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Small extracellular vesicles (sEV) are a class of extracellular vesicles

(30–150nm), delivering molecules including proteins, metabolites, and

microRNAs (miRNAs), involved in physiological intercellular crosstalk and

disease pathogenesis. The present pilot study aims are (I) to develop an

easy and fast protocol for the isolation of sEV from plasma of mast cell

tumor (MCT)-a�ected dogs; (II) to evaluate if miR-21-5p (sEV-miR-21-5p),

a miRNA overexpressed by MCT, is associated with sEV. Seventeen dogs

have been enrolled in the study: 4 healthy and 13 (6 with and 7 without

nodal metastasis) MCT-a�ected dogs. sEV were isolated using size exclusion

chromatography (SEC) (IZON column 35nm) and were characterized by

Western blot, Nanoparticle tracking analysis, and transmission electron

microscopy. sEV-miR-21-5p was quantified using digital PCR. sEV expressed

the specific markers CD9 and TSG101, and a marker of mast cell tryptase.

The sEV mean concentration and size were 2.68E + 10 particles/ml, and

99.6 nm, 2.89E+ 10 particles/ml and 101.7 nm, and 3.21E+ 10 particles/ml and

124nm in non-metastatic, nodal metastatic, and healthy samples, respectively.

The comparative analysis demonstrated that the level of sEV-miR-21-5p

was significantly higher in dogs with nodal metastasis compared to healthy

(P = 0.038) and without nodal metastasis samples (P = 0.007). In conclusion,

the present work demonstrated that a pure population of sEV can be isolated

from the plasma of MCT-a�ected dogs using the SEC approach and that

the level of sEV-miR-21-5p is higher in nodal metastatic MCT-a�ected dogs

compared with healthy and MCT-a�ected dogs without nodal involvement.
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Introduction

Canine mast cell tumor (MCT) is one of the most frequent

malignant tumors in dogs representing around 17.8% of

cutaneous neoplasms (1, 2). Although adequate local therapy

alone is sufficient in the treatment of most cases, there is a

subset of dogs that develops recurrence and metastatic disease

(3–5). The histological grade of the primary mass is the

most commonly used parameter for predicting the biological

behavior of the tumor (6, 7) in association with staging

status. In particular, a histological classification system that

standardizes the evaluation of lymph node MCT-metastasis has

been described (8). Lymph nodes of MCT-affected dogs are

classified into four different classes with a correlation to the

clinical outcome (8) but the specific assessment of the metastatic

potential or disease to properly calibrate therapy and predict

the prognosis is still challenging (9). Furthermore, the timing of

follow-up or restaging in treated patients with the predictable

minimal residual disease is anecdotal and may benefit from

future improvements to control tumor recurrence.

Extracellular vesicles (EVs) are particles released by all cell

types in normal and pathological conditions (10) and are present

in different body fluids, including plasma, urine, milk, sweat,

tears, saliva, and cerebrospinal fluid (11). They are involved in

cell-to-cell communication by carrying small and long RNAs,

proteins, lipids, metabolites, and DNA fragments, which can

induce phenotypic reprogramming of recipient cells (12, 13).

EVs are classified into three main subtypes identified by the

biogenesis pathway: Small extracellular vesicles (sEV) (30–

120 nm), microvesicles (100–1,000 nm), and apoptotic bodies

(800 to 5,000 nm) (10). It is reported that tumor cells

communicate with each other and with surrounding cells,

like immune cells, fibroblasts, and endothelial cells, through

EVs, which thus play a crucial role in all steps of tumor

progression (14). Tumor EVs can reprogram a recipient cell

inducing a tumor-promoting phenotype and modifying the

microenvironment cells to support tumor growth, survival,

local invasion, metastasis, and also to sustain angiogenesis,

resistance to cell death, evasion from the immune response,

reprogramming of cellular metabolism, and the drug resistance

(15). sEV deliver molecules that reflect the parental features

and molecules specific to the disorders and diseases, including

cancers, pointing out their potential as targets for liquid biopsies

for early diagnosis, prognosis, cancer staging and patient follow-

up (16).

MicroRNAs (miRNAs) are small non-coding RNAs involved

in cellular processes epigenetically modulating the mRNA

transcription in different pathophysiological disorders (17,

18). miRNAs could circulate free in the plasma or can be

delivered by EV and the sEV cargoes have engendered huge

interest for clinical application as diagnostic biomarkers and

therapeutic cargo carriers (19, 20). Deregulation in miRNAs

expression correlates with various cancers by acting either as

tumor suppressors or oncogenes. Their potential as predictive

biomarkers to diagnose and predict cancer stages in human and

veterinary medicine has been reported (21–25).

The miRNAs profile of canine MCT has been previously

characterized in formalin-fixed paraffin-embedded samples

pointing out that a panel of three miRNAs, miR-21-5p, miR-

379, and miR-885, have a good efficiency in discriminating

healthy and MCT affected dogs, and MCT affected dogs with

and without nodal metastasis, suggesting an epigenetic role in

tumor progression (26). Recently, miR-21-5p has been identified

as a potential biomarker in the saliva of MCT-affected dogs

(27). No data on plasma circulating miR-21-5p in MCT-

affected dogs have been reported so far. Several studies have

been conducted in veterinary oncology to investigate the sEV

cargo and their role in tumors (28–32), but only one study

investigated the concentration of EVs in the blood of MCT-

affected dogs with different histological grades (33). Based on

the above considerations, this pilot study aimed at evaluating

the expression of miR-21-5p in the plasma of dogs affected

by cutaneous MCT to confirm the ability of miR-21-5p to

be associated with sEV and investigate whether the stage and

consequently the prognosis of the disease are correlated to the

sEV-mi-R-21-5p level supporting its potential as a biomarker for

canine MCT.

Materials and methods

Samples selection

Seventeen plasma samples were collected from 4 healthy and

13 cutaneous MCT-affected (7 non-metastatic and 6 with nodal

metastasis) client-owned dogs (Supplementary Table 1) referred

to the University Veterinary Teaching Hospital of the University

of Milan. Owners signed written consent for the procedure. All

experimental procedures were reviewed and approved by the

Ethics Committee of the University of Milano (approval number

118/19). Patients were recruited after written owner consent. All

experiments were performed following the relevant guidelines

and regulations.

In theMCT group, dogs with a cytological diagnosis ofMCT,

that were preoperatively staged negative for distant metastases

(34) and underwent wide margins surgical excision of the

MCT and biopsy of the sentinel lymph node(s) (SLN), without

any medical treatment for at least 14 days before surgery,

were included (35, 36). Histopathology was performed on both

primary tumor and SLN samples as previously reported (27).

The MCTs were grouped based on SLN involvement in two

classes: non-metastatic/pre-metastatic (HN0-1 class) and early-

metastatic/overt-metastatic (HN2-3 class) (8). In the case of a

biopsy of more than one SLN in the same dog, the major class

of metastasis was considered. For the healthy group, randomly

selected dogs among those admitted for routine annual clinical
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examination and vaccination were included, without either

MCT or any other oncological or systemic diseases, and in which

clinicians decided to collect the peripheral blood sample for

check-up analysis. Blood samples were collected immediately

before surgery into Monovette EDTA tubes (Sarstedt Company,

Nümbrecht, Germany) and centrifuged at 800 × g for 15min.

Plasma was stored at−80◦C until use.

Extracellular vesicles isolation

Extracellular Vesicles (EVs) were purified from 0.5ml of

plasma by Size Exclusion Chromatography (SEC) using the qEV

original – 35 nm columns (IZON, Cat. qEVoriginal 35 nm). The

sample was depleted of cell debris by a series of centrifugations

at 1,000, 2,000, 3,000 x g for 15min at 4◦C. Samples were loaded

into the qEV column and the EVs isolation was performed

following the manufacturer’s procedure. Briefly, after sample

loading, the first 3.0ml were discarded and the next three

fractions (0.5ml each) containing the EVs were collected. The

column equilibration and the fractions’ elution were carried

out using sterile three times-filtered (0.22µm) Ammonium

Bicarbonate buffer 20mM pH 7.5.

The protein concentration was assessed using the PierceTM

BCA Protein Assay kit (Thermo Fisher Scientific, Cat. No.

23225) following the manufacturer’s procedure. Blue Coomassie

staining was performed to evaluate the depletion of plasmatic

proteins. Four micrograms of total protein of each fraction and

1 µl of whole plasma were loaded on a 12% SDS-polyacrylamide

gel and stained with Blue Coomassie. The bands were visualized

after a destining step with a solution of 30% methanol and 10%

acetic acid.

Western blot analysis

Western blot analysis was performed to assess the

presence of EV and mast cell markers in the purified

samples. Four µg of total proteins were loaded. Following

SDS PAGE, proteins were transferred to nitrocellulose

membranes using Trans-Blot Turbo Midi 0.2µmNitrocellulose

Transfer Packs (Biorad, Cat. No. 1704159) on the Trans-

Blot Turbo Transfer System (Biorad). The membrane was

blocked for 1 h with ROTI
R©
Block 1X (Carlroth, Cat.

No. A151.1), incubated with primary antibodies anti-CD9

(Biorad, MCA469GT, 1:1,500), or anti-mast cell tryptase

(Dako, M7052, 1:1,000) overnight at 4◦C and then with

the secondary antibody polyclonal anti-mouse peroxidase

(Dako, P0260, 1:2,000) for 1h at room temperature; or

with the primary antibody anti-TSG101 (Abcam, ab225877,

1:2,000) overnight at 4◦C and secondary antibody polyclonal

anti-rabbit peroxidase (Vector, PI-1000, 1:3,000) for

1 h at room temperature. Immunoreactive bands were

visualized by enhanced chemiluminescence (Millipore, Cat.

No. WBKLS0050).

Electron microscopy and nanoparticle
tracking analysis

To assess themorphology, EVwere visualized using negative

staining by TEM. Few microliters of samples were absorbed on

glow-discharged carbon-coated formvar copper grids contrasted

with 2% uranyl acetate, air-dried, and observed in an FEI

Talos 120 kV transmission electron microscope (FEI Company,

Netherlands). Images of EV were acquired by a 4k × 4K Ceta

CMOS camera.

The size and concentration of EVs were assessed using

the NanoSight NS300 (Malvern Panalytical). The samples were

diluted 50 or 100 times using fresh three-times filtered PBS

(0.22µm). Particles were visualized and analyzed by the NTA

3.3 Dev Build 3.3.301 software. The instrument set up was to

operate at 22◦C, syringe pump speed 30AU, and for each sample

were recorded 5 videos of 60 s each; results were the mean of the

5 measurements.

EVs miRNA extraction and reverse
transcription

Small RNAs were extracted using microRNA concentrator

kit (A&A Biotechnology, Cat. No 035-25) following the

manufacturers’ instructions. Since the EV with the size ranged

in the expected size of sEV were eluted in fractions 2

and 3, only these fractions were included in the analysis.

The Caenorhabditis elegans miRNA cel-miR-39 (25 fmol final

concentration) (Qiagen, Cat. No 219610) was selected as

a synthetic spike-in control because of a lack of sequence

homology to canine miRNAs. The quantifications of RNA

were determined using a NanoDropTM Lite Spectrophotometer

(Thermo Fisher Scientific).

Reverse transcription was performed on 16 ng of RNA of

each sample using TaqMan Advanced miRNA cDNA Synthesis

KIT (Cat. No A28007, Applied Biosystems), following the

manufacturer’s instructions.

To check extraction and retrotranscription reactions, the

spike-in cel-miR-39 was quantified by qPCR following theMIQE

Guidelines (37). The quantitative reaction was performed in

duplicate with a reaction volume of 15µl on CFX Connect Real-

Time PCRDetection System (Biorad) using 7.5µl of 2X TaqMan

Fast AdvancedMasterMix (Cat. No 4444557), 0.75µl of 20x cel-

miR-39 probe (assay ID 478293_mir), 1 µl of cDNA diluted in

sterile water to reach the final volume. The thermal profile was

50◦C for 2min, 95◦C for 3min, and 40 cycles of 95◦C for 15 s

and 60◦C for 40 s.
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Digital PCR (dPCR)

Digital PCR was carried out on the QuantStudioTM 3D

Digital PCR Instrument (Thermo Fisher Scientific). The reaction

volume of 16 µl included 2 µl of cDNA, 8 µl of QuantStudioTM

3D Digital PCR Master Mix v2 (Thermo Fisher Scientific,

Cat. No A26359), 0.8 µl of the rno-miR-21-5p (assay ID

rno481342_mir) (20x), and 5.2 µl of nuclease-free water.

Reaction tubes were gently vortexed and 15µl of the product was

loaded into the QuantStudio 3D Digital PCR Chip v2 (Thermo

Fisher Scientific, Cat. No A26317). The thermal cycling profile

was as follows: 96◦C for 10min, 40 cycles at 60◦C for 80 s and

98◦C for 30 s, and 60◦C for 2min. Quantification was performed

using the QuantStudio 3D AnalysisSuite (Thermo Fisher Cloud)

after setting the same threshold for all the samples. Data are

presented as copy numbers/µl.

Statistical analysis

XLStat software for Windows (Addinsoft, New York, USA)

was used to perform the statistical analysis. The non-parametric

Kruskal-Wallis and post-hoc Dunn test for multiple pairwise

comparisons was applied as data were not normally distributed

according to the Shapiro-Wilk test. Statistical significance was

accepted at P ≤ 0.05. The area under the curve (AUC),

confidence interval, sensitivity, and specificity were analyzed by

a receiver operating characteristic (ROC) curve.

Results

EVs isolation and characterization

The concentration and size of the EVs were assessed by

Nanosight (Figures 1A–C). The median concentration of the

EVs in non-metastatic/pre-metastatic (HN0-1) MCT samples

was 2.69E+10 particles/ml (min = 1.37E+10 particles/ml; max

= 3.98E+10 particles/ml), in early-metastatic/overt-metastatic

(HN2-3) MCT samples was 2.03E+10particles/ml (min =

8.95E+09 particles/ml; max = 5.95E+10 particles/ml), and in

healthy samples was 2.32E+10 particles/ml (min = 2.07E+10

particles/ml; max = 6.13E+10 particles/ml). Most of EVs

were in the expected morphological sEV range, with a modal

size of 99.6 nm (min = 66.6 nm; max = 124.5 nm) in non-

metastatic/pre-metastatic (HN0-1) MCTs, 101.7 nm (min =

90 nm; max = 108.3 nm) in early-metastatic/overt-metastatic

(HN2-3) and 124 nm (min = 110.4 nm; max = 143.8 nm)

in healthy samples. No significant differences were detected

between healthy, HN0-1, and HN2-3 classes in terms of vesicle

concentration and size.

The protein concentration means were 266.7µg/mL

± 125.3µg/mL Standard Deviation (SD), 369,7µg/mL ±

130.7µg/mL SD, and 514.4µg/mL ± 99µg/mL SD in HN0-1,

HN2-3 and healthy dogs. Comparing the protein profiles of

fractions obtained by SEC isolation and whole plasma using

blue Coomassie staining, the result highlighted that SEC

depleted the most abundant plasmatic proteins (Figure 1D).

The EVs markers protein CD9 and TSG101, and the mast cell

marker tryptase were evaluated by immunoblot analysis; the

bands with the expected Molecular Weight were visualized

in all tested samples and the positive control (Figure 1E).

Transmission electron microscopy showed that sEV exhibited

the expected round vesicular membranes 30–150 nm in

diameter and the ultrastructure of sEV-like vesicles (Figure 1F;

Supplementary Figure 1).

A high level of miR-21-5p is associated
with sEV of metastatic MCT-a�ected
dogs

Small RNA was isolated and reverse-transcripted cDNA was

obtained from all samples included in the study. The synthetic

spike cel-miR-39 was detected in all samples at the expected

Cq (23 ≤ Cq ≤ 25) confirming the success of extraction and

retrotranscription steps.

The comparative analysis demonstrated that the level of

sEV-miR-21-5p was significantly higher in nodal metastatic

MCT-affected dogs (HN2/3; mean: 3.12 copies/µL; min:0.12

copies/µL; max: 14.15 copies/µL) compared to healthy (mean:

0.11 copies/µL; min:0 copies/µL; max: 0.28 copies/µL; P =

0.038) and non-metastatic (HN0/1) (mean: 0.09 copies/µL;

min: 0 copies/µL; max: 0.27 copies/µL; P = 0.007) MCT

derived plasma samples (Figure 2A). No statistical differences

were found between healthy and non-metastatic MCT

plasma samples.

The ability of sEV-miR-21-5p to discriminate the metastatic

patients was defined as “diagnostic accuracy”. It was measured

by the area under the curve (AUC). sEV-miR-21-5p proved

to be efficient in discriminating between metastatic and non-

metastatic dogs (AUC = 0.9286; 95% CI = 0.9286–0.9286)

(Figure 2B). Setting the cut-off at 0.2697, the sensitivity

was 100% and the specificity was 83.33%. sEV-miR-21-

5p can efficiently discriminate between metastatic and

healthy dogs (AUC = 0.9167; 95% CI = 0.9167–0.9167)

(Supplementary Figure 2), and setting the cut-off at 0.2848 the

sensitivity was 100% and the specificity was 80%.

Discussion

Several studies in human medicine have tried to

identify novel diagnostic and prognostic biomarkers for

the management of cancer patients 11, (38–41). New

kinds of biomarkers with performant sensitivity and
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FIGURE 1

Characterization of extracellular vesicles (EVs) isolated by Size Exclusion Chromatography (SEC) from plasma of dogs. Nanoparticle tracking

analysis of EVs from (A) non-metastatic/pre-metastatic (HN0-1) MCT. (B) Early-metastatic/overt-metastatic (HN2-3) MCT and (C) healthy

sample. (D) Blue Coomassie staining of the three SEC fractions and the whole plasma. (E) sEV were loaded onto separate lanes, subjected to

SDS PAGE, and transferred to nitrocellulose membranes; the immunoreactivity was detected with mouse anti-human CD9, rabbit anti-human

TSG101, and mouse anti-human mast cell tryptase using ECL detection. (F) Transmission electron microscopy of the sEVpurified from plasma of

dogs with MCT by SEC with a lower (200nm) and a higher (500nm) magnification.

FIGURE 2

Quantification of sEV-miR-21-5p and evaluation of its ability to discriminate the metastatic patients. (A) Box plot of sEV-miR-21-5p in healthy

and MCT-a�ected dogs without (HN0-1) or with (HN2-3) nodal metastasis. (B) Performance of sEV-miR-21-5p as a candidate biomarker for

discriminating MCT-a�ected dogs without (HN0-1) or with (HN2-3) nodal metastasis. Receiver-operator characteristic (ROC) curve analysis.

AUC, area under the curve.

specificity are required to assess the same in veterinary

medicine, especially for high-incidence cancer diseases.

To the best of our knowledge, this is the first report

dealing with the plasma concentration of sEV-miR-21-5p

in MCT-affected dogs.

sEV are continuously released and cumulated in biological

fluids (11), acquiring fame as important targets for liquid

biopsy. A protocol for the isolation, quantification, and

characterization of plasmatic sEV of dogs with MCT, depleted

from the most abundant plasmatic proteins, was assessed.
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Plasma EVs structures were observed under transmission

electron microscopy, confirming the presence of particles

in the range of 30–120 nm, which is consistent with sEV

morphology and the integrity of their membrane (42, 43). The

positivity in WB detection of sEV markers (CD9, TSG101)

was in agreement with previous reports (44). Moreover, the

positivity of samples to tryptase indicated that mast cells

may secrete sEV into the bloodstream influencing target

cell behavior. The EVs released specifically by human mast

cells during systemic mastocytosis play a role in the disease

influencing different organs (45). The development of a good

and standardized protocol for the isolation of canine MCT-

derived sEV could provide a step forward in disclosing the

molecular strategy of MCT to communicate with cells far from

its primary mass and prepare metastatic niches influencing

the microenvironment.

MiRNA is one of the most recent functionally re-

evaluated nucleic acids that could mostly circulate free or

not randomly incorporated inside sEV (46), primarily in

the case of pathological conditions (47, 48). The use of

miRNAs as biological indicators especially for prognosis

in cancer diseases is becoming more common in human

medicine (47, 49). For the reported great stability and

resistance of the sEV layer, sEV-miRNAs are described as even

more purposing non-invasive cancer biomarkers in different

biological fluids (50–52).

Circulating free-miRNAs have been investigated in a

few studies in veterinary medicine. They were examined

for parasitic diseases, cardiovascular injuries, neuropathies,

endocrinopathies, drug interactions, and cancer (53–58).

sEV-miRNA research in veterinary medicine is still in its

first steps, with the majority of recently published studies

about them focused on cancer diseases, such as canine

oral melanoma, multicentric lymphoma, and lymphoid

tumor cell lines (24, 30, 59). Studies dealing with sEV-

miRNAs extracted from the plasma of dogs were very

scarce (60, 61).

MiR-21-5p is one of the miRNA described as upregulated

in canine MCT (26) and one of the first miRNA detected

in humans as an oncomiR because of its overexpression

associated with oncogenesis in different tumoral diseases (62–

64). It is reported that its primary oncogenic mechanism

involves the inhibition of PTEN, programmed cell death 4

(PDCD4), and other downstream target genes (65). Research

in human medicine has validated the correlation of sEV-

miR-21-5p expression with proliferation ability, invasion, and

metastatic behavior (66, 67). To the best of our knowledge, no

circulating sEV-miR21-5p expression and disease correlations

have been explored in MCT in dogs. In the present study,

plasma samples collected by healthy, non-metastatic (HN0/1)

and nodal metastatic (HN2/3)MCT-affected dogs were collected

and divided into 3 groups to quantify the concentration of

circulating sEV-miR-21-5p. A multi-step approach, using EVs

isolation protocol followed by the sample quality evaluation

by RT-qPCR and the relief of absolute concentrations with

chip-based digital PCR was assessed. Digital PCR is a recently

developed technology that can be used to quantify absolute

nucleic acid quantification and is increasingly accepted as the

gold standard for biomarker evaluation because of its high

precision and its lack of need for standardization by target

molecules (68, 69).

The diagnostic accuracy of the data was excellent, with

an AUC of 0.9286 for 100% sensitivity and 83% specificity.

Our results provided for the first time the evidence that

the expression level of circulating sEV-miR-21-5p changes in

the plasma of dogs in different pathological stages (MCT

with or without nodal metastasis), and that the level sEV-

miR-21-5p was significantly higher in plasma collected from

nodal metastatic MCT-affected dogs compared to healthy and

early metastatic MCT-affected patients. These results suggest

a possible role of sEV-miR-21-5p as an oncomiR in MCT,

which contributes to the development of metastatic disease.

Since the presence of nodal metastasis has been correlated

with a more aggressive clinical behavior, sEV-miR-21-5p might

be used as a biomarker for prognosis emission, or at least it

could improve it. At the same time, considering the absence of

prognostic factors guiding the surgeon in deciding whether to

perform a lymph node extirpation or not (70), it might help

in the identification of non-metastatic nodal MCT affected-

dogs, avoiding unnecessary lymphadenectomy. Furthermore,

the overexpression of sEV-miR-21-5p in the case of metastatic

disease could improve the accuracy of clinical staging increasing

the research for minimal residual disease. Further studies and

larger samples of canine patients are necessary to explore and

confirm these hypotheses.

The present study has limitations to be pointed out.

The sample size is small and not balanced between

healthy and MCT-affected dogs. However, even this pilot

study performed on a limited number of dogs showed

a statistical difference in the expression of sEV-miR-21-

5p in metastatic MCT-affected dogs from non-metastatic

MCT-affected and healthy ones suggesting the potential

use of sEV-miR-21-5p as a candidate biomarker. Moreover,

future studies including a higher number of patients could

further improve the role as a suitable biomarker of sEV-

miR-21-5p in veterinary oncology. The profiling of sEV

cargo using OMICs technology may in-depth disclose the

pathophysiological roles of these vesicles in tumor onset

and development identifying also candidate new targets for
the therapy.

In conclusion, the present work demonstrated that sEV
can be isolated from the plasma of MCT-affected dogs with
an easy and reproducible method and that the level of
sEV-miR-21-5p is higher in nodal metastatic MCT-affected

dogs compared with healthy and MCT-affected dogs without

nodal involvement.
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Concentration of extracellular vesicles isolated from blood relative to the clinical
pathological status of dogs with mast cell tumours. Vet Comp Oncol. (2019)
17:456–64. doi: 10.1111/vco.12489

34. Stefanello D, Valenti P, Faverzani S, Bronzo V, Fiorbianco V, Pinto da
Cunha N, et al. Ultrasound-guided cytology of spleen and liver: a prognostic
tool in canine cutaneous mast cell tumor. J Vet Intern Med. (2009) 23:1051–7.
doi: 10.1111/j.1939-1676.2009.0354.x

35. Ferrari R, Chiti LE, Manfredi M, Ravasio G, De Zani D, Zani D, et al. Biopsy
of sentinel lymph nodes after injection of methylene blue and lymphoscintigraphic
guidance in 30 dogs with mast cell tumors. Vet Surg. (2020) 49:1099–1108.
doi: 10.1111/vsu.13483

36. Suami H, Yamashita S, Soto-Miranda MA, Chang DW. Lymphatic
territories (Lymphosomes) in a canine: an animal model for investigation
of postoperative lymphatic alterations. PLoS ONE. (2013) 8:92222.
doi: 10.1371/journal.pone.0069222

37. Bustin SA, Benes V, Garson JA, Hellemans J, Huggett J, Kubista
M, et al. The MIQE guidelines: minimum information for publication
of quantitative real-time PCR experiments. Clin Chem. (2009) 55:611–22.
doi: 10.1373/clinchem.2008.112797

38. Lai X, Schmitz U, Vera J. The role of MicroRNAs in cancer biology and
therapy from a systems biology perspective. Sys Biol MicroRNAs Cancer. (2022)
3:1–22. doi: 10.1007/978-3-031-08356-3_1

39. Elkommos-Zakhary M, Rajesh N, Beljanski V. Exosome RNA sequencing
as a tool in the search for cancer biomarkers. Non-Coding RNA. (2022) 8:75.
doi: 10.3390/ncrna8060075

40. Xiong Q, Zhang Y, Li J, Zhu Q. Small non-coding RNAs in human cancer.
Genes. (2022) 13:2072. doi: 10.3390/genes13112072

41. Rahimian N, Nahand JS, Hamblin MR, Mirzaei H. Exosomal MicroRNA
profiling.MicroRNA Profiling. (2023) 54:13–47. doi: 10.1007/978-1-0716-2823-2_2

42. Raposo G, Stoorvogel W. Extracellular vesicles: exosomes, microvesicles, and
friends. J Cell Biol. (2013) 200:373–83. doi: 10.1083/jcb.201211138

43. Jung MK, Mun JY. Sample preparation and imaging of exosomes by
transmission electron microscopy. J Vis Exp. (2018) 3:56482. doi: 10.3791/56482

44. Ichii O, Ohta H, Horino T, Nakamura T, Hosotani M, Mizoguchi T, et al.
Urinary exosome-derived microRNAs reflecting the changes of renal function and
histopathology in dogs. Sci Rep. (2017) 7. doi: 10.1038/srep40340

45. Kim DK, Cho YE, Komarow HD, Bandara G, Song BJ, Olivera A, et al.
Mastocytosis-derived extracellular vesicles exhibit a mast cell signature, transfer
KIT to stellate cells, and promote their activation. Proc Nat Acad Sci. (2018)
115:E10692–701. doi: 10.1073/pnas.1809938115

46. Guduric-Fuchs J, O’Connor A, Camp B, O’Neill CL, Medina RJ, Simpson
DA, et al. Selective extracellular vesicle-mediated export of an overlapping
set of microRNAs from multiple cell types. BMC Genomics. (2012) 13:357.
doi: 10.1186/1471-2164-13-357

47. Sun Z, Shi K, Yang S, Liu J, Zhou Q, Wang G, et al. Effect of exosomal
miRNA on cancer biology and clinical applications. Mol Cancer. (2018) 17.
doi: 10.1186/s12943-018-0897-7

48. Wang Y, Liang H, Zheng J. Exosomal microRNAs mediating
crosstalk between cancer cells and cancer-associated fibroblasts in
the tumor microenvironment. Pathol - Res Pract. (2022) 239:154159.
doi: 10.1016/j.prp.2022.154159

49. Rodríguez-Martínez A, de Miguel-Pérez D, Ortega FG, García-Puche JL,
Robles-Fernández I, et al. Exosomal miRNA profile as complementary tool
in the diagnostic and prediction of treatment response in localized breast
cancer under neoadjuvant chemotherapy. Breast Cancer Res. (2019) 21:1109.
doi: 10.1186/s13058-019-1109-0

50. Shi R, Wang PY, Li XY, Chen JX, Li Y, Zhang XZ, et al. Exosomal
levels of miRNA-21 from cerebrospinal fluids associated with poor prognosis
and tumor recurrence of glioma patients. Oncotarget. (2015) 6:26971.
doi: 10.18632/oncotarget.4699

51. Faur CI, Rotaru H, Osan C, Jurj A, Roman RC, Moldovan M,
et al. Salivary exosomal microRNAs as biomarkers for head and neck cancer
detection—a literature review. Maxillofac Plast Reconstr Surg. (2021) 43.
doi: 10.1186/s40902-021-00303-9

52. Lin H, Shi X, Li H, Hui J, Liu R, Chen Z, et al. Urinary exosomal miRNAs as
biomarkers of bladder cancer and experimental verification of mechanism of miR-
93-5p in bladder cancer. BMC Cancer. (2021) 21. doi: 10.1186/s12885-021-08926-x

53. Tritten L, Burkman E, Moorhead A, Satti M, Geary J, Mackenzie C, et al.
Detection of circulating parasite-derived MicroRNAs in filarial Infections. PLoS
Negl Trop Dis. (2014) 8. doi: 10.1371/journal.pntd.0002971

54. Marioni-Henry K, Zaho D, Amengual-Batle P, Rzechorzek NM, Clinton M.
Expression of microRNAs in cerebrospinal fluid of dogs with central nervous
system disease. Acta Vet Scand. (2018) 60. doi: 10.1186/s13028-018-0434-0

55. Fish EJ, Martinez-Romero EG, DeInnocentes P, Koehler JW, Prasad N, Smith
AN, et al. Circulating microRNA as biomarkers of canine mammary carcinoma in
dogs. J Vet Intern Med. (2020) 34:1282–90. doi: 10.1111/jvim.15764

56. RoWB, KangMH, Song DW, KimHS, Lee GW, Park HM. Identification and
characterization of circulating microRNAs as novel biomarkers in dogs with heart
diseases. Front Vet Sci. (2021) 8:9929. doi: 10.3389/fvets.2021.729929

57. Sanders K, Veldhuizen A, Kooistra HS, Slob A, Timmermans-Sprang EPM,
Riemers FM, et al. Circulating MicroRNAs as non-invasive biomarkers for canine
cushing’s syndrome. Front Vet Sci. (2021) 8. doi: 10.3389/fvets.2021.760487

58. Bagardi M, Ghilardi S, Zamarian V, Ceciliani F, Brambilla PG, Lecchi C,
et al. Circulating MiR-30b-5p is upregulated in Cavalier King Charles Spaniels
affected by early myxomatous mitral valve disease. PLoS ONE. (2022) 17.
doi: 10.1371/journal.pone.0266208

59. Garnica TK, Lesbon JCC, Ávila ACFCM, Rochetti AL, Matiz ORS,
Ribeiro RCS, et al. Liquid biopsy based on small extracellular vesicles predicts
chemotherapy response of canine multicentric lymphomas. Sci Rep. (2020)
10:3667. doi: 10.1038/s41598-020-77366-7

60. Yang VK, Loughran KA, Meola DM, Juhr CM, Thane KE, Davis AM,
et al. Circulating exosome microRNA associated with heart failure secondary to

Frontiers in Veterinary Science 08 frontiersin.org

https://doi.org/10.3389/fvets.2022.1083174
https://doi.org/10.3390/cells11030490
https://doi.org/10.3390/cancers12010052
https://doi.org/10.7150/ijbs.47203
https://doi.org/10.1016/j.bbrep.2021.101106
https://doi.org/10.1111/pcmr.13000
https://doi.org/10.1007/s10577-021-09652-7
https://doi.org/10.1038/s41598-020-75877-x
https://doi.org/10.1177/03009858221128922
https://doi.org/10.1016/j.tranon.2018.07.004
https://doi.org/10.1186/s12885-018-4750-6
https://doi.org/10.1371/journal.pone.0208567
https://doi.org/10.1038/s41374-021-00655-w
https://doi.org/10.3390/life12040524
https://doi.org/10.1111/vco.12489
https://doi.org/10.1111/j.1939-1676.2009.0354.x
https://doi.org/10.1111/vsu.13483
https://doi.org/10.1371/journal.pone.0069222
https://doi.org/10.1373/clinchem.2008.112797
https://doi.org/10.1007/978-3-031-08356-3_1
https://doi.org/10.3390/ncrna8060075
https://doi.org/10.3390/genes13112072
https://doi.org/10.1007/978-1-0716-2823-2_2
https://doi.org/10.1083/jcb.201211138
https://doi.org/10.3791/56482
https://doi.org/10.1038/srep40340
https://doi.org/10.1073/pnas.1809938115
https://doi.org/10.1186/1471-2164-13-357
https://doi.org/10.1186/s12943-018-0897-7
https://doi.org/10.1016/j.prp.2022.154159
https://doi.org/10.1186/s13058-019-1109-0
https://doi.org/10.18632/oncotarget.4699
https://doi.org/10.1186/s40902-021-00303-9
https://doi.org/10.1186/s12885-021-08926-x
https://doi.org/10.1371/journal.pntd.0002971
https://doi.org/10.1186/s13028-018-0434-0
https://doi.org/10.1111/jvim.15764
https://doi.org/10.3389/fvets.2021.729929
https://doi.org/10.3389/fvets.2021.760487
https://doi.org/10.1371/journal.pone.0266208
https://doi.org/10.1038/s41598-020-77366-7
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org


Zamboni et al. 10.3389/fvets.2022.1083174

myxomatous mitral valve disease in a naturally occurring canine model. J Extracell
Vesicles. (2017) 37:1350088. doi: 10.1080/20013078.2017.1350088

61. Narita M, Nishida H, Asahina R, Nakata K, Yano H, Dickinson PJ, et al.
Expression of microRNAs in plasma and in extracellular vesicles derived from
plasma for dogs with glioma and dogs with other brain diseases. Am J Vet Res.
(2020) 81:355–60. doi: 10.2460/ajvr.81.4.355

62. Capodanno A, Boldrini L, Proietti A, Alì G, Pelliccioni S, Niccoli C,
et al. Let-7g and miR-21 expression in non-small cell lung cancer: correlation
with clinicopathological and molecular features. Int J Oncol. (2013) 43:765–74.
doi: 10.3892/ijo.2013.2003

63. Gombos K, Horvath R, Szele E, Juhasz K, GoCZE KA, Somlai K, et al.
miRNA expression profiles of oral squamous cell carcinomas. Anticancer Res.
(2013) 33:1511–7.

64. Schee K, Lorenz S,WorrenMM, Günther CC, HoldenM, Hovig E, et al. Deep
sequencing the MicroRNA transcriptome in colorectal cancer. PLoS ONE. (2013)
8. doi: 10.1371/journal.pone.0066165

65. Meng F, Henson R, Wehbe-Janek H, Ghoshal K, Jacob ST, Patel T,
et al. MicroRNA-21 regulates expression of the PTEN tumor suppressor
gene in human hepatocellular cancer. Gastroenterology. (2007) 133:647–58.
doi: 10.1053/j.gastro.2007.05.022

66. Sun LH, Tian D, Yang ZC, Li JL. Exosomal miR-21 promotes
proliferation, invasion and therapy resistance of colon adenocarcinoma cells
through its target PDCD4. Sci Rep. (2020) 10. doi: 10.1038/s41598-020-
65207-6

67. Cao J, Zhang Y, Mu J, Yang D, Gu X, Zhang J, et al. Exosomal
miR-21-5p contributes to ovarian cancer progression by regulating
CDK6. Hum Cell. (2021) 34:1185–96. doi: 10.1007/s13577-021-
00522-2
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