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Simple Summary: We here performed a comprehensive comparison of commonly used approaches
for EV-DNA extraction, by assessing DNA quantity, its quality, and its suitability for downstream
analyses. We found that the tested methods resulted in different DNA yields and fragment sizes. As a
consequence, we found that different EV-DNA extraction methods had an impact on the detection of
specific mutations by qPCR and on the suitability of next-generation sequencing (NGS), which could
impact downstream clinical applications.

Abstract: (1) Background: Extracellular vesicles (EVs) have emerged as crucial players in the com-
munication between cells in both physiological and pathological scenarios. The functions of EVs
are strongly determined by their molecular content, which includes all bioactive molecules, such as
proteins, lipids, RNA, and, as more recently described, double-stranded DNA. It has been shown
that in oncological settings DNA associated with EVs (EV-DNA) is representative of the genome
of parental cells and that it reflects the mutational status of the tumor, gaining much attention as a
promising source of biomarker mutant DNA. However, one of the challenges in studies of EV-DNA
is the lack of standardization of protocols for the DNA extraction from EVs, as well as ways to assess
quality control, which hinders its future implementation in clinics. (2) Methods: We performed a
comprehensive comparison of commonly used approaches for EV-DNA extraction by assessing DNA
quantity, quality, and suitability for downstream analyses. (3) Results: We here established strate-
gic points to consider for EV-DNA preparation for mutational analyses, including qPCR and NGS.
(4) Conclusions: We put in place a workflow that can be applied for the detection of clinically relevant
mutations in the EV-DNA of cancer patients.

Keywords: extracellular vesicles (EVs); DNA; mutation profiling; liquid biopsy

1. Introduction

Extracellular vesicles (EVs) are lipid-bilayer-enclosed particles released in the extracel-
lular milieu by virtually all cells [1]. In recent years, EVs have emerged as crucial mediators
of cell–cell communication, acting as messengers in both physiological and pathological
conditions [2,3]. The functional roles of EVs are strictly related to their molecular compo-
sition, which has been shown to be highly heterogeneous and to consist of a variety of
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biomolecules, including proteins, lipids, metabolites, and nucleic acids [3,4]. The discovery
of DNA associated with EVs (EV-DNA) sparked an interest in its biological and clinical
functions, and in recent years, multiple roles of EV-DNA have been explored in terms of
intercellular communication, immune response modulation, and maintenance of cellular
homeostasis [5–10]. Moreover, the ubiquitous presence of EVs in different body fluids
makes them strong candidates for nucleic-acid biomarkers in liquid biopsies. Indeed, EVs
have lately attracted attention as a potential source of biomarker DNA in various patho-
physiological scenarios, especially in oncological contexts [11,12]. Several studies have
shown promising results, supporting the idea that EV-DNA represents the entire genome
of parental cells and that its analysis allows specific gene mutations, including clinically
relevant alterations, to be detected [11–14]. These studies have indicated that EV-DNA is
suitable for liquid biopsies, both for early diagnosis and for disease prognosis.

To date, various studies have addressed the standardization of RNA extraction from
EVs (EV-RNA) and have provided key steps to be considered for the EV-RNA preparation
for downstream analyses such as RNA-Seq [15,16]. These studies have shown that different
RNA purification methods can indeed result in differences in RNA yield and quality. How-
ever, comprehensive comparisons of EV-DNA preparation for downstream approaches are
still missing. In fact, the implementation of EV-DNA as a clinical biomarker is still halted
by the lack of comprehensive studies on the technical aspects of different strategies for
EV-DNA isolation, characterization, and quality control. The literature describes multiple
EV-DNA extraction approaches that have been applied (Table 1). As DNA mutational
analyses can be directly affected by DNA quantity and quality, in order to assure re-
producibility as well as high confidence in the results, it is crucial that a standardized
workflow for EV-DNA extraction and quality control is developed. Yet, thus far, multiple
non-standardized EV-DNA extraction approaches have been employed (Table 1).

Table 1. Summary of methods used for EV-DNA extraction in the literature.

Extraction Method Manufacturer Number of Times Used in the Literature Reference

DNeasy Blood & Tissue Kit Qiagen 3 [7,10,11]

QIAamp DNA Micro Kit Qiagen 2 [14,17]

Phenol–Chloroform N/A 2 [5,6]

QIAamp Circulating Nucleic Acid Kit Qiagen 1 [18]

Qiagen Allprep DNA/RNA Mini Kit Qiagen 1 [19]

QIAamp DNA Mini Kit Qiagen 1 [12]

SeleCTEV Low Input DNA
Enrichement Kit Exosomics 1 [20]

TIANamp Genomic DNA Kit Tiangen Biotech Co. Ltd. 1 [21]

Quick-gDNA Miniprep Kit Zymo Research 1 [22]

Genomic DNA Mini Kit Geneaid 1 [23]

XCF Exosomal DNA Isolation Kit System Biosciences 1 [24]

Isopropyl alcohol precipitation N/A 1 [25]

Proteinase K Wako 1 [8]

In this study, we established strategic points for EV-DNA preparation for mutational
analyses. This included DNA extraction from EVs, its quantification and quality analysis,
and the assessment of its suitability for downstream applications, including qPCR and
next-generation sequencing (NGS). By using four different commercial kits, as well as a
phenol–chloroform-based protocol, DNA was extracted from EVs isolated from the cell-
conditioned media (CCMs) of a panel of cancer cell lines. Extracted EV-DNA was subjected
to a comprehensive comparison of the methods, with a specific focus on their suitability
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for biomarker DNA analyses. Moreover, we present evidence about the utility of the
established protocol to detect clinically relevant mutations in plasma samples of cancer
patients. To our knowledge, this is the first study to compare the impact of the EV-DNA
isolation protocol on sample quantity, quality, and suitability for mutational analyses.

2. Materials and Methods
2.1. Preparation of Conditioned Cell Culture Media—Cell Lines and Cell Culture

All cell lines were obtained from the American Type Culture Collection. Human
lung cancer cell lines H1975, H1650, and HCC827 and human pancreatic cancer cell line
PANC10.05 were maintained in RPMI 1640 (Corning). Human breast cancer cell line MDA-
MB-231 (purchased from Memorial Sloan Kettering Cancer Center) and human colorectal
cancer cell line SW480 were grown in DMEM (Corning). LoVo, a human colorectal cancer
cell line, was cultured in F12-K (Corning), and human pancreatic cancer cell line CFPAC-
1 was cultured in IMDM (Gibco). All the above-mentioned media were supplemented
with 1% penicillin–streptomycin (Gibco 15-140-122; Waltham, MA, United States) and 10%
fetal bovine serum (FBS) (Biowest S181BH-500; Nuaillé, France), except for PANC10.05,
which was grown in medium supplemented with 15% FBS (Biowest S181BH-500; Nuaillé,
France) and 10 U/mL insulin (Gibco). Cells were maintained at 37 ◦C at 5% CO2 levels.
For conditioning, cells were cultured in the designated media supplemented with 1%
penicillin–streptomycin and 10% EV-depleted FBS [26]. For the preparation of conditioned
culture media (CCMs), cells were seeded in 150 mm culture dishes containing 20 mL of EV-
depleted medium and grown for 72 h until they reached a confluency of ~90%. The number
of cells seeded for each cell line at the initiation of culture is presented in Supplementary
Table S1. Non-conditioned medium containing 10% EV-depleted FBS was used as a control.
After conditioning, CCMs and the non-conditioned medium were immediately submitted
to two centrifugation steps (500× g for 10 min and 3000× g for 20 min, both at 10 ◦C) to
remove dead cells and large debris; then, they were either directly used for EV isolation or
stored at −80 ◦C until use. The cell lines used as positive and negative controls for qPCR
are presented in Supplementary Table S2.

2.2. Plasma Samples and Ethics Statement

To obtain plasma, blood samples were collected from patients during daytime in sterile
Vacutainer tubes (BD) containing EDTA. Blood was directly subjected to 2 consecutive
centrifugation steps (500 g, 10 min) and visually inspected for obvious signs of hemolysis.
Plasma samples were then aliquoted and frozen at −80 ◦C. The clinical characteristics
of patients and technical aspects of sample collection are summarized in Supplementary
Tables S3 and S4, respectively.

The study was carried out in accordance with the principles of the Declaration of
Helsinki under an approved protocol of Dexeus Hospital Ethical Committee (52/2018 from
22 November 2018). This research study was approved by Research Ethics Committee of Qu-
iron Salud Hospital Group in Barcelona on 25/10/2018 (ethic code: 51/2018). Informed con-
sent was obtained from all patients; samples were deidentified for patient confidentiality.

2.3. Extracellular Vesicle Isolation and Characterization
2.3.1. EV Isolation by Ultracentrifugation

All EV samples were isolated by differential ultracentrifugation combined with a
sucrose cushion, as previously described [27]. For each analyzed cancer cell line, at least
3 independent batches of EVs from separately grown cultures were isolated. First, the CCM
was centrifuged at 12,000× g for 20 min to remove larger EVs, including apoptotic bodies.
The supernatant (CCM and plasma) was then centrifuged at 100,000× g for 2 h 20 min.
The pellet was resuspended in 16 mL of filtered phosphate-buffered saline (PBS; Corning
15313581; New York, NY, USA) and added to the top of a 4 mL sucrose solution (D2O
containing 1.2 g of protease-free sucrose and 96 mg of Tris base adjusted to pH 7.4). Next,
centrifugation at 100,000× g for 1 h 10 min was performed; then, a 4 mL fraction was
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collected using a 18 G needle and mixed with 16 mL of filtered PBS. After overnight
centrifugation at 100,000× g, the pellet of purified EVs was resuspended in filtered PBS.
All used solutions were filtered using 0.22 µm filters. All centrifugation steps were per-
formed at 10 ◦C using 45Ti or 70Ti rotors (Beckman-Coulter, Brea, CA, USA).

2.3.2. Nanoparticle Tracking Analysis (NTA)

To determine particle concentration and size distribution, all EV samples were ana-
lyzed by NTA using NanoSight NS300 (Malvern Instruments, Malvern, UK) with a red
laser (638 nm). Samples were diluted with filtered PBS to obtain concentrations within the
optimal range for NTA analyses. The videos were recorded using a camera level of 16 and
a threshold of 5-7 and further analyzed with NTA software v3.4 (Malvern Instruments,
Malvern, UK).

2.3.3. Protein Quantification

Protein concentration in EV samples was assessed using BCA Protein Assay Kit
(Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer’s instructions.

2.3.4. Western Blotting

Western blotting was used to assess the presence of EV and non-EV protein markers.
Equal protein amounts of EV samples were mixed with 4X Laemmli buffer (Bio-Rad),
denatured for 5 min at 95 ◦C, and loaded onto 4–20% Mini-PROTEAN TGX Stain-Free
Protein Gels (Bio-Rad). SDS-PAGE was run for 1.5 h at 90 V; then, proteins were transferred
to nitrocellulose membranes (Cytiva) at 100 V for 1 h. Membranes were blocked with
LI-COR Intercept Blocking Buffer (LI-COR Biosciences, Bad Homburg, Germany) for 1 h
at RT. Blocked membranes were incubated overnight at 4 ◦C with primary antibodies
diluted in LI-COR blocking buffer with 0.1% Tween-20. Membranes were washed with
TBS-T (TBS with 0.1% Tween-20) three times for 5 min and then incubated with secondary
antibodies for 1 h at RT. Incubation was followed by three additional washes with TBS-T
of 5 min each. Blots were imaged using the Odyssey Infrared Imaging System (LI-COR
Biosciences). The detailed list of primary and secondary antibodies used is provided in
Supplementary Table S5. Original images shown in File S1.

2.3.5. Transmission Electron Microscopy

The samples were analyzed by negative staining. In brief, the samples were fixed
with 2% Formaldehyde in Phosphate Buffer for 5 min. Fixed samples were incubated for
5 min on glow-discharged, formvar-coated, carbon-coated 200-mesh copper grids prior to
contrasting with 2% aqueous Uranyl Acetate for 5 min. Imaging was performed on a Tecnai
G2 Spirit BioTWIN transmission electron microscope equipped with an Olympus-SIS Veleta
CCD camera.

2.4. Mass Spectrometry

Liquid chromatography–mass spectrometry (LC-MS) was used to assess the presence
of EV and non-EV protein markers. To extract and solubilize the proteins, 9 mol/L urea
(Sigma-Aldrich) was added to the final concentration of 8 mol/L, and the samples were
sonicated for 15 min. Insoluble debris was removed by two 15 min rounds of centrifugation
at 21,460× g at RT. To dilute the samples’ urea concentration to 1.5 mol/L, 50 mmol/L am-
monium bicarbonate (Fluka) was added. Proteins were reduced and carbamidomethylated
with dithiothreitol (Sigma-Aldrich; 5 mmol/L final concentration, 60 min at 37 ◦C) and
iodoacetamide (Sigma-Aldrich; 15 mmol/L final concentration, 30 min at RT in the dark),
respectively, followed by overnight digestion using 1 µg of sequencing-grade modified
trypsin (Promega). For C18 purification, 10% trifluoroacetic acid (VWR) was added to the
samples to a final concentration of 0.5% and acetonitrile (Merck) to the final concentration
of 1%. C18 purification was performed with MicroSpin columns (The Nest Group, Inc.) as
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previously described [28]. Finally, the samples were vacuum-centrifuged to dryness and
stored at −80 ◦C until LC-MS analyses.

LC-MS analyses were carried out with EASY-nLC 1000 coupled to an Orbitrap Elite
mass spectrometer (both from Thermo) using LC-MS-grade solvents (water (VWR); acetoni-
trile (Merck)) and acids (VWR). The peptides were resolubilized in eluent A (1% acetonitrile
+ 0.1% formic acid + 0.01% trifluoroacetic acid in water), and 4 µg of total digested protein
was injected. Thermo Acclaim PepMap C18 columns were used for separation at a flow
rate of 300 nL/min (trap column: PepMap 100, 75 m × 2 cm, 3 m, 100; analytical column:
PepMap RSLC, 75 m × 15 cm, 2 m, 100 Å). The run time was 140 min, 120 min of which
were spent gradienting from 5% to 35% eluent B (98% acetonitrile + 0.1% formic acid +
0.01% trifluoroacetic acid in water). Nanospray voltage was 2.9 kV. MS detection was
performed with Top20 data-dependent acquisition, where the 20 most intense ions from
each MS1 full scan were isolated, fragmented, and analyzed in the ion trap. Then, 30 s
dynamic exclusion was applied. The LC-MS parameters have been previously described
in detail [28]. MaxQuant/Andromeda version 1.6.1.0 with standard settings was used for
protein identification and label-free quantification. The database was a UniProt/Swiss-Prot
reviewed human proteome. A false discovery rate of 1% was used on peptide and pro-
tein levels. Decoy hits, potential contaminants, and proteins identified only by modified
peptides were removed, and LFQ intensities were used for estimating protein abundance.

2.5. DNA Extraction

Total DNA associated with EVs was extracted from previously isolated EVs (differen-
tial ultracentrifugation) using different DNA isolation methods: QIAamp DNA Mini Kit
(Qiagen), QIAamp DNA Micro Kit (Qiagen), SeleCTEV Exosomal DNA Kit (Exosomics),
XCF Exosomal DNA Isolation Kit (SBI), and phenol–chloroform extraction. DNeasy Blood
& Tissue Kit (Qiagen), which is the most commonly applied approach for EV-DNA extrac-
tion in the literature (Table 1), was not included in this comparison as it is based on the
same technology and used for the same purposes as the QIAamp DNA mini kit (Qiagen),
which is our in-house DNA extraction protocol. In order to extract DNA using the Se-
leCTEV Exosomal DNA kit (Exosomics), we used only the part of the protocol dedicated to
DNA purification. For DNA extraction using all methods, each independent EV batch was
split, and equal protein amounts of EVs were used for each extraction method (Graphical
Abstract). For commercial kits, extraction was performed as per the manufacturer’s instruc-
tions. For phenol–chloroform extraction, EVs were first mixed with 400 µL of lysis buffer
(0.05 M EDTA, 0.01 M Tris-HCl (pH 8.0), 0.1 M NaCl, 10% SDS, and 200 µg/mL proteinase
K) and incubated for 1 h at 56 ◦C. Secondly, deproteinization was performed by the addition
of an equal volume of phenol–chloroform–isoamyl alcohol mixture (25:24:1), followed by
vortexing and centrifugation at 16,000× g for 5 min at RT. Next, the upper aqueous phase
was separated from the organic phase, mixed with an equal volume of chloroform, and then
mixed and centrifuged again at 16,000× g for 5 min at RT. The upper phase containing
DNA was carefully collected and mixed with one-tenth volume of 3 M sodium acetate
(pH 5.2), glycogen (to a final concentration of 0.1 µg/mL), and 2.5 volumes of cold absolute
ethanol. The mixture was incubated overnight at −20 ◦C and then centrifuged at 16,000× g
for 30 min at 4 ◦C. Next, the supernatant was discarded, and the pellet was rinsed with
70% ethanol and centrifuged at 16,000× g for 15 min at 4 ◦C. Finally, the supernatant was
removed, and the pellet was left to air dry for 5 min and then resuspended in 50 µL of
Mili-Q water. For the extraction of genomic DNA from cell lines, either the QIAamp DNA
mini kit (Qiagen) or the QIASymphony DSP Virus/Pathogen midi kit (Qiagen) was used,
and the extraction was performed as per the manufacturer’s instructions. For the extraction
of DNA from plasma-derived EVs, the SeleCTEV Exosomal DNA kit (Exosomics) was used
according to the manufacturer’s instructions. All EV-DNA samples were stored at −20 ◦C.
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2.6. DNA Quantification and Quality Analysis
2.6.1. Qubit Fluorometer 3.0

The Qubit quantification of DNA was performed using a Qubit fluorometer (3.0;
Invitrogen) and Qubit dsDNA HS Assay Kit (Invitrogen) according to the manufacturer’s
instructions. A volume of 2 µL of each EV-DNA sample was diluted in 198 µL of Qubit
working solution.

2.6.2. Fragment Analyzer

The quantification and sizing of DNA was performed by capillary electrophoresis
on a fragment analyzer (Agilent) using the High Sensitivity NGS Fragment kit (Agilent).
The analyses were performed as per the instructions provided by the manufacturer.

2.7. DNA Mutational Analysis
2.7.1. PNA-Q-PCR (TaqMan) for Mutation Testing

EV-DNA and gDNA samples were analyzed for the presence of EGFR (exons 19, 21 and
p.T790M), KRAS (exons 12, 13) and BRAF (exon 15) mutations using TaqMan. The assay is
based on quantitative real-time PCR (qPCR) in the presence of a PNA clamp (Eurogentec,
Seraing, Belgium) designed to inhibit the amplification of the wild-type alleles [29–31].
The assay has been fully validated, has an ISO15189 accreditation, and allows the absolute
and relative abundances of mutant alleles to be estimated in positive samples. Amplification
was performed in a final volume of 12.5 µL, using 6.25 µL of Genotyping Master Mix
(Applied Biosystems, Foster City, CA, USA), 0.96 pmol of each primer, 1.2 pmol of probes,
and 6.25 pmol (for exons 21 and p.T790M) or 62.4 pmol (for exon 19) of PNA. Purified
EV-DNA and gDNA were used in the following amounts: 3 µL (4.5 ng) for BRAF and exon
21 analysis, 1 µL (1.5 ng) for exon 19 and all exons in KRAS, and 1 µL (1 ng) for p.T790M
analysis. Using QuantStudioTM 6 Real-Time PCR System (Applied Biosystems/Thermo
Fisher Scientific), samples were subjected to 50 cycles of 15 s at 92 ◦C and 1.5 min at 60
◦C. The sequences of the primers and probes used are listed in Supplementary Table S6.
Analyses were carried out in duplicates using one sample of purified EV-DNA or gDNA.
In addition, all samples were analyzed in the absence of PNA to confirm the presence of
purified EV-DNA and gDNA (WT). Genomic DNAs from cell lines at 1.5 ng/µL were used
as positive and negative controls (Supplementary Table S2). A sample was considered
positive if the same mutant allele was amplified in the two duplicates in the presence of
PNA. If amplification was only detected in one duplicate, samples were reanalyzed and
considered positive if at least one of the duplicates was positive for the same mutated allele.

2.7.2. NGS for Mutation Testing

EV-DNA from the H1975 cell line was analyzed by NGS performed with GeneRead®

QIAact Pangaea Solid Tumor Custom Panel on plasma (Qiagen), which targets 20 genes
frequently altered in cancer (Supplementary Table S7). DNA (40 ng) purified from EV-DNA
samples was used as a template; clonal amplification was performed on 625 pg of pooled
libraries, and following bead enrichment, the GeneReader (Qiagen) instrument was used
for sequencing. Qiagen Clinical Insight Analyze (QCI-A) software was employed to align
read data and call sequence variants, which were imported into the Qiagen Clinical Insight
Interpret (QCI-I) web interface for data interpretation and the generation of the final custom
report. Gene copy numbers were determined by QCI-A and QCI-I software according to
an “in-house” algorithm.

2.8. Statistical Analysis

One-way ANOVA was applied to calculate the p-value. p-values of <0.05 were consid-
ered statistically significant. Statistical analyses and calculations of coefficients of variation
were performed using GraphPad Prism software (GraphPad software).
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3. Results
3.1. Characterization of EVs Isolated from Conditioned Media

Isolated EVs were characterized by several approaches. First, NTA was used to
determine the concentration and size distribution of nanoparticles in isolated EV samples.
Representative histograms of the frequency of particle size in EV samples derived from two
representative cell lines, PANC10.05 and CFPAC-1, are shown in Figure 1A,B, respectively.
To confirm the expression of EV markers (tetraspanins CD9 and CD81, Alix) as well as
the absence of non-EV markers (Calnexin and GM130), Western blotting was performed
(Figure 1C). Transmission electron microscopy (TEM) revealed the presence of negative-
stained EVs, seen as cup-shaped structures (Figure 1D). Additionally, the purity of our
isolated EVs was supported by the LC-MS analyses of a panel of proteins differentially
present in or absent from small EVs (Figure 1E). Although tetraspanins CD63 and CD81 are
commonly enriched in EVs, CD63 was not identified in the LC-MS analyses of our EV
samples. Similarly, CD81 was not detected in any of the analyzed EV samples, despite being
identified in the Western blot analysis of CFPAC-1 EVs. CD63 and CD81 are membrane
proteins and are both hydrophobic (difficult to solubilize) and low-abundant, which makes
them difficult to detect with our LC-MS method. Moreover, the scan speed of any mass
spectrometer is not sufficient to detect all peptides in a sample, so some peptides cannot be
detected even if they are present in sufficient amounts. If the peptides from these proteins
elute from LC and enter MS at the same time with many other peptides that are present in
higher concentrations, these higher-abundant peptides are prioritized in MS identification,
and the lower-abundant ones are missed. Interestingly, a comprehensive analysis of EV
protein markers across more than 100 different human tumor and non-tumor cell lines
showed that only 40% of them were positive for CD63 [32].
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Details

NTA Version: NTA 3.4 Build 3.4.003

Script Used: SOP Standard Measurement 01-56-00PM 25~

Time Captured: 13:56:00  25/08/2020

Operator: Cristian

Pre-treatment:

Sample Name: Exo 105 CFPAC

Diluent: 1:4000

Remarks:

Capture Settings

Camera Type: sCMOS

Laser Type: Red

Camera Level: 16 (NTA 3.0 Levels)

Slider Shutter: 1300

Slider Gain: 512

FPS 25.0

Number of Frames: 749

Temperature: 26.4 oC

Viscosity: (Water) 0.859 - 0.860 cP

Dilution factor: Dilution not recorded

Syringe Pump Speed: 15

Analysis Settings

Detect Threshold: 5

Blur Size: Auto

Max Jump Distance: Auto: 14.3 - 17.9 pix

Results

Stats: Merged Data

Mean: 101.4 nm

Mode: 97.8 nm

SD: 31.9 nm

D10: 70.3 nm

D50: 98.1 nm

D90: 129.6 nm

Stats: Mean +/- Standard Error

Mean: 100.6 +/- 3.2 nm

Mode: 96.2 +/- 4.2 nm

SD: 30.7 +/- 2.0 nm

D10: 69.7 +/- 3.6 nm

D50: 97.8 +/- 1.5 nm

D90: 129.2 +/- 3.8 nm

Concentration: 5.43e+08 +/- 3.24e+07 particles/ml

29.7 +/- 1.8 particles/frame

37.3 +/- 0.7 centres/frame
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Details

NTA Version: NTA 3.4 Build 3.4.003

Script Used: SOP Standard Measurement 11-30-33AM 19~

Time Captured: 11:30:33  19/08/2020

Operator: julia

Pre-treatment:

Sample Name: panc1005 exo91

Diluent: 1:4000

Remarks:

Capture Settings

Camera Type: sCMOS

Laser Type: Red

Camera Level: 16 (NTA 3.0 Levels)

Slider Shutter: 1300

Slider Gain: 512

FPS 25.0

Number of Frames: 749

Temperature: 24.4 oC

Viscosity: (Water) 0.899 - 0.900 cP

Dilution factor: Dilution not recorded

Syringe Pump Speed: 15

Analysis Settings

Detect Threshold: 6

Blur Size: Auto

Max Jump Distance: Auto: 13.5 - 14.1 pix

Results

Stats: Merged Data

Mean: 112.4 nm

Mode: 110.1 nm

SD: 22.2 nm

D10: 85.9 nm

D50: 111.3 nm

D90: 137.8 nm

Stats: Mean +/- Standard Error

Mean: 112.3 +/- 2.3 nm

Mode: 106.4 +/- 6.4 nm

SD: 21.7 +/- 1.9 nm

D10: 86.7 +/- 2.2 nm

D50: 111.1 +/- 2.8 nm

D90: 139.0 +/- 2.7 nm

Concentration: 5.37e+08 +/- 1.84e+07 particles/ml

29.3 +/- 1.0 particles/frame

32.7 +/- 1.1 centres/frame

A. B. 

C. D. E. 

Figure 1. Characterization of EVs isolated from CCMs. Representative NTA histograms of EV
samples isolated from (A) PANC10.05 and (B) CFPAC-1 CCM. (C) Representative Western blots of
EV markers CD9, CD81, and Alix, and of non-EV markers Calnexin and GM130 for EV samples
isolated from CCMs derived from CFPAC-1 and PANC10.05 cell lines (H1975 cell lysate was used as a
control). (D) Representative TEM image of CCM-derived EV sample. (E) MS analysis of EV-positive
and -negative markers of CFPAC-1 and PANC10.05-derived EVs.
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3.2. Preparation of EV-DNA for Mutational Analyses
3.2.1. Comparison of EV-DNA Extraction Methods

Previous reports have shown that EVs can carry DNA both in their lumen and on
their surface [5,10,12,23]. However, as there is no consensus on which compartment
contains DNA of diagnostic interest, we here define DNA associated with EVs as EV-DNA,
independently of its location.

For the extraction of EV-DNA, five different methods frequently used in the literature
were utilized (QIAamp DNA Mini Kit, QIAamp DNA Micro Kit, SeleCTEV, XCF Exo-
somal DNA Isolation Kit, and phenol–chloroform). These methods do not discriminate
between luminal DNA and surface DNA, and as aforementioned, we considered that
both were extracted. As such, these methods can be used in future studies focusing on
either fraction. As outlined in the Graphical Abstract, at least three independent batches
of EVs were isolated from each cell line; then, each batch was split into equal amounts,
which were used to extract DNA with the five above-referenced methods. The amount
of extracted dsDNA was quantified by Qubit, and this assessment showed that the use
of different extraction methods resulted in different concentrations of DNA. Specifically,
when normalized to samples purified with phenol–chloroform (the least efficient extraction
method tested by us), EV-DNA samples extracted using the SeleCTEV Exosomal DNA
kit had a significantly higher DNA yield than other methods (Figure 2). This includes
the concentration of DNA in ng per µL (Supplementary Figure S1) and in ng per particle
(Supplementary Figure S2A) in samples with similar EV protein concentrations. Controls
involving EV-DNA extraction (SeleCTEV) from corresponding volumes of non-conditioned
media revealed that less than 7% of DNA isolated from CCMs may derive from compo-
nents of the media (Supplementary Table S8). These results show that among the tested
strategies, the SeleCTEV Exosomal DNA kit was the method that provided the highest
DNA abundance. DNA concentration variability was also assessed for EV-DNA samples
extracted using the different methodologies (Supplementary Table S9). We found that when
all isolation methods and cells were simultaneously evaluated, SeleCTEV displayed the
lowest coefficient of variation amongst all cells, reinforcing the application of this method
for the isolation of EV-DNA.
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Figure 2. Comparison of EV-DNA abundance among different DNA extraction methods. Qubit DNA
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quantifications of EV-DNA samples extracted from a panel of cancer cell lines (MDA-MB-231, SW480,
LoVo, PANC10.05, CFPAC-1, H1975, H1650, and HCC827) using QIAamp DNA Micro Kit (Micro),
QIAamp DNA Mini Kit (Mini), SeleCTEV Exosomal DNA Kit (SeleCTEV), XCF Exosomal DNA Kit
(XCF), and phenol–chloroform (PC). At least 3 independent batches of EVs were isolated from each
cancer cell line. Next, each EV batch was split in equal amounts and used for DNA extraction with
the indicated different methods. EV-DNA abundance is presented as ng of DNA/particle normalized
to values obtained using phenol–chloroform. All the data are shown as the mean values ±SD from
independent measurements. p-values were calculated using one-way ANOVA with Tukey’s post hoc
test; **** p < 0.0001, *** p < 0.001, ** p < 0.01, * p < 0.05.

DNA fragment size is another parameter that plays a key role in the downstream
analysis of DNA sequences [33]. Based on that, we compared the size distribution of DNA
fragments in EV-DNA using a fragment analyzer (Agilent). A representative electrophoretic
histogram of EV-DNA extracted from MDA-MB-231 CCM is presented in Figure 3A.
A comparison of the methods showed that the average size of DNA fragments varied
among the samples extracted with different DNA extraction protocols, with the highest
average sizes having been found in the EV-DNA samples extracted with the SeleCTEV
Exosomal DNA kit and phenol–chloroform. However, in the case of phenol–chloroform,
only 10 out of 27 extracted EV-DNA samples were successfully analyzed using the fragment
analyzer due to the very low DNA concentrations in these samples (Figure 3B).

3.2.2. Assessment of KRAS and EGFR Mutations in EV-DNA and gDNA by TaqMan

To understand the effect of EV-DNA extraction on its suitability for mutational analy-
ses, qPCR (TaqMan) studies were performed. EV-DNA was analyzed to evaluate the muta-
tion status of two genes known to be mutated in the tested cell lines from which EV-DNA
samples were isolated, KRAS (MDA-MB-231, LoVo, SW480, CFPAC-1, and PAN10.05)
and EGFR (H1975, H1650, and HCC827). For each cell line, three independent EV-DNA
samples, previously isolated and analyzed for the comparison of EV-DNA extraction
methods (Graphical Abstract), were chosen based on DNA concentration and used for
TaqMan (a total of 24 EV-DNA samples per each method). As shown in Table 2, the in-
vestigated mutations were detected in 21/24 (87.5%), 22/24 (91.7%), 23/24 (95.8%), 22/24
(91.7%), and 14/24 (58.3%) EV-DNA samples extracted with the QIAamp DNA mini kit,
QIAamp DNA micro kit, SeleCTEV Exosomal DNA kit, XCF Exosomal DNA Isolation
kit, and phenol–chloroform, respectively. This demonstrates that the EV-DNA extraction
method affected the suitability of DNA for mutation analysis by qPCR and that the use of
the SeleCTEV Exosomal DNA kit resulted in the highest percentage of mutation detection
among all methods. Extraction with the QIAamp DNA micro kit and XCF Exosomal DNA
Isolation kit also resulted in high mutation detection in more than 90% of the analyzed
samples. On the other hand, the mutations were undetectable in over 40% of samples
extracted with phenol–chloroform. Moreover, the quantity of mutated DNA in EV-DNA
versus gDNA of the corresponding cell lines was comparable regardless of the applied
extraction method (Figure 4).
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Figure 3. Comparison of the average size of EV-DNA fragments among different DNA extraction
methods. (A) Fragment-analyzer analysis of EV-DNA extracted from MDA-MB-231 CCM, showing
size distribution (bp) and relative fluorescence intensity (RFU). The peaks at 1 bp and 20,000 bp
correspond to 2 internal size markers. (B) Average size (bp) of EV-DNA fragments extracted with the
following kits: QIAamp DNA Micro Kit (Micro), QIAamp DNA Mini Kit (Mini), SeleCTEV Exosomal
DNA Kit (SeleCTEV), XCF Exosomal DNA Kit (XCF), and phenol–chloroform (PC). The data are
presented as mean values ±SD from three independent specimens. p-values were calculated using
one-way ANOVA with Tukey’s post hoc test; *** p < 0.001, ** p < 0.01, * p < 0.05. Note: Some samples
extracted using phenol–chloroform could not be successfully analyzed using the fragment analyzer
due to very low DNA concentrations.
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Table 2. Detection of EGFR and KRAS mutations in cancer cells’ EV-DNA that were extracted using
QIAamp DNA Micro Kit (Micro), QIAamp DNA Mini Kit (Mini), SeleCTEV Exosomal DNA Kit
(SeleCTEV), XCF Exosomal DNA Kit (XCF), and phenol–chloroform (PC).

EV-DNA Purification Method

Gene Cell-Line-Derived EVs Micro Mini SeleCTEV XCF PC

KRAS

MDA-MB-231 2/3 3/3 3/3 3/3 1/3

SW480 3/3 2/3 2/3 1/3 1/3

LoVo 3/3 3/3 3/3 3/3 3/3

PANC10.05 3/3 3/3 3/3 3/3 2/3

CFPAC-1 3/3 2/3 3/3 3/3 2/3

EGFR

H1975 3/3 3/3 3/3 3/3 3/3

H1650 2/3 3/3 3/3 3/3 1/3

HCC827 2/3 3/3 3/3 3/3 1/3

Samples with detected mutations 21/24
(87.5%)

22/24
(91.7%)

23/24
(95.8%)

22/24
(91.7%)

14/24
(58.3%)
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Figure 4. Mutational analyses of EGFR and KRAS genes in CCM-derived EV-DNA by TaqMan.
Comparison of the quantity of detected mutated DNA in EV-DNA versus gDNA samples by TaqMan.
The 2−∆∆CT method was used as a quantification strategy to assess the fold difference in mutated
DNA in EV-DNA in relation to gDNA. This analysis could not be applied to SW480 EV-DNA as the
WT KRAS gene was not amplifiable.

3.2.3. Mutation Detection in EV-DNA by NGS

To further assess EV-DNA suitability for mutational analyses, we performed NGS
using H1975-derived EV-DNA. EV-DNA extracted with all five DNA purification methods
was analyzed using a customized panel covering 20 genes. Out of the five analyzed samples,
only the one extracted with phenol–chloroform had insufficient material for NGS, resulting
in an unsuccessful analysis. In contrast, the mutations present in the gDNA of the cell line
from which the EVs were derived were successfully detected in all the EV-DNA samples
extracted with the four commercial kits used. The highly similar quality parameters and
the almost identical mutant allelic fraction values, representing the percentage of sequence
reads carrying a mutant allele, both suggest that those four DNA purification methods
allowed us to extract DNA of sufficient quantity and quality for comparable mutation
detection by NGS (Tables 3 and 4).
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Table 3. Mutation detection in H1975 EV-DNA by NGS.

Method Mini Micro SeleCTEV XCF PC

Gene Exon Mutation Allelic fraction

EGFR
21 c.2573T > G 66% 65% 67% 62% N/A

20 c.2369C > T 64% 64% 65% 69% N/A

TP53 8 c.818G > A 98% 97% 97% 96% N/A

Table 4. Summarized quality parameters of H1975 EV-DNA NGS analysis.

Method Reads Nucleotides
Average

Read
Length

Reads with
Average
Quality >

25

Reads
Mapped

Reads in
Target

Regions

Base Positions
in Regions of
Interest with

UMI Coverage
> 100×

Base Positions
in Regions of
Interest with

UMI Coverage
> 60×

Mini 4023974 505992583 125.74 95.15% 3980643
(98.2%)

3557632
(89.37%) 97.68% 98.54%

Micro 4034733 512374900 126.99 94.89% 4023363
(99.72%)

3332780
(82.84%) 97.04% 97.55%

SeleCTEV 4194485 523511719 124.81 94.59% 4183430
(99.74%)

2398744
(57.34%) 96.75% 97.31%

XCF 4875693 127.70 94.93 94.93% 4868494
(99.85%)

4568724
(93.84%) 97.60% 98.28%

PC N/A N/A N/A N/A N/A N/A N/A N/A

3.3. Plasma EV-DNA Mutation Detection by TaqMan

As stated above, DNA extracted using the SeleCTEV Exosomal DNA kit had a signifi-
cantly higher DNA yield from CCM-derived EVs than any of the other methods analyzed in
this study. In order to assess the usefulness of this approach to detect clinically relevant mu-
tations in plasma samples, EVs were isolated from samples collected from cancer patients.
Plasma-derived EVs were then characterized using NTA and Western blotting (Figure 5).
Due to the limited plasma volume available, TEM was not performed for these samples.
Next, DNA was extracted from these EV samples using the SeleCTEV Exosomal DNA kit.
All mutations found in tissue biopsies and circulating free DNA were also identified in
EV-DNA (Table 5).
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Figure 5. Characterization of EVs isolated from plasma. Representative NTA histogram of EV sample
(A) and representative Western blots (B) of EV markers CD9, CD81, and Alix and of non-EV markers
Calnexin and GM130 (H1975 cell lysate was used as a control).



Cancers 2022, 14, 3258 13 of 18

Table 5. Mutational analysis of KRAS and BRAF genes in plasma-derived EV-DNA by TaqMan.

Patient Tumor Type Gene Position Mutant Allelic Fraction %

#1 Melanoma BRAF p.V600E 0.74 ± 0.04

#2 Colorectal KRAS p.G12V 20.33 ± 1.81

#3 Lung KRAS p.G12C 4.65 ± 0.83

#4 Lung KRAS p.G12D 4.84 ± 1.25

#5 Lung KRAS p.G12V 0.39 ± 0.55

#6 Lung BRAF p.V600E 0.84

4. Discussion

Although recent discoveries on EV-DNA and its potential as a biomarker have created
excitement, there are still important technical aspects that need to be considered before
its future application in clinics. One of the challenges in EV-DNA studies is the lack of
the standardization of DNA extraction and quality control, which are crucial factors to be
considered for downstream DNA analyses and can vary depending on the chosen DNA
extraction method.

Here, we contributed to this standardization by evaluating different methodologies
for extracting DNA from EVs. As a first layer of standardization, we fixed the EV isolation
method used, so that all DNA would be extracted from comparable isolated EV samples.
The chosen method for the isolation of EVs was differential ultracentrifugation coupled
with a sucrose cushion, which is one of the most commonly used EV isolation techniques
and is considered a gold standard for EV isolation. Other EV isolation methods were not
compared, as it was beyond the scope of this paper [34].

In the literature, the characterization of extracted EV-DNA is rather superficial, with
DNA quantification being performed using different methods and often presented in
various units, making it very difficult to reproduce and compare results. Some of the
most commonly applied methods used to assess DNA yield include spectrophotometry-
based measurements on NanoDrop spectrophotometers (ThermoScientific), capillary-
electrophoresis-based DNA analysis on a fragment analyzer (Agilent) or 2100 Bioanalyzer
(Agilent), and methods based on fluorescent dies, such as Qubit (Life Technologies) or
QuantiFluor (Promega). These DNA quantification methods are characterized by different
lower and upper limits of detection, as well as different detection size ranges; thus, they
need to be considered carefully depending on the analyzed sample type. For instance,
NanoDrop has low sensitivity, reaching 1 ng/µL, and does not distinguish between single-
and double-stranded DNA, while capillary-electrophoresis-based DNA quantification has a
very narrow size detection range [35]. Based on previous reports that demonstrate that EVs
carry nucleic acids in the order of ng with a broad size range (100 bp→10 kbp), all EV-DNA
samples purified in this study were quantified using the HS DNA kit on Qubit, which
has a quantitative range of 10 pg/µL–100 ng/µL [11,12,18,21,36]. According to the results
presented by the manufacturer, DNA kits for Qubit are highly selective for dsDNA over
RNA and ssDNA, as quantification is based on the fluorescence intensity of the fluorescent
dye binding to dsDNA and not on UV absorbance. Thus, we propose that future studies
could benefit from using Qubit for EV-DNA quantification.

Most of the data described in this study were obtained from EVs isolated from CCMs,
and the conditioning was always performed in media supplemented with EV-depleted
FBS. The use of EV-depleted FBS enabled tumor cell growth to be obtained and EVs to be
produced in CCMs while avoiding, amongst others, cellular stress, changes in phenotype,
and potential alterations in EV cargo packaging that might be caused by the full absence of
FBS. Of note, it was recently proposed that FBS supplementation may result in residues
of bovine DNA in CCM preparations [37]. We here found that EV-DNA extraction from
volumes of non-conditioned media that corresponded to those utilized for EV isolation from
CCMs displayed residual amounts of DNA (less than 7% of the EV-DNA obtained from
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CCMs). Importantly, as all culture media were prepared with the same lot of EV-depleted
FBS, residual bovine DNA would in principle be equally present in all CCM samples that
contained the same amount of FBS. Although the culture medium of PANC10.05 contained
more than 10% FBS (15%), we did not find any noticeable increment in DNA yield in EVs
isolated from PANC10.05 when compared to other cells. Together, these results indicate
that in our experimental settings, the traces of bovine DNA in EV-depleted FBS were not
sufficient to significantly impact the amount of EV-DNA in CCMs.

When comparing EV-DNA isolation strategies, we observed that there were differences
in DNA abundance amongst samples extracted with different methods, agreeable with
the studies performed with other nucleic acids, including EV-RNA [15,16]. Our data
showed that the highest DNA concentrations were obtained using the SeleCTEV Exosomal
DNA kit and the lowest concentrations with phenol–chloroform, suggesting that the
SeleCTEV Exosomal DNA kit may be the method of choice if the highest abundance of
DNA is considered.

In terms of the size distribution of EV-DNA fragments, we showed that the average
sizes of DNA fragments also differed among the analyzed DNA extraction methods, with
the average being ~2000 bp. Both the SeleCTEV Exosomal DNA kit and phenol–chloroform
extractions resulted in the highest average sizes of DNA fragments. However, despite the
high average size of EV-DNA in the case of phenol–chloroform, the efficiency of extraction
was lower, leading to lower quantities of DNA. Thus, only a few of the phenol–chloroform
extracted samples amounted to a concentration high enough to be detected by the fragment
analyzer for sizing evaluation.

The different quantities and sizes of EV-DNA observed in our studies likely resulted
from the potential differences in the extraction methods used. Among the analyzed meth-
ods, apart from phenol–chloroform, the remaining four are based on spin-column technol-
ogy, with two of the kits (SeleCTEV Exosomal DNA Kit and XCF Exosomal DNA Isolation
Kit) being specifically dedicated to exosomal DNA extraction. However, the details dis-
tinguishing them from regular DNA extraction kits are not included in the descriptions
provided by the manufacturers. Both the QIAamp DNA micro kit and the QIAamp DNA
mini kit are based on silica-membrane DNA purification. The main difference between these
two approaches is that the QIAamp DNA micro kit is dedicated to small-volume samples
and includes the addition of carrier RNA, which increases DNA binding to the membrane of
the spin column and subsequently enhances the recovery of DNA. Furthermore, we also ob-
served differences in DNA amounts amongst cell lines (Supplementary Figure S2B), which
is in line with existing reports suggesting a differential abundance of DNA associated with
EVs in various cancer models [12].

Previous studies have shown that DNA in EVs not only covers the entire genome of
parental cells, but also allows identical mutations from the cells they are derived from to
be detected, including clinically relevant mutations such as KRAS mutations in pancreatic
cancer or BRAF in melanoma [11–14,38]. Thus, in order to compare the suitability of the
EV-DNA extracted with all five methods for mutational studies, we analyzed all EV-DNA
samples for the presence of mutations known to be present in their parental cells. Mutation
detection using TaqMan differed among EV-DNA samples extracted with different methods,
with the highest detection rate being observed using the SeleCTEV Exosomal DNA kit
(Exosomics) (95.8%). This result is consistent with the highest DNA concentration and
the largest average DNA size of EV-DNA extracted with this method, both of which are
factors that can directly affect the TaqMan reaction. In addition, consistently with previous
results regarding EV-DNA quantification, respective mutations were detected in less than
60% of samples extracted with phenol–chloroform. qPCR-based amplifications, such as
TaqMan, are highly influenced by the quantity, quality, and purity of DNA samples, and the
low purity of EV-DNA samples extracted with phenol–chloroform could be a reason for
unsuccessful amplification. Phenol–chloroform-based methods use hazardous organic
solvents and may result in the presence of PCR inhibitors such as divalent cations or
proteins, directly affecting TaqMan analysis. On the contrary, column-based DNA isolation
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methods are described to yield DNA samples of higher purity, which could explain the
differences in mutation detection amongst the compared methods.

Further, we verified the applicability of our strategy for the detection of mutations
in EVs derived from the plasma of cancer patients. As pre-analytical steps of plasma
processing can affect EV recovery, we recorded a list of parameters describing sample
collection and processing. Previous studies have suggested that the presence of lipopro-
tein and platelet fragments can interfere with molecular studies of plasma EVs [39–41].
Therefore, although our plasma EV samples were not controlled for the potential presence
of lipoproteins and platelets fragments, we propose that future studies are necessary to
address whether these parameters can impact the study of EV-DNA composition. In order
to extract DNA from isolated plasma EVs, we used the SeleCTEV Exosomal DNA kit, which
had a significant higher DNA yield in CCM-derived EV analysis. It was previously sug-
gested that SeleCTEV’s proprietary peptide improves plasma EV isolation for DNA studies
when compared to ultracentrifugation [20]. Therefore, future research should consider the
potential benefits of using SeleCTEV’s proprietary peptide for improved plasma EV-DNA
studies. Due to the limitation of the plasma samples’ volume availability, a side-by-side
comparison of other DNA extraction methods was not possible in our study. Importantly,
the analysis of EV-DNA from the plasma of cancer patients showed that our workflow
allowed us to detect clinically relevant mutations in those samples, confirming previous
reports on mutation detection in EVs [11,13,14,20].

Along with PCR-based analyses such as TaqMan, one of the most commonly used
methods to study mutations in EV-DNA is sequencing. To assess the suitability of EV-DNA
samples for sequencing, samples were analyzed with a custom NGS panel. Apart from
phenol–chloroform, all the other tested samples were successfully analyzed by NGS, which
is in accordance with our previous results demonstrating that the purity of EV-DNA
extracted with phenol–chloroform can impede their suitability for mutation detection
analyses. In contrast with TaqMan results, which showed that the choice of different DNA
isolation methods resulted in differences in mutation detection, NGS analyses indicated that
EV-DNA extracted with the four tested commercial kits had very similar results regarding
mutation detection and quality parameters. These results show that while SeleCTEV
contributes to the improved analysis of EV-DNA by qPCR, no clear advantages amongst
the four tested commercial kits were observed in our NGS studies. Recent reports have
suggested that this may be due to the high sensitivity of NGS [42].

5. Conclusions

Collectively, our results show that the quantity and quality of EV-DNA can vary
depending on the applied method of extraction and highlight the importance of the stan-
dardization of EV-DNA preparation for improved reproducibility of results. Our work
provides strategic points to consider when preparing EV-DNA samples for downstream
applications, including qPCR and NGS (Table 6). In agreement with previous reports,
we found that EV-DNA reflects the mutational status of parental cells. Therefore, our data
support the use of EV-DNA for the detection of tumor mutations [11–13,17].

Table 6. Strategic points for EV-DNA extraction and quality control for mutational analyses.

Extraction Method DNA Yield DNA Quality (Integrity) Suitability for TaqMan Suitability for NGS

QIAamp DNA Mini Kit ++ ++ ++ +++

QIAamp DNA Micro Kit ++ +++ ++ +++

SeleCTEV Exosomal DNA Kit +++ +++ +++ +++

XCF Exosomal DNA Isolation Kit ++ ++ ++ +++

Phenol–Chloroform + +++ + -

+++—high; ++—medium; +—low; —-not suitable.



Cancers 2022, 14, 3258 16 of 18

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/cancers14133258/s1, Figure S1: Comparison of EV-DNA abundance
between different DNA extraction methods; Figure S2: Comparison of EV-DNA abundance per
particle; Table S1: Number of cells seeded at the initiation of culture for conditioning; Table S2: Cell
lines used as positive and negative controls for TaqMan; Table S3: The clinical characteristics of
patients; Table S4: Technical aspects of patients’ blood sample collection and processing; Table S5: List
of primary and secondary antibodies used for Western blotting; Table S6: Primers and probes
sequences used in TaqMan; Table S7: Customized panel for NGS; Table S8: Comparison of ng of
DNA/mL of media in non-conditioned media and cell conditioned media; Table S9: Coefficients of
variation (CV) calculated for EV-DNA extraction methods; File S1: Original images.

Author Contributions: J.E. designed and performed the experiments. L.B., B.G.-P. and M.V.-U.
performed TaqMan and NGS analyses. B.P.S., J.M. and S.B. contributed with EV sample preparation.
J.T. and M.V. performed protein mass-spectrometry processing and analysis. M.C.S.M., M.Á.M.-V.
and B.C.-S. conceived the project. All authors have read and agreed to the published version of
the manuscript.

Funding: J.E. was supported by grant 765492 from H2020-MSCA-ITN-2017. J.M. was supported
by “Fundação para a Ciência e a Tecnologia” (PD/BD/105866/2014). S.B. was supported by
EMBO Installation Grant 3921. This work was supported by Champalimaud Foundation and grant
LCF/PR/HR19/52160014 from “La Caixa” Foundation.

Institutional Review Board Statement: The study was conducted in accordance with the Decla-
ration of Helsinki and approved by the Institutional Ethics Committee of Quirón Hospitals (ethic
code: 51/2018). Informed consent was obtained from all patients; samples were deidentified for
patient confidentiality.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are available upon request from the
corresponding author.

Acknowledgments: We acknowledge M.J. Almeida and E.M. Tranfield from Electron Microscopy
Facility at Instituto Gulbenkian de Ciência for planning, sample preparation, and data collection of the
transmission electron microscopy images. We also thank Vera Constâncio, Ana Gregorio, and Nuno
Couto for their interest in this work and their support in the final preparation of the manuscript.

Conflicts of Interest: J.E., B.P.S., M.Á.M.-V. and B.C.-S. were members of Innovative Training Network
(ITN), funded under European Commission’s Marie Sklodowska-Curie Programme, which had
Exosomics (manufacturer of SeleCTEV) as one of the participating partners. The other authors report
no conflicts of interest.

References
1. Doyle, L.; Wang, M. Overview of Extracellular Vesicles, Their Origin, Composition, Purpose, and Methods for Exosome Isolation

and Analysis. Cells 2019, 8, 727. [CrossRef] [PubMed]
2. Costa-Silva, B.; Aiello, N.M.; Ocean, A.J.; Singh, S.; Zhang, H.; Thakur, B.K.; Becker, A.; Hoshino, A.; Mark, M.T.; Molina, H.;

et al. Pancreatic cancer exosomes initiate pre-metastatic niche formation in the liver. Nat. Cell Biol. 2015, 17, 816–826. [CrossRef]
[PubMed]

3. Yáñez-Mó, M.; Siljander, P.R.-M.; Andreu, Z.; Bedina Zavec, A.; Borràs, F.E.; Buzas, E.I.; Buzas, K.; Casal, E.; Cappello, F.;
Carvalho, J.; et al. Biological properties of extracellular vesicles and their physiological functions. J. Extracell. Vesicles 2015, 4,
27066. [CrossRef]

4. Kalluri, R.; LeBleu, V.S. The biology, function, and biomedical applications of exosomes. Science 2020, 367, eaau6977. [CrossRef]
5. Fischer, S.; Cornils, K.; Speiseder, T.; Badbaran, A.; Reimer, R.; Indenbirken, D.; Grundhoff, A.; Brunswig-Spickenheier, B.;

Alawi, M.; Lange, C. Indication of Horizontal DNA Gene Transfer by Extracellular Vesicles. PLoS ONE 2016, 11, e0163665.
[CrossRef] [PubMed]

6. Jin, Y.; Chen, K.; Wang, Z.; Wang, Y.; Liu, J.; Lin, L.; Shao, Y.; Gao, L.; Yin, H.; Cui, C.; et al. DNA in serum extracellular vesicles is
stable under different storage conditions. BMC Cancer 2016, 16, 753. [CrossRef]

7. Lázaro-Ibáñez, E.; Sanz-Garcia, A.; Visakorpi, T.; Escobedo-Lucea, C.; Siljander, P.; Ayuso-Sacido, Á.; Yliperttula, M. Different
gDNA content in the subpopulations of prostate cancer extracellular vesicles: Apoptotic bodies, microvesicles, and exosomes.
Prostate 2014, 74, 1379–1390. [CrossRef]

https://www.mdpi.com/article/10.3390/cancers14133258/s1
https://www.mdpi.com/article/10.3390/cancers14133258/s1
http://doi.org/10.3390/cells8070727
http://www.ncbi.nlm.nih.gov/pubmed/31311206
http://doi.org/10.1038/ncb3169
http://www.ncbi.nlm.nih.gov/pubmed/25985394
http://doi.org/10.3402/jev.v4.27066
http://doi.org/10.1126/science.aau6977
http://doi.org/10.1371/journal.pone.0163665
http://www.ncbi.nlm.nih.gov/pubmed/27684368
http://doi.org/10.1186/s12885-016-2783-2
http://doi.org/10.1002/pros.22853


Cancers 2022, 14, 3258 17 of 18

8. Takahashi, A.; Okada, R.; Nagao, K.; Kawamata, Y.; Hanyu, A.; Yoshimoto, S.; Takasugi, M.; Watanabe, S.; Kanemaki, M.T.;
Obuse, C.; et al. Exosomes maintain cellular homeostasis by excreting harmful DNA from cells. Nat. Commun. 2017, 8, 15287.
[CrossRef]

9. Torralba, D.; Baixauli, F.; Villarroya-Beltri, C.; Fernández-Delgado, I.; Latorre-Pellicer, A.; Acín-Pérez, R.; Martín-Cófreces, N.B.;
Jaso-Tamame, Á.L.; Iborra, S.; Jorge, I.; et al. Priming of dendritic cells by DNA-containing extracellular vesicles from activated T
cells through antigen-driven contacts. Nat. Commun. 2018, 9, 2658. [CrossRef]

10. Vagner, T.; Spinelli, C.; Minciacchi, V.R.; Balaj, L.; Zandian, M.; Conley, A.; Zijlstra, A.; Freeman, M.R.; Demichelis, F.; De, S.; et al.
Large extracellular vesicles carry most of the tumour DNA circulating in prostate cancer patient plasma. J. Extracell. Vesicles 2018,
7, 1505403. [CrossRef]

11. Kahlert, C.; Melo, S.; Protopopov, A.; Tang, J.; Seth, S.; Koch, M.; Zhang, J.; Weitz, J.; Chin, L.; Futreal, A.; et al. Identification
of Double-stranded Genomic DNA Spanning All Chromosomes with Mutated KRAS and p53 DNA in the Serum Exosomes of
Patients with Pancreatic Cancer. J. Biol. Chem. 2014, 289, 3869–3875. [CrossRef] [PubMed]

12. Thakur, B.K.; Zhang, H.; Becker, A.; Matei, I.; Huang, Y.; Costa-Silva, B.; Zheng, Y.; Hoshino, A.; Brazier, H.; Xiang, J.; et al.
Double-stranded DNA in exosomes: A novel biomarker in cancer detection. Cell Res. 2014, 24, 766–769. [CrossRef] [PubMed]

13. Allenson, K.; Castillo, J.; Lucas, F.A.S.; Scelo, G.; Kim, D.U.; Bernard, V.; Davis, G.; Kumar, T.; Katz, M.; Overman, M.J.; et al. High
prevalence of mutantKRAS in circulating exosome-derived DNA from early-stage pancreatic cancer patients. Ann. Oncol. 2017,
28, 741–747. [CrossRef]

14. Yang, S.; Che, S.P.Y.; Kurywchak, P.; Tavormina, J.L.; Gansmo, L.B.; de Sampaio, P.C.; Tachezy, M.; Bockhorn, M.; Gebauer, F.;
Haltom, A.R.; et al. Detection of mutant KRAS and TP53 DNA in circulating exosomes from healthy individuals and patients
with pancreatic cancer. Cancer Biol. Ther. 2017, 18, 158–165. [CrossRef]

15. García, G.G.; García, G.G.; Soto, J.Z.; Medina, A.I.; Rotzinger-Rodríguez, M.; Aguilar, G.A.C.; Pacheco, C.P.L.; Aguayo, Á.;
Aguilar-Hernandez, M.M. Analysis of RNA yield in extracellular vesicles isolated by membrane affinity column and differential
ultracentrifugation. PLoS ONE 2020, 15, e0238545. [CrossRef]

16. Prendergast, E.N.; de Souza Fonseca, M.A.; Dezem, F.S.; Lester, J.; Karlan, B.Y.; Noushmehr, H.; Lin, X.; Lawrenson, K. Optimizing
exosomal RNA isolation for RNA-Seq analyses of archival sera specimens. PLoS ONE 2018, 13, e0196913. [CrossRef] [PubMed]

17. Klump, J.; Phillipp, U.; Follo, M.; Eremin, A.; Lehmann, H.; Nestel, S.; von Bubnoff, N.; Nazarenko, I. Extracellular vesicles or free
circulating DNA: Where to search for BRAF and cKIT mutations? Nanomed. Nanotechnol. Biol. Med. 2018, 14, 875–882. [CrossRef]

18. Fernando, M.R.; Jiang, C.; Krzyzanowski, G.D.; Ryan, W.L. New evidence that a large proportion of human blood plasma cell-free
DNA is localized in exosomes. PLoS ONE 2017, 12, e0183915. [CrossRef]

19. Svennerholm, K.; Rodsand, P.; Hellman, U.; Waldenström, A.; Lundholm, M.; Ahrén, D.; Biber, B.; Ronquist, G.; Haney, M. DNA
Content in Extracellular Vesicles Isolated from Porcine Coronary Venous Blood Directly after Myocardial Ischemic Preconditioning.
PLoS ONE 2016, 11, e0159105. [CrossRef]

20. Zocco, D.; Bernardi, S.; Novelli, M.; Astrua, C.; Fava, P.; Zarovni, N.; Carpi, F.M.; Bianciardi, L.; Malavenda, O.; Quaglino, P.; et al.
Isolation of extracellular vesicles improves the detection of mutant DNA from plasma of metastatic melanoma patients. Sci. Rep.
2020, 10, 15745. [CrossRef]

21. Cai, J.; Han, Y.; Ren, H.; Chen, C.; He, D.; Zhou, L.; Eisner, G.M.; Asico, L.D.; Jose, P.A.; Zeng, C. Extracellular vesicle-mediated
transfer of donor genomic DNA to recipient cells is a novel mechanism for genetic influence between cells. J. Mol. Cell Biol. 2013,
5, 227–238. [CrossRef] [PubMed]

22. Tong, M.; Johansson, C.; Xiao, F.; Stone, P.R.; James, J.L.; Chen, Q.; Cree, L.M.; Chamley, L.W. Antiphospholipid antibodies
increase the levels of mitochondrial DNA in placental extracellular vesicles: Alarmin-g for preeclampsia. Sci Rep. 2017, 7, 16556.
[CrossRef] [PubMed]

23. Németh, A.; Orgovan, N.; Sódar, B.W.; Osteikoetxea, X.; Pálóczi, K.; Szabó-Taylor, K.; Vukman, K.V.; Kittel, Á.; Turiák, L.;
Wiener, Z.; et al. Antibiotic-induced release of small extracellular vesicles (exosomes) with surface-associated DNA. Sci. Rep.
2017, 7, 8202. [CrossRef]

24. Yokoi, A.; Villar-Prados, A.; Oliphint, P.A.; Zhang, J.; Song, X.; De Hoff, P.; Morey, R.; Liu, J.; Roszik, J.; Clise-Dwyer, K.; et al.
Mechanisms of nuclear content loading to exosomes. Sci Adv. 2019, 5, eaax8849. [CrossRef]

25. Montermini, L.; Meehan, B.; Garnier, D.; Lee, W.J.; Lee, T.H.; Guha, A.; Al-Nedawi, K.; Rak, J. Inhibition of oncogenic epidermal
growth factor receptor kinase triggers release of exosome-like extracellular vesicles and impacts their phosphoprotein and DNA
content. J. Biol. Chem. 2015, 290, 24534–24546. [CrossRef] [PubMed]

26. Maia, J.; Otake, A.H.; Poças, J.; Carvalho, A.S.; Beck, H.C.; Magalhães, A.; Matthiesen, R.; Moraes, M.C.S.; Costa-Silva, B.
Transcriptome Reprogramming of CD11b+ Bone Marrow Cells by Pancreatic Cancer Extracellular Vesicles. Front. Cell Dev. Biol.
2020, 8, 592518. [CrossRef] [PubMed]

27. Ferreira, N.; Marques, A.; Águas, H.; Bandarenka, H.; Martins, R.; Bodo, C.; Costa-Silva, B.; Fortunato, E. Label-Free Nanosensing
Platform for Breast Cancer Exosome Profiling. ACS Sens. 2019, 4, 2073–2083. [CrossRef]

28. Talman, V.; Teppo, J.; Pöhö, P.; Movahedi, P.; Vaikkinen, A.; Karhu, S.T.; Trošt, K.; Suvitaival, T.; Heikkonen, J.; Pahikkala, T.; et al.
Molecular Atlas of Postnatal Mouse Heart Development. J. Am. Heart Assoc. 2018, 7, e010378. [CrossRef]

29. Gonzalez-Cao, M.; Casas, C.M.D.L.; Ariza, N.J.; Manzano, J.L.; Molina-Vila, M.; Soriano, V.; Puertolas, T.; Balada, A.; Soria, A.;
Majem, M.; et al. Early evolution of BRAFV600 status in the blood of melanoma patients correlates with clinical outcome and
identifies patients refractory to therapy. Melanoma Res. 2018, 28, 195–203. [CrossRef]

http://doi.org/10.1038/ncomms15287
http://doi.org/10.1038/s41467-018-05077-9
http://doi.org/10.1080/20013078.2018.1505403
http://doi.org/10.1074/jbc.C113.532267
http://www.ncbi.nlm.nih.gov/pubmed/24398677
http://doi.org/10.1038/cr.2014.44
http://www.ncbi.nlm.nih.gov/pubmed/24710597
http://doi.org/10.1093/annonc/mdx004
http://doi.org/10.1080/15384047.2017.1281499
http://doi.org/10.1371/journal.pone.0238545
http://doi.org/10.1371/journal.pone.0196913
http://www.ncbi.nlm.nih.gov/pubmed/29738525
http://doi.org/10.1016/j.nano.2017.12.009
http://doi.org/10.1371/journal.pone.0183915
http://doi.org/10.1371/journal.pone.0159105
http://doi.org/10.1038/s41598-020-72834-6
http://doi.org/10.1093/jmcb/mjt011
http://www.ncbi.nlm.nih.gov/pubmed/23580760
http://doi.org/10.1038/s41598-017-16448-5
http://www.ncbi.nlm.nih.gov/pubmed/29185455
http://doi.org/10.1038/s41598-017-08392-1
http://doi.org/10.1126/sciadv.aax8849
http://doi.org/10.1074/jbc.M115.679217
http://www.ncbi.nlm.nih.gov/pubmed/26272609
http://doi.org/10.3389/fcell.2020.592518
http://www.ncbi.nlm.nih.gov/pubmed/33330473
http://doi.org/10.1021/acssensors.9b00760
http://doi.org/10.1161/JAHA.118.010378
http://doi.org/10.1097/CMR.0000000000000432


Cancers 2022, 14, 3258 18 of 18

30. Mayo-De-Las-Casas, C.; Jordana-Ariza, N.; Garzón-Ibañez, M.; Balada-Bel, A.; Bertrán-Alamillo, J.; Viteri-Ramírez, S.; Reguart, N.;
Muñoz-Quintana, M.A.; Lianes-Barragan, P.; Camps, C.; et al. Large scale, prospective screening of EGFR mutations in the blood
of advanced NSCLC patients to guide treatment decisions. Ann. Oncol. 2017, 28, 2248–2255. [CrossRef]

31. Villatoro, S.; Mayo-De-Las-Casas, C.; Jordana-Ariza, N.; Viteri-Ramírez, S.; Garzón-Ibañez, M.; Moya-Horno, I.; García-Peláez, B.;
González-Cao, M.; Malapelle, U.; Balada-Bel, A.; et al. Prospective detection of mutations in cerebrospinal fluid, pleural effusion,
and ascites of advanced cancer patients to guide treatment decisions. Mol. Oncol. 2019, 13, 2633–2645. [CrossRef] [PubMed]

32. Hoshino, A.; Kim, H.S.; Bojmar, L.; Gyan, K.E.; Cioffi, M.; Hernandez, J.; Zambirinis, C.P.; Rodrigues, G.; Molina, H.;
Heissel, S.; et al. Extracellular vesicle and particle biomarkers define multiple human cancers. Cell 2020, 182, 1044–1061. [CrossRef]
[PubMed]

33. Horlitz, M.; Lucas, A.; Sprenger-Haussels, M. Optimized Quantification of Fragmented, Free Circulating DNA in Human Blood
Plasma Using a Calibrated Duplex Real-Time PCR. PLoS ONE 2009, 4, e7207. [CrossRef] [PubMed]

34. Théry, C.; Witwer, K.W.; Aikawa, E.; Alcaraz, M.J.; Anderson, J.D.; Andriantsitohaina, R.; Antoniou, A.; Arab, T.; Archer, F.;
Atkin-Smith, G.K.; et al. Minimal information for studies of extracellular vesicles 2018 (MISEV2018): A position statement of the
International Society for Extracellular Vesicles and update of the MISEV2014 guidelines. J. Extracell. Vesicles 2018, 7, 1535750.
[CrossRef] [PubMed]

35. Gallagher, S.R. Quantitation of DNA and RNA with Absorption and Fluorescence Spectroscopy. Curr. Protoc. Neurosci. 2011, 56,
A.1K.1–A.1K.14. [CrossRef]

36. Lee, T.H.; Chennakrishnaiah, S.; Audemard, E.; Montermini, L.; Meehan, B.; Rak, J. Oncogenic ras-driven cancer cell vesiculation
leads to emission of double-stranded DNA capable of interacting with target cells. Biochem. Biophys. Res. Commun. 2014, 451,
295–301. [CrossRef] [PubMed]

37. Lehrich, B.M.; Liang, Y.; Fiandaca, M.S. Foetal bovine serum influence on in vitro extracellular vesicle analyses. J. Extracell.
Vesicles 2021, 10, e12061. [CrossRef]

38. Lucas, F.A.S.; Allenson, K.; Bernard, V.; Castillo, J.; Kim, D.U.; Ellis, K.; Ehli, E.A.; Davies, G.E.; Petersen, J.L.; Li, D.; et al.
Minimally invasive genomic and transcriptomic profiling of visceral cancers by next-generation sequencing of circulating
exosomes. Ann. Oncol. 2015, 27, 635–641. [CrossRef]

39. Mitchell, A.J.; Gray, W.D.; Hayek, S.S.; Ko, Y.-A.; Thomas, S.; Rooney, K.; Awad, M.; Roback, J.D.; Quyyumi, A.; Searles, C.D.
Platelets confound the measurement of extracellular miRNA in archived plasma. Sci. Rep. 2016, 6, 32651. [CrossRef]

40. Muller, L.; Hong, C.-S.; Stolz, D.B.; Watkins, S.C.; Whiteside, T.L. Isolation of biologically-active exosomes from human plasma.
J. Immunol. Methods 2014, 411, 55–65. [CrossRef]

41. Cheng, H.H.; Yi, H.S.; Kim, Y.; Kroh, E.M.; Chien, J.W.; Eaton, K.D.; Goodman, M.T.; Tait, J.F.; Tewari, M.; Pritchard, C.C. Plasma
Processing Conditions Substantially Influence Circulating microRNA Biomarker Levels. PLoS ONE 2013, 8, e64795. [CrossRef]
[PubMed]

42. Legras, A.; Barritault, M.; Tallet, A.; Fabre, E.; Guyard, A.; Rance, B.; Digan, W.; Pecuchet, N.; Giroux-Leprieur, E.; Julie, C.; et al.
Validity of Targeted Next-Generation Sequencing in Routine Care for Identifying Clinically Relevant Molecular Profiles in
Non–Small-Cell Lung Cancer. J. Mol. Diagn. 2018, 20, 550–564. [CrossRef] [PubMed]

http://doi.org/10.1093/annonc/mdx288
http://doi.org/10.1002/1878-0261.12574
http://www.ncbi.nlm.nih.gov/pubmed/31529604
http://doi.org/10.1016/j.cell.2020.07.009
http://www.ncbi.nlm.nih.gov/pubmed/32795414
http://doi.org/10.1371/journal.pone.0007207
http://www.ncbi.nlm.nih.gov/pubmed/19784371
http://doi.org/10.1080/20013078.2018.1535750
http://www.ncbi.nlm.nih.gov/pubmed/30637094
http://doi.org/10.1002/0471142301.nsa01ks56
http://doi.org/10.1016/j.bbrc.2014.07.109
http://www.ncbi.nlm.nih.gov/pubmed/25086355
http://doi.org/10.1002/jev2.12061
http://doi.org/10.1093/annonc/mdv604
http://doi.org/10.1038/srep32651
http://doi.org/10.1016/j.jim.2014.06.007
http://doi.org/10.1371/journal.pone.0064795
http://www.ncbi.nlm.nih.gov/pubmed/23762257
http://doi.org/10.1016/j.jmoldx.2018.04.002
http://www.ncbi.nlm.nih.gov/pubmed/29787863

	Introduction 
	Materials and Methods 
	Preparation of Conditioned Cell Culture Media—Cell Lines and Cell Culture 
	Plasma Samples and Ethics Statement 
	Extracellular Vesicle Isolation and Characterization 
	EV Isolation by Ultracentrifugation 
	Nanoparticle Tracking Analysis (NTA) 
	Protein Quantification 
	Western Blotting 
	Transmission Electron Microscopy 

	Mass Spectrometry 
	DNA Extraction 
	DNA Quantification and Quality Analysis 
	Qubit Fluorometer 3.0 
	Fragment Analyzer 

	DNA Mutational Analysis 
	PNA-Q-PCR (TaqMan) for Mutation Testing 
	NGS for Mutation Testing 

	Statistical Analysis 

	Results 
	Characterization of EVs Isolated from Conditioned Media 
	Preparation of EV-DNA for Mutational Analyses 
	Comparison of EV-DNA Extraction Methods 
	Assessment of KRAS and EGFR Mutations in EV-DNA and gDNA by TaqMan 
	Mutation Detection in EV-DNA by NGS 

	Plasma EV-DNA Mutation Detection by TaqMan 

	Discussion 
	Conclusions 
	References

