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Background: Extracellular vesicles (EVs) are carriers of DNA derived from parental cells, presenting a promising avenue for
monitoring tumor progression. This aimed to investigate the relationship between EV DNA and the parental cell genome to
establish a theoretical foundation for utilizing EVs to dynamically monitor tumor progression.
Methods: Utilizing a classical model of cell tumor evolution, B16melanoma cell lines (B16-F0, B16-F1, and B16-F10) with varying
metastatic potentials, we demonstrated that EVs derived from these cells harbor stable double-stranded (dsDNA) fragments
ranging from 15 to 10,000 bp. DNase I enzyme digestion, SYBR Green I staining, and TapeStation system were employed for
characterization. Whole genome profiling analysis revealed a high concordance between EV DNA and the mutant spectrum
of parent cells, particularly regarding single nucleotide polymorphisms (SNPs). EVs contained evolutionary relevant mutation
profile of melanoma cells with different metastatic potentials and had a comparable evolutionary relationship with the parent
cells.
Results: (1) EVs derived from B16 melanoma cells contained stable dsDNA fragments ranging from 15 to 10,000 bp. (2) EVs
DNA comprehensively covered the entire genome of parent cells. (3) EVs DNA exhibited strong consistency with small fragment
mutations (SNPs, Inserts/Deletions) of parent cells, with decreasing consistency as mutation length increased. (4) EVs carried
mutant gene profiles associated with melanoma cell progression and had similar evolutionary relationships with parent cells.
Conclusions: This study underscores the ability of EVs DNA to reflect the mutation status of parental cells and emphasizes their
potential as biomarkers formonitoring tumor evolution. These findings offer a theoretical foundation for the dynamicmonitoring
of tumor progression using EVs DNA.
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Introduction

Extracellular vesicles (EVs), small lipid-bilayer mem-
brane vesicles released from nearly all types of cells, are
induced by various external stimuli or occur spontaneously
[1,2]. Currently, EVs are classified into exosomes, mi-
crovesicles, and apoptotic bodies based on their biogenesis,
size, and morphology [3–5]. Initially disregarded as mere
“cell dust”, EVs are now recognized as containing lipids [6–
8], RNA [9–11], and proteins [12–14] derived from parent
cells, reflecting the physiological and pathological status of
parental cells [15–17], thus regarded as potential biomark-
ers [18].

The revelation that EVs encapsulate DNA has sig-
nificantly advanced the field [19,20]. Recent studies sug-
gest that EVs DNAmirrors the genomic content of parental

cells, shedding light on its potential role in facilitating hor-
izontal gene transfer between cells. This mechanism con-
tributes to genetic diversity and may aid in the dissemina-
tion of oncogenic elements during cancer progression [21–
23]. Additionally, EVs DNA has been shown to harbor spe-
cific genetic alterations present in the original cells, such
as mutations or amplifications, suggesting the potential of
EVs in non-invasive cancer diagnostics. These observa-
tions offer a novel approach for monitoring tumor progres-
sion and identifying therapeutic targets through the analysis
of tumor-derived DNA in bodily fluids [24–28].

Despite these promising advancements, the applica-
tion of EVs DNA for dynamically monitoring tumor pro-
gression remains in its infancy [29]. Limited compara-
tive studies on the mutational and molecular characteris-
tics of tumors and EVs exist due to the challenge of obtain-
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ing simultaneous and/or continuous samples of primary and
metastatic tumors and their corresponding EVs. The B16
melanoma cell line, derived from C57BL/6 mouse sponta-
neous melanoma, is a classical tumor cell model. Utiliz-
ing B16-F0 as the parent cell line, B16-F1, and B16-F10
cell lines were obtained through repeated in vivo selection,
all sharing the same genetic background but differing in
metastatic potential [30,31]. Study has demonstrated that
the metastatic capabilities of the B16 cell line intensify pro-
gressively according to the order of F0, F1 and F10, and that
the metastatic characteristics remain stable even after mul-
tiple in vitro cultures [32]. Given that metastatic potential
is a crucial indicator of tumor evolution, the B16 melanoma
cell lines are regarded as a classical model reflecting tumor
evolution. In this study, melanoma cell lines with vary-
ing metastatic capabilities (B16-F0, B16-F1, and B16-F10)
were examined, with melanocytes (Melan-a) as the phys-
iological control, to elucidate the comprehensive genomic
landscape encapsulated within EVs secreted by these cells.
The objective was to isolate and characterize all subtypes
of EVs originating from the parental cells to assess the fi-
delity of the mutation spectrum betweenmelanoma-derived
EVs and their parental cells. Moreover, this study aimed to
determine whether EVs, derived from melanoma cells with
distinct metastatic propensities, can accurately mirror the
evolutionarily pertinent molecular attributes of the parental
cell lineage.

Materials and Methods

Cell Culture
Mouse melanoma cell lines (B16-F0 and B16-F1)

were procured from the American Type Culture Collection
(ATCC; catalog numbers: CRL-6322, CRL-6323, Manas-
sas, VA, USA). Both cell lines were confirmed to be my-
coplasma free and STR analysis confirmed their respective
identities. The mouse melanocytes (Melan-a) and mouse
melanoma cell line (B16-F10) were obtained from the State
Key Laboratory of Ultrasound in Medicine and Engineer-
ing (Chongqing, China). Both cell lines underwent rig-
orous in-house mycoplasma testing and species identifica-
tion to ensure purity and accuracy. Melan-a and B16-F10
cells were cultured in RPMI-1640 medium (catalog num-
ber: 11875119, Gibco, Waltham, MA, USA), while B16-F0
and B16-F1 cells were cultured in DMEM medium (cata-
log number: C11995500BT, Gibco, Waltham, MA, USA).
All media were supplemented with 10% fetal bovine serum
(FBS; catalog number: 10099-141, Gibco, Waltham, MA,
USA). To minimize potential exosome contamination from
FBS, the serum underwent ultracentrifugation at 100,000
×g overnight at 4 °C, followed by filtration through a 0.22
µm filter before being added to the media. Cells were main-
tained at 37 °C in a 5% CO2 humidified environment. Pas-
saging was performed bi-daily upon reaching 80%–90%
confluence.

EVs Isolation and Purification
Cell-conditioned media (660 mL) fromMelan-a, B16-

F0, B16-F1, and B16-F10 cells grown to 80%–90% con-
fluence in T175 cell culture flasks were utilized for EVs
isolation. EVs were isolated and purified through a com-
bination of differential centrifugation and density gradient
centrifugation (Fig. 1A). Initially, EVs were enriched us-
ing the previously describedmethod of differential centrifu-
gation [33]. Firstly, samples were centrifuged at 400 ×g
for 5 minutes to eliminate dead cells and subsequently ul-
trafiltered through a 1.2 µm Minisart Syringe Filter (cata-
log number: 17593, Sartorius, Göttingen, Germany). Next,
cell debris was removed by centrifugation at 2000 ×g for
30 minutes. The resulting supernatant was centrifuged at
10,000×g for 30minutes to collect the first EV pellet, EV1.
Subsequently, the supernatant was centrifuged at 50,000×g
for 90minutes to obtain the second EV pellet, EV2. Finally,
the remaining supernatant was centrifuged at 100,000 ×g
for 90 minutes to obtain the third EV pellet, EV3.

Subsequently, the three EV pellets were purified us-
ing OptiPrepTM iodixanol density gradients (catalog num-
ber: D1556, Sigma-Aldrich, St. Louis, MO, USA) respec-
tively. Iodixanol density gradient buffers of 10%, 35%, and
45% were prepared with PBS. 5 mL layers of 45%, 35%,
and 10% iodixanol density gradient buffer were overlaid to
form a discontinuous gradient, visually discernible by strat-
ification. The EV pellet was resuspended in 2 mL PBS and
added above the discontinuous gradient. EV1 was ultracen-
trifuged at 10,000 ×g for 1 hour, EV2 at 50,000 ×g for 3
hours, and EV3 at 100,000 ×g for 3 hours. White layers
were observed in the interphase of 45%–35% in all sam-
ples. These white layers were transferred to new tubes, di-
luted andwashed in 30mL PBS, and ultracentrifuged (EV1:
10,000×g for 30 minutes; EV2: 50,000×g for 90 minutes;
EV3: 100,000×g for 90 minutes). All centrifugations were
performed at 4 °C. The EV1, EV2, and EV3 pellets were
then collectively resuspended in PBS in a single tube, des-
ignated EVs. EVs were either processed immediately or
stored at –80 °C.

Nanoparticle Tracking Analysis (NTA)
Nanoparticle tracking analysis was performed as de-

scribed in a previous study [33]. Briefly, purified EVs
(1 µL) were diluted in 1 mL of PBS and quantified us-
ing nanoparticle tracking analysis (Nano-sight NS 300,
Malvern analytical Ltd., Malvern, UK) to determine size
distribution and particle concentration.

Western Blotting Analysis
Western blot analysis followed procedures outlined

in a recent publication [33]. EVs were lysed using RIPA
lysate (catalog number: P0013B, Beyotime Biotechnol-
ogy, Shanghai, China) containing PMSF (catalog num-
ber: ST506, Beyotime Biotechnology, Shanghai, China).
Proteins were separated by SDS-PAGE (catalog number:
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P0015, Beyotime Biotechnology, Shanghai, China) using a
12% separation gel and then transferred to a 0.22 µm PVDF
membrane (catalog number: ISEQ00010, Millipore, Bed-
ford, MA, USA). The membrane was blocked with 5% non-
fat milk in TBST (Solarbio, Beijing, China; catalog num-
ber: T1081) for 1 hour. After washing three times with
TBST, the membrane was incubated with primary antibod-
ies at 4 °C overnight. The primary antibodies used included
Cluster of Differentiation 63 (CD63; 1:1000 dilution; Ab-
cam, Cambridge, UK; catalog number: ab217345), Tumor
Susceptibility Gene 101 (TSG101; 1:5000 dilution; Abcam,
Cambridge, UK; catalog number: ab125011). The mem-
brane was washed thrice with TBST before incubating with
a secondary antibody for 1 hour at 37 °C. The secondary
antibody was anti-rabbit IgG (1:20,000 dilution; Abcam,
Cambridge, UK; catalog number: ab6721). Unbound sec-
ondary antibodies were removed by washing thrice with
wash buffer, followed by visualization of immunoreactive
bands using ECL detection reagents. Films were scanned
using theAzure c400 scanner (Azure Biosystems, San Fran-
cisco, CA, USA).

Transmission Electron Microscopy (TEM) Analysis
TEM observation was conducted following estab-

lished protocols with minor modifications [33]. EV precip-
itates obtained by ultracentrifugation (10,000 ×g, 50,000
×g, and 100,000 ×g) were mixed in a tube and fixed with
4% glutaraldehyde at 4 °C overnight. The fixed EVs pel-
let was encased in 4% agarose and fixed with a 2.5% glu-
taraldehyde fixative solution for 2 hours at 4 °C. Subse-
quently, the fixed agarose block was dehydrated, embed-
ded, and sliced according to standard protocols. All trans-
mission electronmicrographswere captured using the JEM-
1400 Plus transmission electron microscope (JEOL, Tokyo,
Japan).

DNase Treatment
Prior to DNA extraction from EVs, the Turbo DNA-

free Kit (Thermo Fisher Scientific, Waltham, MA, USA;
catalog number: AM1907) was utilized to completely di-
gest external DNA present on the surface of EVs. The opti-
mal action condition of DNase I was achieved at 20 U/mL
for 30 minutes. EVs sample (100 µL) were mixed with
2U of Turbo DNase in 10× Turbo DNase buffer then incu-
bated at 37 °C for 30 minutes following the manufacturer’s
instructions. Subsequent steps were performed following
the instructions for the kit. The Control group was treated
with DNase I as follows: After adding Buffer AL (lysate),
DNase I was applied, and the remaining steps were con-
ducted with DNase I enzyme digestion.

DNA Extraction and Identification
DNA was isolated from samples using the QIAamp

DNAMiniKit (Qiagen, Hilden, Germany; Catalog number:
51306) following the manufacturer’s instructions. Prior

to DNA extraction, samples were treated with RNase A
(10 mg/mL). Following DNA isolation, cellular DNA was
eluted in 200 µL of Buffer AE, while EV DNA was eluted
in 50 µL of Buffer AE. All DNA samples were stored at –
20 °C. DNA concentrationswere analyzed using the Infinite
200 PRO (TECAN, Männedorf, Switzerland) following the
manufacturer’s protocols. DNA size was analyzed using
4200 TapeStation Systems with High Sensitivity D5000
ScreenTape or genome DNA ScreenTape (Agilent Tech-
nologies, Santa Clara, CA, USA; catalog number: 5067-
5584, 5067-5365) according to the manufacturer’s instruc-
tions. DNA was resuspended in 1× DNA loading buffer
and loaded onto a 1% agarose gel (Solarbio, Beijing, China;
catalog number: A8201) and run at 100 V for 30 minutes.
To identify the type of DNA, the agarose gel was stained
with SYBR Green I (1:10,000 dilution in 1× TAE; Solar-
bio, Beijing, China; catalog number: S7567) for 30 minutes
and observed under UV light.

Whole Genome Sequencing and Bioinformatic
Analysis

DNA was sequenced on a Novaseq 6000 platform
(Illumina, San Diego, CA, USA) with paired-end 150 bp
reads. The raw sequencing data underwent quality filter-
ing using fastp (v0.20.0, https://github.com/OpenGene/fa
stp). Subsequently, the reads were aligned to the refer-
ence mouse genome (mm10) using bwa (v0.7.8-r455, https:
//bio-bwa.sourceforge.net/). Raw single nucleotide poly-
morphism (SNP) and Insertion/Deletion (InDel) sets were
called using SAMtools (v1.3.1, https://samtools.sourcefor
ge.net/) with the following parameters: ‘-C 50-mpileup-
m2-F 0.002-d 1000’. These sets were then filtered based
on the following criteria: (1) Depth of the variant posi-
tion >4; (2) Mapping quality >20. Copy number varia-
tions (CNVs) were detected using CNVnator (parameter:
call 100) to identify potential deletions and duplications.
Functional annotation of variants was performed using AN-
NOVAR (v2015Dec14, https://annovar.openbioinformatics
.org/). Sequencing depth and read distribution were ana-
lyzed using SAMtools (v1.3.1, https://samtools.sourcefor
ge.net/). Aligned read densities across the entire genome
were calculated using 100 kb bins and visualized using Cir-
cos plots. A Venn diagram was generated using the online
tool EVenn (http://www.ehbio.com/test/venn/) [34]. The
DP4 data of the mutant loci were filtered from the variants
data in VCF format, and the variant allele frequency (VAF)
of the mutant loci was calculated by dividing the number of
reads of the mutant loci in the DP4 data by the total number
of reads at the loci. An evolutionary tree based on SNPswas
constructed usingMega11 (https://www.megasoftware.net)
[35]. The Neighbor-Joining algorithm was employed for
tree construction, with the Bootstrap value set to 1000.
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Fig. 1. Characterization of extracellular vesicles (EVs) isolated from melanocytes (Melan-a), B16-F0, B16-F1 and B16-F10 cells.
(A) Schematic chart for EVs extraction process. (B) Transmission Electron Microscopy (TEM) images displaying the typical cup-shaped
morphology of EVs. Scale bar: 200 nm. (C) Particle size distribution of isolated EVs. (D) Percentage distribution of EV sizes. (E)
Western blot analysis showing the expression of EV-specific markers, Cluster of Differentiation 63 (CD63) and Tumor Susceptibility
Gene 101 (TSG101), in isolated EVs.

Functional Enrichment Analysis
Gene Ontology (GO) enrichment analysis and Kyoto

Encyclopedia of Genes and Genomes (KEGG) pathway en-
richment analysis were conducted using Annotation, Visu-
alization, and Integrated Discovery (DAVID; https://david.
ncifcrf.gov/) [36]. The identified gene sets were catego-
rized based on GO enrichment analysis and KEGG bio-
chemical pathways. Molecular functions (MF), biological
processes (BP), cellular components (CC), and pathways
with a p-value ≤ 0.05 among the identified genes were ex-
plored for potential insights. Figures were generated using
R (v4.0.2, https://www.r-project.org/) together with the gg-
plot2 package (https://github.com/tidyverse/ggplot2).

Protein-Protein Interactions (PPI) Analysis

Based on the gene variants, common trunk gene mu-
tation and private gene mutations with different numbers
and sites of mutations in B16-F0, B16-F1 and B16-F10 cell
lines were collected. Trunk mutant genes were defined as
those exhibiting distinct mutation sites or varying mutation
counts among the common mutant genes. To prevent in-
formation loss, mutated genes shared between two samples
were grouped into the cell line exhibiting lower metastatic
potential. Subsequently, gene names were input into the
STRING database (https://string-db.org/) for PPI analysis,
generating interaction maps between proteins and export-
ing the data in tab-separated (tsv) format. The tsv-formatted
data was then imported into Cytoscape (v3.9.0, Cytoscape
Consortium, San Diego, CA, USA). The CytoNCA (https:
//apps.cytoscape.org/apps/cytonca) plug-in was employed
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to calculate and analyze the Betweenness centrality of each
node in the interaction network, and the results were visu-
alized accordingly.

Results

Characterization of EVs Isolated from Melan-a,
B16-F0, B16-F1, and B16-F10 Cells

EVs were isolated from cell culture supernatants
through differential centrifugation and density gradient cen-
trifugation (Fig. 1A). Morphological characteristics were
visualized by TEM, size was measured by NTA, and protein
characterization was performed by western blot (Fig. 1B–
D). TEM data revealed that the EVs exhibited typical “cup-
shaped” morphologies (Fig. 1B). NTA data showed that
the size distribution of EVs secreted by the four cell lines
ranged from 30 to 1000 nm, with the main peak (Mode) be-
tween 110–135 nm (Fig. 1C). Since the focus of this study
is the EVs group containing exosomes, microvesicles, and
apoptotic bodies of various sizes, we further analyzed the
particle size distribution interval of the four groups of EVs
at every 100 nm. The results indicated that approximately
90% of the total EVs in the four groups conformed to the
size characteristics of exosomes (<300 nm), while approxi-
mately 10%were microvesicles and apoptotic bodies (400–
700 nm) (Fig. 1D). Furthermore, EVs secreted by the four
cell lines were positive for classical EV proteins, CD63, and
TSG101, as determined by western blot (Fig. 1E). Collec-
tively, these findings indicate that a mixture of EVs secreted
by parent cells was successfully isolated from the cell cul-
ture supernatant.

Characterization of DNA in EVs Derived from
Melan-a, B16-F0, B16-F1, and B16-F10 Cells

To determine the presence and localization of DNA
within EVs, we isolated EVs from Melan-a, B16-F0, B16-
F1, and B16-F10 cells and divided them into three samples
for analysis. One sample remained untreated and there-
fore would contain DNA from the vesicle surface as well
as internally protected DNA. Another sample underwent
DNase I treatment to degrade DNA external to the EVs.
The final sample was treated with DNase I following ly-
sis of EVs, serving as a control. Post-DNase I treatment,
DNA quantification was performed. Results indicated de-
tectable DNA levels in the DNase I-treated sample. Con-
versely, no DNA was detectable in the lysed sample post-
DNase I treatment, confirming that the EVs contained DNA
and protected the internal DNA from digestion by DNase
I (Fig. 2A). In addition, consistent with previous research
[37,38], our data suggest that a significant portion of EV-
associated DNA is external, which may relate to the mech-
anism of EV biogenesis or cargo repackaging.

Further comparative analysis of DNA contents from
Melan-a and B16-F0/F1/F10 cell lines revealed that
melanoma-derived EVs (B16-F0/F1/F10) contained more

DNA, both externally and internally than EVs from normal
Melan-amelanocytes (Fig. 2B). These observations suggest
a potential correlation between the amount of DNA in EVs
and the cell type or state.

Additionally, we employed SYBR Green I, a sensitive
nucleic acid dye, to analyze the type of DNA associated
with EVs. Under ultraviolet light, EV-associated DNA,
before and after DNase I treatment, exhibited green flu-
orescence, similar to the fluorescence of double-stranded
(dsDNA) markers and PCR products. In contrast, control
single-stranded DNA (ssDNA) displayed orange fluores-
cence (Fig. 2C). These findings confirm the primary form
of DNA in EVs is dsDNA.

The size distribution and structural characteristics of
EV-associated DNA were assessed using chip-based capil-
lary electrophoresis. Unlike the intact genomic DNA from
parent cells, EV-associated DNA appeared as fragmented,
ranging in size from 15 to 10,000 bp (Fig. 2D). Further com-
parative analysis of the distribution of DNAbefore and after
DNase I treatment revealed that larger DNA fragments pre-
dominantly resided on the EV exterior, while smaller frag-
ments were protected inside the EVs (Fig. 2D).

Collectively, our findings demonstrate that EVs from
Melan-a, B16-F0, B16-F1, and B16-F10 cells contain sta-
ble dsDNA, characterized by a fragmented distribution
ranging from 15 to 10,000 bp. Despite the predominance
of external DNA, internal EV DNA exhibits greater stabil-
ity, likely due to vesicular protection [27,39]. Those results
prompt us to focus our subsequent experiments on the study
of internal EV DNA.

Whole Genome Comparison of EVs and Parent Cells
To further determine whether EVs DNA mirrors the

genomic information of their parent cells, we compared
the EVs DNA and parental cell genomes. All samples un-
derwent thorough sequencing quality assessment ensuring
suitability for subsequent mutation detection and correla-
tion analysis (Supplementary Table 1). Whole-genome
sequencing results revealed comparable sequencing depth
between EVs and cells across various loci, with EVs DNA
covering the entire parental cell genome in an unbiased
manner (Fig. 3A). To investigate the similarity between
vesicles and the overall mutation spectrum of their parental
cells, we further analyzed the number of mutation types
present in vesicles and parental cells. Statistical analysis of
detected mutation types indicated that the numbers of small
fragment mutations (SNPs and InDels) in EVs were similar
to those in parental cells. However, the quantity of detected
CNVs in EVs and private mutations in EVs were signifi-
cantly higher than in cells (Fig. 3B, Supplementary Table
2).

Moreover, we compared mutated genes detected in
cells and their EVs. The majority of mutated genes were
detected in EVs and parent cells, ranging from 69.5% to
77.1% (Fig. 3C). The proportion of mutated genes detected
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Fig. 2. Characterization of DNA in EVs isolated from Melan-a, B16-F0, B16-F1 and B16-F10 cells. (A) Quantification of DNA in
EVs treated with DNase 1 before (Green) or after (Red) EV lysis, compared to untreated control (Blue). DNA content was measured
in triplicates (n = 3). (B) Comparison of DNA amounts extracted from EVs of Melan-a, B16-F0, B16-F1, and B16-F10 cells (n = 3,
***p < 0.001, ****p < 0.0001). (C) Agarose gel electrophoresis of EV DNA stained with SYBR Green I. (D) Chip-based capillary
electrophoresis of DNA by Aglient 4200 TapeStation system (v4.1.0.1488, Agilent Technologies, Santa Clara, CA, USA) using High
Sensitivity D5000 ScreenTape (EVs DNA) or genome DNA ScreenTape (Cell DNA).
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Fig. 3. Genome-wide analysis of EVs from Melan-a B16-F0, B16-F1 and B16-F10 cells. (A) Circular representation depicting the
sequencing depth and coverage across each chromosome in whole-genome sequencing analysis of EV DNA compared to parental cell
genome. The outermost circle represents cell sequencing depth, followed by EV sequencing depth, cell sequencing coverage, and EV
sequencing coverage, respectively. (B) Comparison of single nucleotide polymorphism (SNP), Insertion/Deletion (InDel), and copy
number variation (CNV) counts in EVs and parental cells. (C) Analysis of the number of mutant genes identified in EVs compared to
parental cells. (D) Schematic representation illustrating the presence of melanoma-driven mutant genes in EVs and parental cells.

solely in cells ranged from 12.2% to 15.8%, while the pro-
portion detected solely in EVs ranged from 12.1% to 18.2%
(Fig. 3C). These findings suggest that EVs are reliable in-
dicators of mutated genes present in parental cells. Driver
genes, which play a crucial role in tumor development, were
of particular interest. We selected nine melanoma driver
genes (Braf, Nras, Kras, Cdkn2a, Ppp6c, Rac1, Nf1, Trp53,
Pten) for comparative analysis based on public databases
and existing literature [40]. The results demonstrated con-
sistency rates ranging from 84.6%–100% in the detection of
melanoma-related driver gene mutations between the four
strains of EVs and cells.

Further analysis of mutation sites revealed high con-
sistency in SNP mutation detection, with 85.8% (12/14) of
mutations detected in cells and EVs. Additionally, muta-
tions detected exclusively in cells or EVs accounted for
7.1% (1/14). For InDel mutations, the common detection
rate between cells and EVs was 87.5% (28/32), while muta-
tions detected exclusively in cells or EVs comprised 6.25%
each (2/32). Moreover, in CNV mutations, the common
detection rate between cells and EVs was 27.27% (6/22),
with no mutations detected exclusively in cells (0/22) and
a significantly higher proportion (54.5%; 16/22) detected

exclusively in EVs (Fig. 3D). These findings underscore a
robust consistency between EVs and cells in the detection
of SNP and InDel mutation genes, while the consistency
in the detection of CNV mutation genes is comparatively
lower. Furthermore, despite the lower consistency in de-
tecting CNV driver genes, all CNV mutations identified in
cells were also observed in EVs (Fig. 3D). This observa-
tion suggests that in targeted testing of CNV mutations in
specific genes, EVs may effectively represent the CNVmu-
tation status of the parental cells.

Collectively, our findings indicate that EVs derived
fromMelan-a, B16-F0, B16-F1, and B16-F10 cell lines en-
capsulate the entire genomic content of their parental cells.
Themutation information from the parental cells is also pre-
served in EVs, particularly SNP information. These find-
ings suggest that EVs DNA has a good consistency with
the genome of parent cells and can reflect the mutations of
parent cells.

Evolutionary Relevant Mutation Profile in B16
Melanoma Cell Lines

Through Venn intersection analysis on missense mu-
tation genes detected in three strains of melanoma cells, we
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Fig. 4. Evolutionary relevant mutation profiles in B16 melanoma cell lines. (A) Venn diagram showing the overlap of missense
mutation genes among the three B16 melanoma cell lines. (B,C) Enrichment analysis of trunk mutation genes in B16 melanoma cell
lines, highlighting Kyoto Encyclopedia of Genes andGenomes (KEGG) pathway (B) andGene Ontology (GO) terms (C). (D) Enrichment
analysis of privatemutation genes in B16melanoma cell lines, focusing onGO terms andKEGGpathways. (E) PPI network depicting hub
genes identified from the trunk and private mutation genes in B16 melanoma cell lines. Nodes with higher Betweenness values (>1000)
are highlighted as hub genes. Subfigures (a–d) showcase trunk genes common across all B16 melanoma cell lines and private genes
specific to B16-F0, B16-F1, and B16-F10 cells, respectively, highlighting variations in metastatic potential and biological processes.

identified common and private mutation genes in these cells
with varying metastatic potentials (Fig. 4A). Considering
that the individual genes may undergo mutations at distinct
sites during the evolutionary trajectory of these cells, from
the 890 common mutation genes, we selected genes with
different or multiple mutation sites as the trunk mutation
genes common to all three cell lines, resulting in a total of
284 genes (Fig. 4A). The trunk mutation genes were sub-
jected to GO and KEGG functional annotation enrichment
analysis using the DAVID online analysis platform. The
analysis revealed the trunk mutation genes are mainly en-
riched in biological processes such as regulation of tran-
scription fromRNApolymerase II promoter, intrinsic apop-
totic signaling pathway in response to DNA damage by
p53 class mediator, and cellular response to reactive oxy-
gen species. Moreover, they were associated with cellu-
lar components such as Z disc, macromolecular complex,
muscle myosin complex, as well as molecular functions in-
cluding DNA binding and ATP binding (Fig. 4C). Pathway
enrichment analysis demonstrated significant involvement
of the trunk mutation genes in pathways such as chemical
carcinogenesis-receptor activation, calcium signaling path-
way, pathways in cancer, and melanoma (Fig. 4B).

Furthermore, we constructed a protein-protein inter-
action (PPI) network of the trunk mutation genes using the
STRING database, which was further analyzed and visual-
ized using Cytoscape (v3.9.0, Cytoscape Consortium, San
Diego, CA, USA) software. Based on the Betweenness val-
ues, we identified hub genes with a centrality value >1000
(Trp53, Pten, Esr1,Gnas,Dlg4, Pdzk1, and Apob) and con-
sidered them as the trunk mutation genes characteristic of
the B16 melanoma cell line (Fig. 4E).

Subsequently, we analyzed the private mutation genes
of the three cell strains individually. Considering the pos-
sibility of shared mutations during the process of cell evo-
lution and to avoid overlooking valuable information, we
categorized mutation genes shared by two cell strains as the
private mutation genes of the lower metastatic potential cell
line for analysis. For example, the shared mutation genes
in B16-F0 and B16-F1 cells were categorized as the private
mutation genes of the B16-F0 cell. GO enrichment analysis
and KEGG pathway analysis revealed distinct characteris-
tics of the private mutation genes for each cell line.

The private mutation genes of B16-F0 cells primarily
participated in biological processes such as positive regu-
lation of the MAPK cascade and regulation of ERK1 and
ERRK2 cascade. These genes were associated with cell
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Fig. 5. Evolutionary relationship of parent cells reflected in EV DNA from longitudinal B16 melanoma cell lines. (A) Comparative
analysis of the evolutionary relevant mutation profile between B16 melanoma cell lines and EVs. (B) Correlation between variant allele
frequency (VAF) of evolutionary relevant mutation profiles identified in parental cell lines and EVs. (C) Construction of SNP-based
evolutionary trees for three B16 melanoma cell lines and their corresponding EVs.

components like receptor complex and possessed molec-
ular functions like protein kinase activity. Enriched path-
ways in KEGG included the calcium signaling pathway
and circadian entrainment. The private mutation genes of
B16-F1 cells were involved in biological processes such
as actin filament organization and the ubiquitin-dependent
ERAD pathway. These genes were associated with cell
components such as cell-cell junction and the interme-
diate filament cytoskeleton, with molecular functions in-
cluding calcium ion binding and carboxypeptidase activity
(Fig. 4D). KEGG enrichment analysis showed significant
involvement of the private mutation genes of B16-F1 cells
in melanoma-related pathways.

Moreover, the privatemutation genes of B16-F10 cells
were primarily associated with biological processes such as
cell adhesion (cell adhesion, calcium-dependent cell-matrix
adhesion), cell migration (positive regulation of substrate-
dependent cell migration, cell attachment to substrate), and
cAMPmetabolic processes. These genes were linked to cell
components like cytoskeleton, lamellipodium, and myosin
complex, with molecular functions including actin filament
binding, microtubule cytoskeleton organization, and mi-
crofilament motor activity. KEGG analysis indicated en-

richment in pathways related to Focal adhesion and ECM-
receptor interaction (Fig. 4D). Our findings suggest that the
private mutation genes in the three cell strains with varying
metastatic potentials exhibit diverse functions, participating
in distinct biological processes.

Using a similar methodology as screening the trunk
mutation genes, we conducted individual PPI analyses on
the three B16 melanoma cell lines, identifying the hub
genes within the private mutation genes (Fig. 4E). Collec-
tively, we compiled the trunk genes (Trp53, Pten, Esr1,
Gnas, Dlg4, Pdzk1, Apob), along with the private mutation
genes specific to each cell line: B16-F0 (Grin2b, Nanog,
Ppp1cc, Nrxn3, Kdr), B16-F1 (Cdh1, Notch3, Muc5ac,
Ncor2, Serpinb6b, Tab2, Plcg1, Map3k3, Cdk4), and B16-
F10 (Bptf, Mdm4, Pik3c2b, Gnal, Fn1, Ddb2, Myh10,
Fancd2), forming a mutation gene map related to the evolu-
tion of three different metastatic potential melanoma cells
(Supplementary Table 3).

EVs DNA from Longitudinal B16 Melanoma Cell
Lines Reflect the Evolutionary Relationship of Parent
Cells

The mutations related to the evolutionary characteris-
tics of melanoma cells with varying metastatic potentials,
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as obtained from the preceding analysis, were compared to
the corresponding EV samples to investigate their detec-
tion in EVs (Fig. 5A, Supplementary Table 3). The re-
sults revealed a detection rate of 95.3% (41/43) for genes
associated with the evolutionary molecular features of the
three cell lines in EVs. B16-F0 EVs encompassed the trunk
mutation genes of the B16 melanoma cell line and the pri-
vate mutation genes of B16-F0 cells, covering all mutation
sites. Notably, an Apob gene mutation site was also de-
tected in the EVs, which were not identified in the parental
cells. Similarly, B16-F1 EVs harbored both the trunk mu-
tation genes of the B16 melanoma cell line and the private
mutation genes of B16-F1 cells, including Cdh1, Notch3,
Muc5ac, Tab2, Plcg1, Map3k3, and Cdk4, with mutation
sites consistent with those of the parent cells. However,
the private mutation genes Ncor2 and Serpinb6b were not
identified in B16-F1 EVs. B16-F10 EVs contained all trunk
mutation genes of the three cell lines and the private muta-
tion genes of B16-F10 cells. However, only two Apobmis-
sense mutation sites were found, one fewer than in B16-F10
cells. Additionally, a missense mutation site inMyh10 was
detected exclusively in EVs. These findings suggest that
EVs can effectively represent the evolutionary molecular
features of parent cells.

Comparing the variant allele frequency (VAF) of
melanoma cells with varying metastatic potentials and their
corresponding EVs, the results demonstrated that the VAF
levels in EVs were similar to those in cells and exhibited
a strong positive correlation (Fig. 5B). These findings sug-
gest that EVs may reflect changes in the mutation burden
of parent cells.

To further explore whether EVs could also exhibit
similar evolutionary relationships with their parental cells,
we constructed evolutionary trees of the four cell strains
and their corresponding EVs based on SNP data. The re-
sults indicated that the evolutionary relationships of B16-
F0, B6-F1, and B16-F10 became farther away in sequence
compared with those of Melan-a cells. The EVs secreted
by the four cell lines exhibited consistent evolutionary re-
lationships with their parental cells (Fig. 5C).

Discussion

Extracellular vesicles (EVs) are small lipid-bilayer
membrane vesicles secreted by cells, encapsulating a vari-
ety of bioactive molecules such as DNA, RNA, proteins,
and lipids, and regard as potential biomarkers [1,2,18].
While extracellular vesicle RNA and protein have been
extensively studied, the characterization of extracellular
vesicle-related DNA remains relatively unexplored. Our
study presents several significant findings: (1) EVs derived
from B16 melanoma cells contained stable dsDNA, which
exhibits fragmentation in the range of 15 to 10,000 bp; (2)
EVs DNA cover the entire genome of parent cells; (3) EVs
DNA exhibits higher consistency with small fragment mu-

tations (SNP, InDel) of parent cells, albeit with reduced
consistency as mutational length increases; (4) EVs harbor
mutant gene profiles associated with melanoma cell pro-
gression and exhibit comparable evolutionary relationships
with parent cells. These findings significantly advance our
understanding of the characteristics of EVs DNA. The pres-
ence of fragmented DNA within EVs, covering the entire
genomic landscape and specific mutations of the parental
cells, holds promising implications as a biomarker for dis-
ease diagnosis and treatment. The consistency of EV DNA
with parental cell mutations, particularly those involved in
melanoma progression, underscores the potential of EVs
as a non-invasive tool for monitoring tumor evolution and
identifying therapeutic targets.

Our study confirms the presence of stable dsDNA in
EVs derived from Melan-a and B16 melanoma cell lines.
The stability of DNA within EVs can be attributed to
the protective effect of the complete lipid bilayer mem-
brane. Additionally, we observed that EV DNA derived
from melanoma cells exhibits fragmentation ranging from
15 to 10,000 bp, with long dsDNA fragments potentially
contributing to DNA stability within EVs [41–43]. No-
tably, previous studies have reported the presence of single-
stranded DNA (ssDNA) in EVs [19–21]. However, the rea-
son of ssDNA was detected, such as variations in cell types
or EV subpopulations, denaturation of dsDNA, or limi-
tations of current techniques in accurately distinguishing
short ss/ds DNA fragments, warrant further investigation
[26,41]. The advancement of more precise assay method-
ologies will facilitate the exploration of the diverse types of
EV DNA.

Furthermore, our findings from DNase I digestion
assays revealed that a substantial portion (approximately
60%–70%) of melanoma EV-associated DNA is located on
the surface of EVs rather than within the EVs. This obser-
vation aligns with previous reports, although differences in
opinion about the proportion of DNA within EVs may be
partly due to variations in cell origins and types [19]. The
inclusion of all subpopulations of EVs in our study, includ-
ing larger vesicles, may contribute to the higher proportion
of DNA observed in melanoma EVs [26,41]. Therefore, in-
vestigating whole vesicles secreted by cells, rather than fo-
cusing on individual subpopulations, may provide valuable
insights into the DNA content of EVs.

Moreover, we constructed PPI interaction networks
for trunk mutant genes and specific mutant genes of the
three cell lines, screening hub genes as evolutionary molec-
ular characteristics of varying metastatic melanoma cells
and integrating them into corresponding EVs. The results
revealed a consistency rate of 95.3% (41/43) between EVs
and parent cells, indicating that EVs from melanoma cells
with varying metastatic potentials could accurately repre-
sent the molecular characteristics of parental cell evolution.
Interestingly, we identified the Apob (exon29:c.T12491C)
mutation in B16-F0 EVs, which was absent in B16-F0 cell.
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Additionally, theMyh10 (exon13:c.G1518A) mutation was
detected in B16-F10 EVs despite its absence in the corre-
sponding cells. Such differences in analysis may arise from
errors and loss of mutation information due to inadequate
sequencing depth and coverage [17]. Future studies should
enhance sequencing depth and coverage to mitigate poten-
tial errors associated with sequencing technology.

The challenge of acquiring standardized clinical sam-
ples and their corresponding EVs constrained the scope of
this study. To accurately explore the ability of EV DNA to
monitor the dynamics of parental cell genomes, this study
primarily relied on cell culture models and lacked the in-
vestigation of clinical samples. Building upon this ground-
work, future endeavors should include sufficient clinical
samples to further validate the efficacy of EVDNA in mon-
itoring tumor dynamic changes.

Conclusions

This study elucidated that extracellular vesicles (EVs)
derived from B16 melanoma cells contain stable double-
stranded (dsDNA) that spans the entire parental cell
genome. Despite challenges in mutation detection arising
from current sequencing technology limitations, the find-
ings underscore the capacity of EVsDNA effectively reflect
the mutation profiles and dynamic alterations of melanoma
cells with varying metastatic potentials. In summary, our
study reveals the potential of EV DNA as a promising
biomarker for dynamically monitoring tumor evolution,
and providing a theoretical foundation for monitoring tu-
mor progression by using EVs DNA.
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