K,; Zhang, L.; Cai, Y.; Teng, H.; Liang, J.; Yue, Y.; Li, Y.; Huang, Y,; Liu, M.; Zhang, Y. Identification and characterization of
extrachromosomal circular DNA in patients with high myopia and cataract. Epigenetics 2023, 18, 2192324. [CrossRef]

Welsh, J.A.; Goberdhan, D.C.I.; O’Driscoll, L.; Buzas, E.I; Blenkiron, C.; Bussolati, B.; Cai, H.; Vizio, D.D.; Driedonkd, T.A.P,;
Erdbriigger, U.; et al. Minimal information for studies of extracellular vesicles (MISEV2023): From basic to advanced approaches.
J. Extracell. Vesicles 2024, 13, e12404. [CrossRef] [PubMed]

Lee, KM,; Seo, E.C.; Lee, ].H.; Kim, H.J.; Hwangbo, C. The Multifunctional Protein Syntenin-1: Regulator of Exosome Biogenesis,
Cellular Function, and Tumor Progression. Int. J. Mol. Sci. 2023, 24, 9418. [CrossRef]

Kugeratski, FG.; Hodge, K.; Lilla, S.; McAndrews, K.M.; Zhou, X.; Hwang, R.F; Zanivan, S.; Kalluri, R. Quantitative proteomics
identifies the core proteome of exosomes with syntenin-1 as the highest abundant protein and a putative universal biomarker.
Nat. Cell Biol. 2021, 23, 631-641. [CrossRef] [PubMed]

Cvjetkovic, A.; Karimi, N.; Crescitelli, R.; Thorsell, A.; Taflin, H.; Lasser, C.; Lotvall, ]. Proteomic profiling of tumour tissue-derived
extracellular vesicles in colon cancer. ]. Extracell. Biol. 2024, 3, e127. [CrossRef]

Wen, Y.; Chen, H.; Wang, Y.; Sun, Y.; Dou, F; Du, X,; Liu, T.; Chen, C. Extracellular vesicle-derived TP53BP1, CD34, and PBX1
from human peripheral blood serve as potential biomarkers for the assessment and prediction of vascular aging. Hereditas 2024,
161, 3. [CrossRef]

Lee, J.C.; Ray, R.M.; Scott, T.A. Prospects and challenges of tissue-derived extracellular vesicles. Mol. Ther. 2024, 32, 2950-2978.
[CrossRef]

Kalluri, R.; LeBleu, V.S. The biology, function, and biomedical applications of exosomes. Science 2020, 367, eaau6977. [CrossRef]
Papareddy, P; Tapken, I; Kroh, K.; Varma Bhongir, R K.; Rahman, M.; Baumgarten, M.; Clim, E.I; Gyorfty, L.; Smeds, E,;
Neumann, A ; et al. The role of extracellular vesicle fusion with target cells in triggering systemic inflammation. Nat. Commun.
2024, 15, 1150. [CrossRef]

Ma, Q.; Beal, ].R.; Bhurke, A.; Kannan, A.; Yu, J.; Taylor, R.N.; Bagchi, I.C.; Bagchi, M.K. Extracellular vesicles secreted by human
uterine stromal cells regulate decidualization, angiogenesis, and trophoblast differentiation. Proc. Natl. Acad. Sci. USA 2022, 119,
€2200252119. [CrossRef] [PubMed]

Zhang, W.; Ling, Y.; Sun, Y.; Xiao, F.; Wang, L. Extracellular Vesicles Derived from Mesenchymal Stem Cells Promote Wound
Healing and Skin Regeneration by Modulating Multiple Cellular Changes: A Brief Review. Genes 2023, 14, 1516. [CrossRef]
[PubMed]

Gao, X,; Liu, K;; Luo, S.; Tang, M.; Liu, N,; Jiang, C; Fang, J.; Li, S.; Hou, Y.; Guo, C.; et al. Comparative analysis of methodologies
for detecting extrachromosomal circular DNA. Nat. Commun. 2024, 15, 9208. [CrossRef] [PubMed]

Moller, H.D.; Ramos-Madrigal, J.; Prada-Luengo, I.; Gilbert, M.T.P.; Regenberg, B. Near-Random Distribution of Chromosome-
Derived Circular DNA in the Condensed Genome of Pigeons and the Larger, More Repeat-Rich Human Genome. Genome Biol.
Evol. 2020, 12, 3762-3777. [CrossRef]

Dos Santos, C.R.; Hansen, L.B.; Rojas-Triana, M.; Johansen, A.Z.; Perez-Moreno, M.; Regenberg, B. Variation of extrachromosomal
circular DNA in cancer cell lines. Comput. Struct. Biotechnol. J. 2023, 21, 4207-4214. [CrossRef]

Chitwood, D.G.; Wang, Q.; Klaubert, S.R.; Green, K.; Wu, C.H.; Harcum, S.W.; Saski, C.A. Microevolutionary dynamics of eccDNA
in Chinese hamster ovary cells grown in fed-batch cultures under control and lactate-stressed conditions. Sci. Rep. 2023, 13, 1200.
[CrossRef]


https://doi.org/10.1038/s41467-018-03369-8
https://doi.org/10.3389/fcell.2021.792555
https://www.ncbi.nlm.nih.gov/pubmed/35083218
https://doi.org/10.1186/s13287-023-03575-2
https://doi.org/10.1093/nar/gkaa545
https://doi.org/10.1016/j.celrep.2015.05.020
https://doi.org/10.1038/s41586-021-04009-w
https://www.ncbi.nlm.nih.gov/pubmed/36184613
https://doi.org/10.1080/15592294.2023.2192324
https://doi.org/10.1002/jev2.12404
https://www.ncbi.nlm.nih.gov/pubmed/38326288
https://doi.org/10.3390/ijms24119418
https://doi.org/10.1038/s41556-021-00693-y
https://www.ncbi.nlm.nih.gov/pubmed/34108659
https://doi.org/10.1002/jex2.127
https://doi.org/10.1186/s41065-023-00306-8
https://doi.org/10.1016/j.ymthe.2024.06.025
https://doi.org/10.1126/science.aau6977
https://doi.org/10.1038/s41467-024-45125-1
https://doi.org/10.1073/pnas.2200252119
https://www.ncbi.nlm.nih.gov/pubmed/36095212
https://doi.org/10.3390/genes14081516
https://www.ncbi.nlm.nih.gov/pubmed/37628568
https://doi.org/10.1038/s41467-024-53496-8
https://www.ncbi.nlm.nih.gov/pubmed/39448595
https://doi.org/10.1093/gbe/evz281
https://doi.org/10.1016/j.csbj.2023.08.027
https://doi.org/10.1038/s41598-023-27962-0

Int. J. Mol. Sci. 2025, 26, 4144 17 of 17

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.
42.

43.

44.

45.

46.

47.

Lin, M.; Chen, Y,; Xia, S.; He, Z,; Yu, X,; Huang, L.; Lin, S.; Liang, B.; Huang, Z.; Mei, S.; et al. Integrative profiling of
extrachromosomal circular DNA in placenta and maternal plasma provides insights into the biology of fetal growth restriction
and reveals potential biomarkers. Front. Genet. 2023, 14, 1128082. [CrossRef]

Chen, J.P; Diekmann, C.; Wu, H.; Chen, C.; Della Chiara, G.; Berrino, E.; Georgiadis, K.L.; Bouwman, B.A.M.; Virdi, M.; Harbers,
L.; et al. scCircle-seq unveils the diversity and complexity of extrachromosomal circular DNAs in single cells. Nat. Commun. 2024,
15,1768, Erratum in: Nat. Commun. 2024, 15, 3390. [CrossRef]

Nodin, B.; Fridberg, M.; Uhlén, M.; Jirstrom, K. Discovery of dachshund 2 protein as a novel biomarker of poor prognosis in
epithelial ovarian cancer. J. Ovarian Res. 2012, 5, 6. [CrossRef]

Muraoka, S.; DeLeo, A.M.; Sethi, M.K.; Yukawa-Takamatsu, K.; Yang, Z.; Ko, J.; Hogan, ].D.; Ruan, Z; You, Y.; Wang, Y.; et al.
Proteomic and biological profiling of extracellular vesicles from Alzheimer’s disease human brain tissues. Alzheimers Dement.
2020, 16, 896-907. [CrossRef]

Zhang, C.; Du, Q.; Zhou, X,; Qu, T.; Liu, Y;; Ma, K,; Shen, Z.; Wang, Q.; Zhang, Z.; Zhang, R. Differential expression and analysis of
extrachromosomal circular DNAs as serum biomarkers in pulmonary arterial hypertension. Respir. Res. 2024, 25, 181. [CrossRef]
[PubMed]

Scull, C.E.; Zhang, Y.; Tower, N.; Rasmussen, L.; Padmalayam, I.; Hunter, R.; Zhai, L.; Bostwick, R.; Schneider, D.A. Discovery of
novel inhibitors of ribosome biogenesis by innovative high throughput screening strategies. Biochem. J. 2019, 476, 2209-2219.
[CrossRef] [PubMed]

Elbahoty, M.H.; Papineni, B.; Samant, R.S. Multiple myeloma: Clinical characteristics, current therapies and emerging innovative
treatments targeting ribosome biogenesis dynamics. Clin. Exp. Metastasis 2024, 41, 829-842. [CrossRef]

Yilmaz, S.G.; Erdal, M.E,; Ozge, A.A.; Sungur, M.A. SNP variation in microRNA biogenesis pathway genes as a new innovation
strategy for alzheimer disease diagnostics: A study of 10 candidate genes in an understudied population from the Eastern
Mediterranean. Alzheimer Dis. Assoc. Disord. 2016, 30, 203-209. [CrossRef]

Hariharan, H.; Kesavan, Y.; Raja, N.S. Impact of native and external factors on exosome release: Understanding reactive exosome
secretion and its biogenesis. Mol. Biol. Rep. 2021, 48, 7559-7573. [CrossRef]

Li, S.R;; Man, Q.W.; Gao, X; Lin, H.; Wang, J.; Su, EC.; Wang, H.Q.; Bu, L.L.; Liu, B.; Chen, G. Tissue-derived extracellular vesicles
in cancers and non-cancer diseases: Present and future. J. Extracell. Vesicles 2021, 10, e12175. [CrossRef] [PubMed]

Ling, X.; Han, Y,; Meng, J.; Zhong, B.; Chen, J.; Zhang, H.; Qin, J.; Pang, J.; Liu, L. Small extrachromosomal circular DNA
(eccDNA): Major functions in evolution and cancer. Mol. Cancer 2021, 20, 113. [CrossRef]

Jin, W,; Xu, Z.; Song, Y.; Chen, FE Extrachromosomal circular DNA promotes prostate cancer progression through the
FAMS84B/CDKN1B/MYC/WWP1 axis. Cell. Mol. Biol. Lett. 2024, 29, 103. [CrossRef]

Peng, Y,; Li, Y.; Zhang, W.; ShangGuan, Y.; Xie, T.; Wang, K.; Qiu, J.; Pu, W.; Hu, B.; Zhang, X.; et al. The characteristics of
extrachromosomal circular DNA in patients with end-stage renal disease. Eur. ]. Med. Res. 2023, 28, 134. [CrossRef]

Qian, Y,; Hong, X,; Yu, Y,; Du, C,; Li, J; Yu, J.; Xiao, W.; Chen, C.; Huang, D.; Zhong, T.; et al. Characterization and functional
analysis of extrachromosomal circular DNA discovered from circulating extracellular vesicles in liver failure. Clin. Transl. Med.
2024, 14, €70059. [CrossRef]

Lane, R.E.; Korbie, D.; Trau, M.; Hill, M.M. Purification Protocols for Extracellular Vesicles. Methods Mol. Biol. 2017, 1660, 111-130.
Barcelos, S.M.; Rosa, PM.d.S.; Moura, A.B.B.; Villarroel, C.L.P; Bridi, A.; Bispo, E.C.I.; Garcez, E.M.; Oliveira, G.d.S.; Almeida,
M.A.; Malard, PF; et al. Extracellular vesicles derived from bovine adipose-derived mesenchymal stromal cells enhance in vitro
embryo production from lesioned ovaries. Cytotherapy 2024, 26, 1141-1151. [CrossRef]

Wanchai, V.; Jenjaroenpun, P.; Leangapichart, T.; Arrey, G.; Burnham, C.M.; Tiimmler, M.C.; Delgado-Calle, J.; Regenberg, B.;
Nookaew, I. CReSIL: Accurate identification of extrachromosomal circular DNA from long-read sequences. Brief Bioinform. 2022,
23, bbac422. [CrossRef] [PubMed]

Tiins, A.L; Hartmann, T.; Magin, S.; Gonzélez, R.C.; Henssen, A.G.; Rahmann, S.; Schramm, A.; K6ster, J. Detection and Validation
of Circular DNA Fragments Using Nanopore Sequencing. Front. Genet. 2022, 13, 867018. [CrossRef] [PubMed]

Zhang, P; Peng, H.; Llauro, C.; Bucher, E.; Mirouze, M. ecc_finder: A Robust and Accurate Tool for Detecting Extrachromosomal
Circular DNA From Sequencing Data. Front. Plant Sci. 2021, 12, 743742. [CrossRef] [PubMed]

Wang, Y.; Wang, M.; Zhang, Y. Purification, full-length sequencing and genomic origin mapping of eccDNA. Nat. Protoc. 2023, 18,
683-699. [CrossRef]

Khan, A.; Mathelier, A. Intervene: A tool for intersection and visualization of multiple gene or genomic region sets. BMC
Bioinform. 2017, 18, 287. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3389/fgene.2023.1128082
https://doi.org/10.1038/s41467-024-45972-y
https://doi.org/10.1186/1757-2215-5-6
https://doi.org/10.1002/alz.12089
https://doi.org/10.1186/s12931-024-02808-z
https://www.ncbi.nlm.nih.gov/pubmed/38664836
https://doi.org/10.1042/BCJ20190207
https://www.ncbi.nlm.nih.gov/pubmed/31341008
https://doi.org/10.1007/s10585-024-10305-2
https://doi.org/10.1097/WAD.0000000000000135
https://doi.org/10.1007/s11033-021-06733-y
https://doi.org/10.1002/jev2.12175
https://www.ncbi.nlm.nih.gov/pubmed/34918479
https://doi.org/10.1186/s12943-021-01413-8
https://doi.org/10.1186/s11658-024-00616-3
https://doi.org/10.1186/s40001-023-01064-z
https://doi.org/10.1002/ctm2.70059
https://doi.org/10.1016/j.jcyt.2024.05.017
https://doi.org/10.1093/bib/bbac422
https://www.ncbi.nlm.nih.gov/pubmed/36198068
https://doi.org/10.3389/fgene.2022.867018
https://www.ncbi.nlm.nih.gov/pubmed/35711922
https://doi.org/10.3389/fpls.2021.743742
https://www.ncbi.nlm.nih.gov/pubmed/34925397
https://doi.org/10.1038/s41596-022-00783-7
https://doi.org/10.1186/s12859-017-1708-7

	Introduction 
	Results 
	Extracellular Vesicles Characterization 
	Nanoparticle Tracking Analysis (NTA) and Transmission Electron Microscopy (TEM) 
	Flow Cytometry 

	Identification of eccDNAs Isolated from the Extracellular Vesicle Fraction 
	eccDNAs Are Present in EVs, but There Is Variability Amongst Pipelines in the Identification Process 
	Characteristics of Identified eccDNAs: Size, Chromosomal Distribution, GC Content, and Categorization 
	Gene Fragment-Containing eccDNAs 
	eccDNA Similarity in Different Samples 


	Discussion 
	Materials and Methods 
	Workflow 
	Cell Culture 
	Extracellular Vesicle Isolation 
	Extracellular Vesicle Characterization 
	DNA Isolation and eccDNA Enrichment 
	Sequencing 
	Bioinformatic Analysis 

	Conclusions 
	References

