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Circulating extracellular vesicles from patients with breast
cancer enhance migration and invasion via a Src-dependent
pathway in MDA-MB-231 breast cancer cells
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Abstract. Triple negative breast cancer (TNBC) is a breast
cancer subtype associated with high rates of metastasis, hetero-
geneity, drug resistance and a poor prognosis. Extracellular
vesicles (EVs) are vesicles of endosomal and plasma membrane
origin, and are secreted by healthy and cancer cells. In cancer,
EVs contribute to tumor progression by mediating escape from
the immune system surveillance, and are involved in extracel-
lular matrix degradation, invasion, angiogenesis, migration
and metastasis. Furthermore, EVs have been identified in
several human fluids. However, the role of EVs from patients
with breast cancer in the migration and invasion of human
breast cancer cells is not fully understood. The present study
investigated whether EVs isolated from Mexican patients with
breast cancer can induce cellular processes related to inva-
sion in breast cancer. Moreover, plasma fractions enriched
in EVs and deprived of platelet-derived EVs obtained from
blood samples of 32 Mexican patients with biopsy-diagnosed
breast cancer at different clinical stages who had not received
treatment were analyzed. Furthermore, one control group was
included, which consisted of 20 Mexican healthy females.
The present results demonstrated that EVs from women with
breast cancer promote migration and invasion, and increase
matrix metalloproteinase (MMP)-2 and MMP-9 secretion in
TNBC MDA-MB-231 cells. In addition, it was found that EVs
from patients with breast cancer induced Src and focal adhe-
sion kinase activation, and focal adhesions assembly with an
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increase in focal adhesions number, while the migration and
invasion was dependent on Src activity. Collectively, EVs from
Mexican patients with breast cancer induce migration and
invasion via a Src-dependent pathway in TNBC MDA-MB-231
cells.

Introduction

Breast cancer is the most common type of cancer in women
worldwide, and is the second leading cause of cancer-associ-
ated mortality (1-3). Triple negative breast cancer (TNBC) is
a breast cancer subtype associated with high rates of metas-
tasis, heterogeneity, drug resistance and a poor prognosis.
The absence of estrogen and progesterone receptors, and
low expression of Her-2/neu characterizes TNBC. Moreover,
the incidence of TNBC is continuously increasing in young
women (4-6).

Extracellular vesicles (EVs) are vesicles derived from
membranes that are secreted by healthy and cancer cells,
and mediate a variety of biological functions. EVs are clas-
sified into two groups according to their origin and size:
Exosomes (30-100 nm) and microvesicles (100-1,000 nm) (7).
Exosomes are a homogeneous group of vesicles that originate
from multivesicular bodies, while microvesicles are a hetero-
geneous population derived from the plasma membrane during
membrane blebbing (8). Furthermore, EVs derived from tumor
cells express phosphatidylserine (PS) on their membrane
surfaces, and these EVs express higher levels of PS compared
with EVs from healthy cells (9-11). Therefore, the quantifica-
tion of PS in tumor-derived EVs is proposed as a biomarker of
tumor progression (12,13).

In cancer, cells are able to transfer nucleic acids, chemokine
receptors, growth factor receptors and functional transcription
factors via the secretion and uptake of EVs (14). Moreover,
cells associated with stroma and tumor cells release EVs
that mediate a variety of processes related to cancer progres-
sion, including migration, invasion, angiogenesis, evasion
of immune response, resistance to drugs and extracellular
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matrix (ECM) degradation (14-16). EVs are present in human
fluids, including lymph, urine, breast milk, saliva, amniotic
fluid, blood and malignant ascites. In addition, in patients
with gastric or breast cancer, the number of EVs circulating
is higher compared with healthy controls, and these have been
associated with poor prognosis (8,17-19).

Matrix metalloproteinases (MMPs) are a family of prote-
ases that are categorized into different types based on their
substrate specificity and sequence characteristics (20,21).
Furthermore, MMPs are endopeptidases, which are
zinc-dependent and are able to degrade all ECM components.
In cancer, MMPs participate in tumor progression by medi-
ating expansion, angiogenesis and invasion via the basement
membrane (BM) and interstitial matrices (20). Moreover,
cancer progression is associated with upregulation and secre-
tion of MMP-2 (gelatinase A) and MMP-9 (gelatinase B), as
malignant tumors overexpress these MMPs, which degrade
type IV collagen, which is the most abundant component of
BM (20,22,23).

Focal adhesions are the structures on which integrin
receptors mediate the adhesion between the actin cytoskel-
eton and ECM, which are important for a variety of cellular
components, including scaffolding proteins, GTPases, phos-
phatases and kinases (24,25). Moreover, one component of
focal adhesions is the focal adhesion kinase (FAK), which is a
125 kDa protein tyrosine kinase that is activated by a variety
of agonists, including free fatty acids (26-28). FAK has been
implicated in the regulation of cell spreading, differentiation,
proliferation, apoptosis, migration, invasion, survival and
angiogenesis (29-31). Furthermore, activation of FAK occurs
via its autophosphorylation at tyrosine (Tyr)-397, which
creates a binding site for the Src kinase and other downstream
effectors. Moreover, FAK-Src complex formation is mediated
via the Src Homology 2 (SH2) domain of Src and its formation
leads to Src activation. Subsequently, Src phosphorylates FAK
at Tyr-576 and Tyr-577, which are localized in the activation
domain, and their phosphorylation induces maximal FAK
kinase activity (31,32).

The present results demonstrated that EVs isolated from
the plasma of Mexican women with breast cancer promoted
MMP-2 and MMP-9 secretion, Src and FAK activation,
assembly of focal adhesions, and the migration and invasion of
TNBC MDA-MB-231 cells

Materials and methods

Materials. BD Matrigel™ was purchased from BD Biosciences.
Hoechst dye was obtained from Santa Cruz Biotechnology, Inc.
CellMask™ Orange plasma membrane stain was obtained from
Invitrogen (Thermo Fisher Scientific, Inc.). Tetramethylrhodam
ine (TRITC)-conjugated phalloidin, mitomycin C, Annexin V
and Triton™ X-100 were from Sigma-Aldrich (Merck KGaA).
PP2 and PP3 were from Merck KGaA.

Cell culture. MDA-MB-231 and MCF-7 breast cancer cells
were obtained from the American Type Culture Collection
(ATCC) and cultured in DMEM (Gibco; Thermo Fisher
Scientific, Inc.), with 5% FBS (ByProductos), 3.7 g/1 sodium
bicarbonate and antibiotics under a humidified atmosphere
with 5% CO, and 95% air at 37°C.
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Human mammary non-tumorigenic epithelial cells
(MCF12A) were obtained from ATCC and cultured in
DMEM/F12 medium (Gibco; Thermo Fisher Scientific, Inc.)
with 5% FBS, 0.5 ug/ml hydrocortisone (Sigma-Aldrich,
Merck KGaA), 20 ng/ml epidermal growth factor
(EGF; Sigma-Aldrich, Merck KGaA), 10 xg/ml insulin
(Sigma-Aldrich, Merck KGaA) and antibiotics under a humidi-
fied atmosphere with 5% CO, and 95% air at 37°C.

MDA-MB-231 and MCF-7 cells were serum-starved in
DMEM for 24 h, and MCF12A cells were serum-starved in
DMEM/F12 for 18 h before treatment with inhibitors and/or
EVs.

Patients. The patients enrolled between August 2014
and December 2018 consisted of 32 unrelated women
who resided in Mexico City (median age, 57.7 years;
age range, 38-80 years) from the First October Regional
Hospital-ISSSTE (Mexico) with biopsy-diagnosed breast
cancer at clinical stages II and III, and without receiving
therapy. The control group consisted of 20 healthy women
(median age, 42.7 years; age range, 16-86 years) who did not
have any family history of breast cancer. All study partici-
pants provided signed informed consent, and the protocol
was approved by The Committee of Research, Ethics and
Biosafety of the First October Regional Hospital-ISSSTE,
and was conducted in accordance with the Declaration
of Helsinki. The pathological and clinical information of
patients with breast cancer is shown in Table I.

Preparation of human plasma and isolation of EVs. In total,
4 ml peripheral blood was collected into polypropylene
tubes containing sodium citrate (Vacutainer System; BD
Biosciences). Whole blood samples were centrifuged at
1,500 x g for 15 min at 4°C, and plasma samples were obtained.
Isolation of EVs was performed as described previously (17).
Then, one volume of 1 ml plasma was centrifuged at 3,000 x g
for 30 min at 4°C to remove platelets. Plasma was obtained and
centrifuged at 10,000 x g for 30 min at 4°C to remove apoptotic
bodies and platelet EVs, and supernatants were aliquoted and
frozen at -80°C until further analysis. Frozen samples were
thawed on ice and centrifuged at 110,000 x g for 70 min at 4°C
and pellets were reconstituted in PBS or DMEM (EV frac-
tions). The absolute number of EVs was determined by flow
cytometry using BD Trucount™ tubes (BD Biosciences) (18).

Transmission electron microscopy (TEM). TEM of EV frac-
tions was performed as described previously (33). EV fractions
were adsorbed for 5 min on carbon-coated copper grids with
mesh formvar (0.3%) at room temperature. The grids were
stained for 30 sec at room temperature with 2% uranyl acetate
solution and excess fluid was removed. Grids were air-dried
and analyzed using a JEM-1400 TEM (JEOL, Ltd.), operated at
80 kV and coupled with a digital camera Veleta (Olympus SIS).

Nanoparticle tracking analysis (NTA). NTA was used to
assess the size distribution of EV fractions. EV fractions were
diluted in 10 ml filtered PBS and analyzed with a NanoSight
NS300 (Malvern Instruments, Ltd.), which was equipped
with a 488 nm laser and a sSCMOS camera. Then, three
videos of each sample were captured at a duration of 60 sec
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Table I. Patient characteristics.

Characteristics Patients, n
Tumor type

In situ ductal carcinoma 0

In situ lobular carcinoma 0

Invasive ductal carcinoma 32
Primary tumor size

Tl 1

T2 20

T3 8

T4 3
Stage of breast cancer

In situ 0

I 0

II 20

I 12

v 0
Lymph node status

Negative 0
Positive 32
Estrogen receptor status

Negative 11

Positive 21
Her2/Neu status

Negative 17

Positive 15
Progesterone receptor status

Negative 16

Positive 16
Age, years

Median 57.7

Range 38-80

and data were analyzed with NTA v3.0 software (Malvern
Instruments, Ltd.).

Stimulation of MDA-MB-231 cells with EVs. Cultures of
MDA-MB-231 cells (1.5x10° cells/dish) were serum-starved for
24 h, washed twice with PBS and then stimulated at different
time periods with EV fractions (20,000 EVs/1.5x10° cells/exper-
imental condition) from patients with breast cancer and healthy
women. Scratch-wound assays were performed for 48 h; inva-
sion assays for 72 h; proliferation assays for 48; and zymography
assays for 3,6,9, 12 and 24 h.

Western blotting. Cells and EVs were solubilized in 0.1 ml
of ice-cold RIPA buffer (50 mM HEPES pH 7.4, 150 mM
NaCl, 1 mM EGT4, 1 mM sodium orthovanadate, 100 mM
NaF, 10 mM sodium pyrophosphate, 10% glycerol, 1% Triton
X-100, 1% sodium deoxycholate, 1.5 mM MgCl,, 0.1% SDS
and 1 mM PMSF). Protein concentration of each sample was
determined by using the Bradford protein assay (Bio-Rad
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Laboratories, Inc.). Equal amounts of protein (30 ug/lane)
were separated by SDS-PAGE on a 10% gel and proteins
were transferred to nitrocellulose membranes. Nitrocellulose
membranes were blocked for 2 h with 5% non-fat dried milk
in PBS (pH 7.2/0.1% Tween 20; wash buffer) at room tempera-
ture. The membranes were incubated with the following
primary antibodies at 4°C overnight: Anti-Flotillin-2 (Flot-2)
antibody (Ab; Mouse monoclonal; cat. no. 610383; 1:1,000;
BD Biosciences), anti-CD9 Ab C-4 (Mouse monoclonal;
cat. no. sc-13118; 1:300; Santa Cruz Biotechnology, Inc.),
anti-FAK Ab D-1 (Mouse monoclonal; cat. no. sc-271126;
1:1,000; Santa Cruz Biotechnology, Inc.), anti-c-Src Ab
17AT28 (Mouse monoclonal; cat. no. sc-130124; 1:500; Santa
Cruz Biotechnology, Inc.), anti-CD81 Ab EPR4244 (Rabbit
monoclonal; cat. no. ab109201; 1:1,000; Abcam), anti-phos-
phorylated-specific Ab to Tyr-397 of FAK (anti-p-FAK Ab;
Rabbit polyclonal; cat. no. 44-624G; IF 1:250; WB 1:1,000;
Thermo Fisher Scientific, Inc.), anti-phosphorylated-specific
Ab to Tyr-418 of Src (anti-p-Src Ab; rabbit polyclonal IgG;
cat. no. AF2685; 1:1,000; R&D Systems, Inc.), anti-vinculin
Ab (Rabbit polyclonal; cat. no. V4139; IF 1:250; WB 1:500;
Sigma-Aldrich; Merck KGaA) and anti-actin Ab (Mouse
polyclonal; 1:1,000) was provided by Dr Manuel Hernandez
(Cinvestav-IPN). Subsequently, membranes were washed
three times with wash buffer and incubated with horseradish
peroxidase-conjugated secondary Ab (cat. nos. G21040 and
G21234; 1:5,000; Thermo Fisher Scientific, Inc.) for 2 h at
room temperature, and washed again with wash buffer three
times. ECL detection reagent (cat. no. sc-2048; Santa Cruz
Biotechnology, Inc.) and images were used for visualization
of immunoreactive bands. Bands were analyzed by using the
ImagelJ software v1.52e (National Institute of Health).

EV uptake assays using flow cytometry. EV uptake assays
were performed as described previously (34,35). EV fractions
(20,000 EVs/condition) were stained via incubation for 30 min
at 4°C with CellMask Orange dye solution (2.5 pg/ml). EV frac-
tions were then washed with PBS, centrifuged at 110,000 x g
for 70 min at 4°C and reconstituted in 100 ul DMEM.
MDA-MB-231 cells (1.5x10° cells/condition) were incubated
for 4 h at 37°C with stained EVs, and after incubation, cells
were washed twice with PBS and fixed for 20 min at room
temperature with a solution of 4% paraformaldehyde. Next,
cells were incubated for 10 min at room temperature with
a solution of trypsin (0.1%), washed twice with PBS and
re-suspended in PBS-1% BSA (Santa Cruz Biotechnology,
Inc.). Controls of inhibition of EVs uptake were included, and
were obtained by treatment of EVs with 200 ng/ml Annexin V
for 30 min at 4°C, before staining of EVs with CellMask
Orange dye solution for 30 min at 4°C. Cells were analyzed
using a BD FACSCalibur™ flow cytometer (BD Biosciences)
and data analysis was performed with Summit v4.3 software
(Beckman Coulter, Inc.).

EV uptake assays using confocal microscopy. MDA-MB-231
cells (1.5x10° cells/condition) were incubated with stained EVs
(20,000/condition) for 4 h at 37°C. After incubation, cells were
washed twice with PBS, fixed for 20 min at room temperature
with a solution of paraformaldehyde (4%) and washed twice
again with PBS. Next, cells were counterstained with Hoechst
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for 20 min at room temperature and mounted on glass slides
using Vectashield. Preparations were analyzed by confocal
microscopy (Model TCS SP2; Leica Microsystems, Inc.).

Scratch-wound assays. MDA-MB-231 cells (1.5x10° cells)
were cultured until they reached confluency and pretreated for
2 h at 37°C with 12 uM mitomycin C to inhibit proliferation
during the experiment. Cell cultures were scratched, washed
with PBS and supplemented with serum-free DMEM with or
without inhibitors and/or EV fractions (20,000 EVs/condition)
at 37°C. After treatment for 48 h, the cultures were imaged
using an inverted microscope coupled to a camera (FSX100;
Olympus Corporation; magnification, x100). Images from
=3 fields per experimental condition were acquired and
analyzed using ImageJ software v1.52e (National Institutes of
Health). In total, one control of cell migration was included
(5% FBS).

Invasion assays. Inserts of 24-well plates (Costar; Corning,
Inc.) were covered with 50 ul Matrigel (3 mg/ml) and incu-
bated at 37°C for 2 h. Then, 1.2x10° MDA-MB-231 cells in
serum-free DMEM were plated on Matrigel of each insert
in the upper chamber, and the lower chamber contained EV
fractions (20,000 EVs/condition) in 600 gl DMEM. The
plates with the inserts were incubated at 37°C for 72 h under
a humidified atmosphere with 5% CO, and 95% air. After
incubation, cells and Matrigel on the upper surface of the
membrane were removed, and cells on the lower surface of
the membrane were washed with PBS followed by fixation for
12 min at room temperature with 4% paraformaldehyde. After
fixation, invaded cells were imaged using an inverted micro-
scope couple to a camera (FSX100, Olympus Corporation;
magnification, x400). Quantification of invaded cells was
calculated by staining membranes with 0.5% crystal violet
for 15 min at room temperature and elution of the dye with
300 ul 30% acetic acid. Absorbance of the collected solution
was measured at 600 nm. Cells treated with 5% FBS were
included as an invasion control.

Zymography. Conditioned media from TNBC MDA-MB-231
cells (1.5x10%cells) treated with EV fractions (20,000 EVs/condi-
tion) at different time points (3, 6,9, 12 and 24 h) at 37°C from
women with breast cancer and healthy controls were concen-
trated using 5,000 Da Centricon® filters (EMD Millipore). An
equal volume (12 pl) of non-heated conditioned medium and
sample buffer (2% sucrose, 2.5% SDS, 4 ug/ml phenol red) was
mixed and the samples were loaded onto 8% acrylamide gels
copolymerized with gelatin (1 mg/ml). Next, gels were rinsed
three times for 30 min with Triton X-100 (2.5%) and incubated
in assay buffer (50 mM Tris-HCI1 pH 7.4, 5 mM CaCl,) for
48 h at 37°C. After incubation, gels were stained for 1 h at
room temperature with a solution of Coomassie Brilliant Blue
G-250 (0.25%) dissolved in acetic acid (10%) and methanol
(30%). Proteolytic activity was identified as white zones on
a blue background. Controls of MMP-2 and MMP-9 secre-
tions were included, which were obtained by treatment of
MDA-MB-231 cells with 400 mg/dl ethanol and 100 ng/ml
phorbol-12,13-dibutyrate for 24 h at 37°C, as treatment of cells
with these compounds induces the expression and secretion of
MMP-2 and MMP-9, respectively (36,37).

1935

Immunofluorescence confocal microscopy. MDA-MB-231
cells (1.5x10° cells) were grown on coverslips, washed with
PBS, equilibrated in DMEM and treated with EV fractions
(20,000 EVs/condition) for 30 min at 37°C. Cells were fixed
with paraformaldehyde (4%) for 20 min at room temperature,
permeabilized with 0.5% Triton X-100 and then blocked for
30 min at room temperature with FBS (10%) dissolved in PBS.
Next, cells were incubated overnight at 4°C with anti-p-FAK
Ab (1:250) followed by FITC-labeled anti-mouse secondary Ab
(cat. no. 115-095-003; Jackson ImmunoResearch, Inc) for 2 h
at 4°C. Staining of focal contacts was performed by incubation
of cells with anti-vinculin Ab for 12 h at 4°C, while staining of
cells for fibrillar actin was performed by incubation for 2 h at
4°C with TRITC-conjugated phalloidin (cat. no. R415; Thermo
Fisher Scientific, Inc.) Cells then were analyzed by confocal
microscopy (Model TCS SP2; Leica Microsystems, Inc.).

Cell proliferation assay. MDA-MB-231 cells (30,000 cells
per well) were treated for 48 h at 37°C with EV fractions
(20,000 EVs/condition). Next, 10 ul WST-1 reagent (cat.
no. ab65473; Abcam) was added to the cells in each well and
microplates were incubated at 37°C for 2 h. The absorbance
of each well was measured at 450 nm, and one control for
proliferation was included, which was prepared by treatment
of cells with 5% FBS for 48 h at 37°C.

Statistical analysis. Data are presented as the mean + SD of
>3 independent experiments. Data were analyzed by one-way
ANOVA followed by Tukey's post hoc test for =3 groups, while
Student's t-test was used to analyze groups of two. P<0.05 was
considered to indicate a statically significant difference.

Results

EVs from plasma of patients with breast cancer induce the
migration of MDA-MB-231 cells. The present study charac-
terized EV fractions using NTA, TEM and western blotting
against Flot-2, CD9 and CD81, which are molecular markers
associated with EVs (7). NTA and TEM results identified a
population of spherical vesicles with sizes between 30-300 nm
in healthy women, while women with breast cancer had
vesicles between 50-600 nm (Fig. 1A and B). Moreover,
NTA showed that the number of EVs was significantly higher
in women with breast cancer (1.542x10" EVs/ml) than in
healthy women (2.14x10'° EVs/ml). Western blotting results
demonstrated the presence of Flot-2, CD9 and CD81 protein
expression in EV fractions from healthy women (Ctrl EVs) and
EV fractions from women with breast cancer (BC EVs; Fig. 1C).

Next, whether BC EVs induced migration in TNBC
MDA-MB-231 cells was investigated. Cell migration
assays were performed using scratch-wound assays with
MDA-MB-231 cells treated with EVs from 22 patients with
breast cancer and from 15 healthy women. The results indi-
cated that BC EVs induced increased migration compared
with Ctrl EVs in MDA-MB-231 cells (Fig. 1D). In addition,
the association between the migration induced by BC EVs
in MDA-MB-231 cells and the expression levels of estrogen,
progesterone and Her2/neu receptors in the mammary tumors
of the women from where the plasma EVs were obtained was
analyzed. It was found that the migration induced by BC
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Figure 1. EVs from plasma of patients with breast cancer enhance migration in MDA-MB-231 cells. (A) Ctrl EVs and BC EVs were analyzed by nanoparticle
tracking analysis. The calculated size distribution of particles was depicted as the mean (black line) with standard errors (gray shaded area). (B) Ctrl EVs and
BC EVs were visualized by transmission electron microscopy. (C) Ctrl EVs and BC EVs were analyzed by western blotting with anti-Flot-2 Ab, anti-CD9 Ab
and anti-CD81 Ab. Images are representative of three independent experiments. (D) Cultures of MDA-MB-231 cells were scratch-wounded and treated for 48
h with Ctrl EVs and BC EVs; one control of FBS was included. (E) Analysis of migration induced by BC EVs in relation to expression of ER, PR and Her2/neu
overexpression. (F) Analysis of migration induced by BC EVs in relation to clinical stage of patients. Magnification, 100x. Data are presented as the mean + SD,
and indicate the fold of migration above Ctrl. “*“P<0.0001 vs. Ctrl. Ctrl, control; Ctrl EVs, EV fractions obtained from healthy women; BC EVs, EV fractions
obtained from women with breast cancer; Ab, antibody; ER, estrogen receptor; PR, progesterone receptor; EVs, extracellular vesicles; Flot-2, flotillin-2.

EVs was not related with the expression levels of estrogen,
progesterone and Her2/neu receptors in the tumors of women
with breast cancer (Figs. 1E and S1A). Furthermore, migration
of MDA-MB-231 cells induced by BC EVs was not related
with the stages II and III of the women with breast cancer
(Figs. 1F and S1B).

To further examine these findings, whether BC EVs induced
migration and/or invasion was determined in another breast
cancer cell line (MCF-7) and mammary non-tumorigenic
epithelial cells (MCF12A). The results showed that treatment
with BC EVs did not induce migration in MCF-7 cells, and it did
not induce migration and invasion in MCF12A cells (Fig. 2A-C).
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and MCF12A cells were scratch-wounded and treated for 48 h with Ctrl EVs and BC EVs. Magnification, x100. (C) Invasion assays were performed with
MCF12A cells treated with Ctrl EVs and BC EVs; one control of FBS was included. Magnification, x400. Data are presented as the mean + SD, and indicate
the fold of migration or invasion above Ctrl. “*“P<0.0001 vs. Ctrl. Ctrl, control; Ctrl EVs, EV fractions obtained from healthy women; BC EVs, EV fractions

obtained from women with breast cancer; EVs, extracellular vesicles.

EVs from healthy women and patients with breast cancer are
taken up by MDA-MB-231 cells. It was studied whether Ctrl
EVs and BC EVs were taken up by MDA-MB-231 cells. Ctrl
EVs and BC EVs were labeled with CellMask orange dye,
MDA-MB-231 cells were incubated with unstained EVs and
stained EVs, and the fluorescence intensity was analyzed by
flow cytometry. It was identified that fluorescence intensity
was higher in MDA-MB-231 cells treated with stained Ctrl
EVs and stained BC EVs compared with MDA-MB-231 cells
treated with unstained EVs (Figs. 3A and B and S2). In addition,
the comparison of fluorescence intensity was not significantly
different between the value obtained from MDA-MB-231
cells treated with stained BC EVs and the value obtained from
MDA-MB-231 cells treated with stained Ctrl EVs (Fig. 3C).

EVs express PS on their surface, and Annexin V has a
strong and specify affinity for PS (38). Controls of uptake
inhibition were included, and were obtained by treatment of
EVs with 200 ng/ml Annexin V, before staining of EVs with
CellMask Orange dye. The results indicated that treatment
of stained Ctrl EVs with Annexin V inhibited the increase of
fluorescence intensity induced by stained Ctrl EVs (Fig. 3A).
However, treatment of BC EVs with Annexin V did not inhibit
the increased fluorescence intensity induced by stained BC
EVs (Fig. 3B).

To further examine whether EVs are taken up by breast
cancer cells, MDA-MB-231 cells treated with stained Ctrl
EVs, stained BC EVs and unstained BC EVs were analyzed
by confocal microscopy. It was found that MDA-MB-231 cells
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vs. Ctrl or as indicated. ns, not significant; Ctrl, control; EVs, extracellular vesicles; Ctrl EVs, EV fractions obtained from healthy women; BC EVs, EV frac-

tions obtained from women with breast cancer.

treated with stained BC EVs and stained Ctrl EVs showed a
red staining, while cells treated with unstained BC EVs did not
show any color (Fig. 3D).

EVs from patients with breast cancer induce secretion of gela-
tinases. It was determined whether treatment of MDA-MB-231
cells with BC EVs induced gelatinase secretion. MDA-MB-231

cells were stimulated for 3, 6, 9, 12 and 24 h with EVs from
three patients with breast cancer, and stimulated for 24 h with
EVs from three healthy women. Conditioned media were
obtained, concentrated and analyzed by gelatin zymography.
It was identified that stimulation of MDA-MB-231 cells with
BC EVs induced increased secretion of MMP-2 and MMP-9 at
12 and 24 h of treatment (Fig. 4A).
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Figure 4. EVs isolated from patients with breast cancer mediate secretion of gelatinases. (A) MDA-MB-231 cells were incubated for various times with EVs
from three healthy women and EVs from three patients with breast cancer, and conditioned media were collected. (B) MDA-MB-231 cells were incubated
for 24 h with EVs from three healthy women and three patients with breast cancer. Gelatinase secretion was analyzed by gelatin-substrate gels, and positive
controls of MMP-2 (EtOH) and MMP-9 (PDB) secretions were included. (C and D) Densitometric analysis of MMP-9 and MMP-2 secretion. Data are pre-
sented as the mean + SD, and are expressed as fold of MMP-2 or MMP-9 secretion above Ctrl and Ctrl EVs. "P<0.05, “P<0.01 as indicated. Ctrl, control; EVs,
extracellular vesicles; Ctrl EVs, EV fractions obtained from healthy women; BC EVs, EV fractions obtained from women with breast cancer; MMP, matrix

metalloproteinase; EtOH, ethanol; PBD, phorbol-12,13-dibutyrate.

Since treatment of MDA-MB-231 cells with BC EVs for
24 h induced MMP-2 and MMP-9 secretion, MDA-MB-231
cells were treated for 24 h with EVs from three patients with
breast cancer and EVs from three healthy women, and super-
natants were analyzed by gelatin zymography. The results
indicated that treatment of MDA-MB-231 cells with Ctrl EVs
induced a small increase in MMP-9 secretion, but stimulation
with BC EVs induced a significant increase in both MMP-9
and MMP-2 secretion (Fig. 4B-D).

EVs from patients with breast cancer induce Src activation.
In order to determine whether treatment of MDA-MB-231
cells with BC EVs induced Src activation, which is initiated
by its phosphorylation at Tyr-418 (p-Src), MDA-MB-231
cells were treated for 20 min with three Ctrl EV samples
and three BC EV samples, and cell lysates were analyzed
by western blotting with anti-p-Src Ab. It was identified that
treatment of MDA-MB-231 cells with Ctrl EVs induced a
small level of phosphorylation of Src at Tyr-418, while treat-

ment with BC EVs induced a strong phosphorylation of Src
at Tyr-418 (Fig. 5A).

Next, whether Ctrl EVs and BC EVs contain p-Src and Src
kinase was determined by western blotting with p-Src Ab and
Src Ab. The results showed that Ctrl EVs contained a low amount
of p-Src, while BC EVs contained a significantly larger amount
of p-Src (Fig. 5B). However, it was demonstrated that Ctrl EVs
and BC EVs contained a similar amount of Src kinase (Fig. 5B).

EVs from patients with breast cancer induce FAK activation
via Src activity. The present study determined whether BC
EVs induced FAK activation, which is induced by its phos-
phorylation at Tyr-397 (p-FAK). Lysates of MDA-MB-231
cells treated for 20 min with three Ctrl EV samples and three
BC EV samples were analyzed by western blotting with
anti-p-FAK Ab. It was identified that treatment with Ctrl EVs
induced low levels of phosphorylation of FAK at Tyr-397,
whereas treatment with BC EVs induced a significantly higher
level of phosphorylation of FAK at Tyr-397 (Fig. 6A).
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Figure 5. EVs isolated from patients with breast cancer induce Src activation. (A) Lysates from MDA-MB-231 cells treated for 20 min with three Ctrl EVs and
three BC EVs were analyzed by western blotting with anti-p-Src Ab. Membranes were further analyzed with anti-Src Ab and anti-actin Ab as loading controls.
(B) Three Ctrl EVs and four BC EVs were analyzed by western blotting with anti-p-Src Ab and anti-Src Ab. (C) Lysates from MDA-MB-231 cells untreated and
treated for 1 h with 10 xM PP2 and stimulated for 20 min with three BC EVs were analyzed by western blotting with anti-p-Src Ab. Membranes were further
analyzed with anti-Src Ab and anti-actin Ab as loading controls. Data are presented as the mean + SD, and indicate the fold of p-Src or Src above Ctrl or Ctrl
EVs. "P<0.05, “P<0.01 vs. Ctrl and Ctrl EVs. ns, not significant; Ctrl, control; Ab, antibody; EVs, extracellular vesicles; Ctrl EVs, EV fractions obtained from

healthy women; BC EVs, EV fractions obtained from women with breast cancer;

Since Src is able to induce maximal FAK activation mediated
by G-protein-coupled receptors (GPCRs) and tyrosine kinase
receptors (27), the role of Src in FAK activation was investigated.
The role of Src was examined using PP2, which is a specific
inhibitor of Src family members (39). To determine whether PP2
inhibited the activity of Src, MDA-MB-231 cells were untreated
and treated for 1 h with 10 yuM PP2 and then treated for 20 min

p-, phosphorylated.

with three BC EVs, and lysed. Cell lysates were analyzed by
western blotting with anti-p-Src Ab, and it was found that PP2
inhibited the increase of p-Src induced by BC EVs (Fig. 5C).
Next, MDA-MB-231 cells were untreated and treated for 1 h with
10 uM PP2 and stimulated for 20 min with BC EVs. It was identi-
fied that treatment with BC EVs induced an increase of p-FAK
via a Src-dependent pathway in MDA-MB-231 cells (Fig. 6B).
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Figure 6. EVs isolated from patients with breast cancer induce FAK activation via a Src-dependent pathway. (A) Lysates from MDA-MB-231 cells treated for
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breast cancer; p-, phosphorylated; FAK, focal adhesion kinase.

The present study also assessed whether p-FAK and FAK
were localized in EV fractions, and three Ctrl EVs and four
BC EVs were analyzed by western blotting with p-FAK Ab
and FAK Ab. The results showed that Ctrl EVs and BC EVs
expressed variable levels of p-FAK and FAK, and there was
no significant difference in p-FAK and FAK expression levels
between Ctrl EVs and BC EVs (Fig. 6C)

EVs from patients with breast cancer induce redistribution of
p-FAK and focal adhesions assembly. It was examined whether
BC EVs induced a redistribution of p-FAK, as well as the

assembly of focal adhesions and the role of Src in the assembly of
focal adhesions. MDA-MB-231 cells cultured on coverslips were
untreated or treated for 1 h with 10 M PP2 and stimulated with
Ctrl EVs and BC EVs. The redistribution of p-FAK was analyzed
by immunofluorescence with anti-p-FAK Ab. Moreover, the
number of focal adhesions was analyzed by immunofluorescence
with anti-vinculin Ab, as vinculin is a cytoplasmic actin binding
protein enriched in focal adhesions (40). It was demonstrated that
BC EVs induced the redistribution of p-FAK at the edges of cells,
and increased the number of focal adhesions (Fig. 7A and B).
Furthermore, focal adhesion assembly induced by BC EVs was
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Figure 7. EVs from patients with breast cancer induce redistribution of p-FAK and focal adhesions assembly. (A and B) MDA-MB-231 cells cultured on
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p-, phosphorylated; FAK, focal adhesion kinase.

dependent on Src activity (Fig. 7B). In addition, the present study
determined whether vinculin was localized in EV fractions,
and three Ctrl EVs and four BC EVs were analyzed by western
blotting with anti-vinculin Ab; the results indicated that Ctrl EVs
and BC EVs did not express vinculin (Fig. 7C). One control of
vinculin expression was included (Fig. 7D).

Role of Src in migration and invasion mediated by EVs from
patients with breast cancer. The role of Src in migration was
examined using PP2 and its inactive analog (PP3) (39). Cultures
of MDA-MB-231 cells were treated for 1 h with 10 uM PP2
or 10 uM PP3, scratch-wounded and stimulated with Ctrl EVs
and BC EVs. It was demonstrated that migration induced



RAMIREZ-RICARDO et al: EVs MEDIATE MIGRATION/INVASION OF BREAST CANCER CELLS

1943

51 M »
< <
L 44 Fekdk kk
E ]| - —
- B
e
c D
= >
= < T
- -

CtrlEVs . + . . . . .

BCEVS . .- + + 4 - -
PP2 . . . o+ - 4 .
PP3

e
10-
Hdekdk
2 — 8' -
8 § 6
22
s= 4
Eg n=4
= 2. —_—
0 .
Ctri BCEVs FBS
EVs
B.
n=4
wdkk
Gt N~ 6
g % E T
o F o g
3 o8 a4
i v g 5 n=4
X et b > 2 —
Ctrl BC EVs ‘ ‘
+ PP2 Ctri BCEVs BCEVs
3; +PP2
ek
28 2
O w© n=3
% ; _ n=6
g8 " ==
0

Ctrl

Ctrl BCEVs FBS
EVs

Figure 8. EVs from patients with breast cancer induce migration and invasion via a Src-dependent pathway. (A) Migration assays of MDA-MB-231 cells
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obtained from healthy women; BC EVs, EV fractions obtained from women with breast cancer.

by BC EVs was dependent on Src activity in MDA-MB-231
cells (Fig. 8A).

Next, it was studied whether BC EVs induced invasion,
and the role of Src was assessed using invasion assays with
MDA-MB-231 cells treated with Ctrl EVs and BC EVs. It was
identified that BC EVs induced invasion of MDA-MB-231 cells

(Fig. 8B). Moreover, invasion assays performed in the presence of
PP2 demonstrated that invasion required Src activity (Fig. 8C).

In addition, whether BC EVs induce proliferation in
MDA-MB-231 cells was examined, and proliferation assay
results found that BC EVs and Ctrl EVs did not induce prolif-
eration in MDA-MB-231 cells (Fig. 8D).
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Discussion

EVs are comprised of exosomes and microvesicles, which
constitute a variety of vesicles between 30-1,000 nm (7). The
present study isolated EVs from plasma samples as described
previously by Baran et al (17), as this method was reported to
isolate EVs via the depletion of EVs from platelets. In plasma,
EVs from platelets constitute ~80% of total EVs (17,41). The
present results demonstrated that isolated EV fractions are
comprised of vesicles with sizes between 30-300 nm in healthy
women, while women with breast cancer showed EVs from
50-600 nm. Furthermore, both Ctrl EVs and BC EVs expressed
molecular markers associated with EVs. Therefore, it was
speculated that isolated EV fractions from plasma samples
corresponded to exosomes and microvesicles, which are not
contaminated with cell debris and apoptotic bodies, and were
free of platelet-derived EVs. Therefore, it was proposed that
cell processes studied may be mediated by exosomes and/or
microvesicles. The contribution of microvesicles and exosomes
to the cell processes analyzed remains to be investigated.

Moreover, the present results demonstrated that the number
of EVs in plasma is higher in women with breast cancer than
in healthy women; however, the number of EVs in the present
study were found to be higher than the number of EVs reported
in a previous study (18). A different number of EVs was found
in the present study because the number of EVs was determined
using NTA, while in the previous study the number of EVs was
determined by flow cytometry. NTA has a higher sensitivity for
determining the number of EVs than flow cytometry. However,

both studies demonstrated that the number of EVs is higher in
women with breast cancer than in healthy women.

Cancer metastasis consists of several sequential steps,
including detachment of cells, migration, invasion to
surrounding tissues, intravasation, survival in circulation,
extravasation and colonization. Moreover, invasion of cancer
cells to other tissues involves cell migration as single cells
(mesenchymal type) or epithelial sheets (42). EVs are implicated
in intercellular communication in the tumor microenviron-
ment, as they mediate crosstalk between cancer and stromal
cells (43). In addition, EVs support cancer development, adap-
tation to hypoxic conditions, deprivation of nutrients, escape
of apoptosis, immune evasion and cancer progression (43-45).
Furthermore, exosomes released from cancer-associated
fibroblasts (CAFs) induce the formation of protrusions and
motility in MDA-MB-231 cells, while mesenchymal stem cells
secrete exosomes that promote motility and invasiveness in
breast cancer cells (46,47). It has been shown that Hs578T cells
and their more invasive variant Hs578T (i), secrete EVs that
promote proliferation, migration and invasion in breast cancer
cells (48). The present results showed that EVs from women
with breast cancer stages II and III induced cell migration
and this was dependent on Src activity in MDA-MB-231 cells.
However, EVs from healthy women did not induce migration
in MDA-MB-231 cells. Moreover, migration induced by EVs
from patients with breast cancer was independent of the expres-
sion levels of estrogen, progesterone and Her-2/neu receptors in
the tumors of patients. In contrast, it was identified that BC EVs
did not induce migration in MCF-7 cells, and did not induce
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migration and invasion in MCF12A mammary epithelial cells.
However, in contrast to the present results, it has been previ-
ously reported that exosomes from healthy women stimulate
migration and invasion in MDA-MB-231 cells (49). Thus,
it was speculated that BC EVs consist of subpopulations of
exosomes and microvesicles secreted from cancer cells (tumor)
and stromal cells, such as tumor-associated macrophages,
mesenchymal stem cells and CAFs. Therefore, BC EVs have a
larger capacity for the induction of cell migration and invasion
compared with Ctrl EVs in MDA-MB-231 cells. Thus, this may
be the reason for the lack of the migration and invasion medi-
ated by stimulation with EVs from healthy women.

Furthermore, it was speculated that only BC EVs contain
molecules that induce the activation of specific signal trans-
duction pathways, including Src activation, which mediate a
variety of cell processes, including migration in breast cancer
cells. It was identified that BC EVs do not induce migration
and/or invasion in MCF12A mammary epithelial cells and
MCF-7 breast cancer cells, which express progesterone and
estrogen receptors. Furthermore, the present results suggested
that EVs from women with breast cancer stages II and III can
induce migration in breast cancer cells that do not express these
receptors, and that this was a specific process in TNBC cells.
Moreover, it was speculated that EVs in patients with breast
cancer play an important role in cancer progression, as they are
able to induce migration and invasion. In line with the present
results, it has been reported that treatment of HMLE human
mammary epithelial cells with exosomes from MDA-MB-231
cells transfected with microRNA-1246 increases its ability
for drug resistance, growth and invasion (50). In addition,
K562 myeloid leukemia cells release exosomes that promote
angiogenesis via Src activation, while exosomes from C4-2B,
PC3 and DUI45 prostate cancer cells contain Src, insulin-like
growth factor 1 (IGF-1) receptor and FAK, which are molecules
involved in cell migration and invasion (51,52).

Tumor cells communicate with surrounding cells,
including CAFs, endothelial cells and mesenchymal cells, via
the secretion and uptake of EVs, which mediate biological
processes, such as migration, angiogenesis and invasion,
and can also modulate the tumor microenvironment and
metastasis (34,43,53). The present results indicated that
MDA-MB-231 cells are able to take up BC EVs and Ctrl EVs,
however only BC EVs induce migration. Thus, BC EVs may
have cargo molecules that promote activation of specific signal
transduction pathways, which increases migration and inva-
sion in breast cancer cells.

EVs express PS on their membrane surface, which mediates
the fusion of EVs with target cells. Therefore, treatment of EVs
with Annexin V inhibits the fusion of EVs with target cells, as
Annexin V binds to PS (43,54,55). In the present study, it was
identified that treatment of Ctrl EVs with Annexin V inhibited
the increase of fluorescence intensity mediated by Ctrl EVs.
However, treatment of BC EVs with Annexin V did not inhibit
the increased fluorescence intensity mediated by BC EVs.
Thus, it was speculated that BC EVs do not express, or express
very low levels, of PS on their membrane surface. It has
been reported that EV fractions obtained from females with
type I diabetes and controls without disease contain both EVs
expressing PS and EVs without expression of PS (56), which is
consistent with the present results. Moreover, the percentage of
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PS in EVs from patients is 31%, while the percentage of PS in
controls without disease is 44% (56).

Src family kinases mediate a variety of cellular processes,
such as cell cycle progression, proliferation, survival and migra-
tion (57). Furthermore, it has been reported that breast cancer
tumors and cell lines have an increase in Src activity (58). In
addition, linoleic acid induces FAK and Src activation, and
cell migration via a Src-dependent pathway in MDA-MB-231
cells (28). The present results demonstrated that stimulation
with BC EVs induced a stronger activation of FAK and Src
compared with treatment with Ctrl EVs, and also increased
the number of focal adhesions in MDA-MB-231 cells. As
FAK and Src activation and focal adhesion assembly mediate
migration and invasion, it was speculated that BC EVs induced
the activation of signal transduction pathways, including the
activation of FAK and Src, which mediated migration and
invasion in MDA-MB-231 cells. In line with the present
results, mouse embryonic fibroblasts expressing onco-Dbl
release microvesicles containing FAK and stimulation of
fibroblasts with these vesicles promotes proliferation, which
is independent of anchorage and survival in fibroblasts (59).

A variety of phosphoproteins, including Src, have been
revealed in EVs from human plasma (60). Moreover, EVs
from plasma of women with breast cancer contain FAK and
EGFR kinases, and the level of these kinases are increased in
specific stages of breast cancer in comparison with the control
group (18). Furthermore, the present results indicated that
Ctrl EVs and BC EVs contained similar expression levels of
p-FAK, FAK and Src, but BC EVs contained larger amounts
of p-Src compared with Ctrl EVs. Thus, it was demonstrated,
that BC EVs induced FAK and Src activation; however, the
contribution of p-FAK, FAK, p-Src and Src expressed in EVs
to the activation of these kinases in the target MDA-MB-231
cells requires further investigation.

A catalytic reciprocal activation model of FAK and Src has
been previously reported, where Src associates with FAK and
phosphorylates FAK at Tyr-576 and Tyr-577, which induces
maximal kinase activity of FAK (32,61,62). In addition, it has
been revealed that maximal kinase activity of FAK promotes
intermolecular phosphorylation between FAK molecules
at Tyr-397, which induces signal amplification (32,61,62). In
line with this model, the present results demonstrated that BC
EVs induced activation of FAK, which was dependent on Src
kinase activity. Linoleic acid, oleic acid and arachidonic acid
induce activation of FAK via GPCRs and a mechanism of
reciprocal catalytic activation of FAK (28,63-65). Therefore, it
was speculated that EVs mediated activation of FAK and Src,
as well as migration and invasion via activation of receptors.

Tumors release EVs that play a pivotal role in the inva-
sion and metastasis processes, EVs from patients with breast
cancer are associated with metastasis and relapse (14,43). In
the present study, it was identified that EVs from patients with
breast cancer induced migration and invasion via Src activity
in MDA-MB-231 cells. Moreover, in line with the present
results, it has been shown that exosomes from patients with
TNBC induce invasion in SKBR3 cells (48). In addition, it was
found that treatment of non-tumorigenic mammary epithelial
cells MCF12A with BC EVs does not induce migration. It is
proposed that BC EVs may mediate progression processes
in breast cancer via the transfer of molecules and activation
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of signal transduction pathways. Supporting this hypothesis,
different tumors release EVs with a variety of integrin expres-
sion patterns, which are able to determine organ specific
metastasis (14,66). Moreover, EVs expressing a6p4 and a6p1
integrins are associated with lung metastasis, while EVs
expressing ovp5 are associated with liver metastasis (14,66).

ECM degradation is required for tumor growth and metas-
tasis (67). In addition, EVs contain proteases that mediate
degradation of ECM (68,69). It has been reported that human
fibrosarcoma cells HT1080 release EVs expressing gelati-
nases in an active form, while breast cancer cells 8701-BC
secrete EVs containing MMP-9 (68,69). The present results
demonstrated that BC EVs induced an increase in MMP-9 and
MMP-2 secretion in MDA-MB-231 cells. Therefore, EVs may
participate in the progression of breast cancer.

In conclusion, it was demonstrated that BC EVs promoted
migration, invasion and MMP-2 and MMP-9 secretion in
MDA-MB-231 cells (Fig. 9). Moreover, BC EVs enhanced
migration and invasion via a Src-dependent pathway. Therefore,
the present results suggested that EVs may participate in breast
cancer progression.
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