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Abstract

Exosomes are small membrane vesicles released by most cell types including tumor cells. The intercellular exchange of
proteins and genetic material via exosomes is a potentially effective approach for cell-to-cell communication and it may
perform multiple functions aiding to tumor survival and metastasis. We investigated microRNA and protein profiles of brain
metastatic (BM) versus non-brain metastatic (non-BM) cell-derived exosomes. We studied the cargo of exosomes isolated
from brain-tropic 70W, MDA-MB-231BR, and circulating tumor cell brain metastasis-selected markers (CTC1BMSM) variants,
and compared them with parental non-BM MeWo, MDA-MB-231P and CTC1P cells, respectively. By performing microRNA
PCR array we identified one up-regulated (miR-210) and two down-regulated miRNAs (miR-19a and miR-29¢) in BM versus
non-BM exosomes. Second, we analyzed the proteomic content of cells and exosomes isolated from these six cell lines, and
detected high expression of proteins implicated in cell communication, cell cycle, and in key cancer invasion and metastasis
pathways. Third, we show that BM cell-derived exosomes can be internalized by non-BM cells and that they effectively
transport their cargo into cells, resulting in increased cell adhesive and invasive potencies. These results provide a strong
rationale for additional investigations of exosomal proteins and miRNAs towards more profound understandings of
exosome roles in brain metastasis biogenesis, and for the discovery and application of non-invasive biomarkers for new
therapies combating brain metastasis.
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Introduction through their cargo, and that they may perform several functions
aiding to tumor survival and metastasis [11]. For example, tumor-
derived exosomes help to create an immunosuppressive tumor
microenvironment by inducing apoptosis and impairing the

They can be collected. from body fluids, thus they .have an function of effector T cells and NK cells [12,13]. They also seem
important role as potential tumor markers and prognostic factors,

providing a powerful non-invasive approach for tumor progression
[1,2,3]. Exosomes biogenesis initiates with the formation of

Exosomes are 30-100 nm membrane vesicles released by most
cell types, including tumor cells, to their surrounding environment.

to contribute to the establishment of a pre-metastatic niche by
enhancing angiogenesis, remodeling stromal cells, and b
8 glog 8 Y
! ; o o . : promoting extracellular matrix degradation [1,14].
internal vesicles within multivesicular bodies (MVBs) by inward MicroRNAs (miRNAs) are small non-coding RNAs, found to be
. oo £ :
bUddmgTOhf thelvlllm;;mghmerr}brane 'Olfl la}tle enldosomal COH};lpal"t- abnormally expressed in several types of tumors, and keenly
ment%. ese VBs then fuse wit the plasma membranc, mmplicated in the pathogenesis of human cancers [15]. Tumor
resulting in the release of exosomes into the extracellular space [4]. exosome miRNA expression profiles may be indicative of disease
Although early research showed that cells use exosomes to ik and RNA beine i oated bl
liminat rfluous macromolecules [5], recent advances have Lo ARC cxosome T s are being Investigated as possibe
chmimate superti N B X biomarkers to predict and/or to diagnose progressive neoplastic
put forward notions of their specific biological functions, e.g., stages [16]. Protein and miRNA profiles of melanoma versus
enabling cell-to-cell communication [6]. Exosomes can transfer melanocyte-derived exosomes have been studied [2,17]. Further-
. . > d [2,17].
proteins, soluble factors, RNAs, and mlRNAS amons cell.s [7.8]. 1t more, proteomic analysis of exosome-like vesicles derived from
is often noted that exosome concentrations are higher in cancer breast cancer cells have been developed [18]. H er. to the best
i d to healthy controls, and that they increase as reast cancer cets have been Aeveioped L16]. HoWeVer, 10 TAc bes
patients compare u ’ Y of our knowledge, there are no published miRNA profiles, of
. . , > g S,
the tumor progresses [9]. Increasing evidence suggests that tumor- breast cancer cells-derived exosomes.Specifically no evidence has

derived exosomes can confer either anti-tumorigenic or pro- . .o . .
. . 8 P been presented investigating the miRNA and protein profiles of
tumorigenic effects and these seemingly controversial effects can . . . .
“ . o T . brain metastatic (BM) versus non-brain metastatic (non-BM)
be the result of complex and synergistic interactions between . . .
S cancer cell-derived exosomes. The objective of this work was to

exosomes, responding cells, and factors of the tumor microenvi- . .
ronment [10]. It has also been shown that part of the physiological characterize these profiles and compare cargo and actions of
. ) P Py 5 exosomes 1solated from brain-colonizing variants (MDA-MB-

role of exosomes is their ability to alter the microenvironment
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231BR, CTC1IBMSM, and 70 W) with their respective parental
non-BM cell lines: MDA-MB-231P, CTC1P and MeWo.

Materials and Methods

Cell Lines

Human brain microvascular endothelial cells (HBMEC) were
obtained following isolation from brain capillaries and cultured as
previously described [19]. MDA-MB-231P (231P for brevity) and
the brain metastatic variant MDA-MB-231BR (231BR for brevity)
were provided by Dr. Patricia Steeg (The National Cancer
Institute, Bethesda, MD) [19]. CTCIP (circulating tumor cell
parental) and CTCIBMSM (circulating tumor cells possessing a
brain metastasis-selected markers profile) were recently established
by their isolation directly from blood of a breast cancer patient
[20]. The brain metastasizing human 70 W melanoma cell line is a
wheat germ agglutinin-resistant variant derived from the MeWo
melanoma cell line [21]. Cells were cultured in Dulbecco’s
Modified Eagle Medium plus F12 (DMEM/F12) supplemented
with 10% fetal bovine serum (FBS) and 1% penicillin/streptomy-
cin (Invitrogen, Carlsbad, CA) at 37°C, 5% COsy. When cells were
cultured to isolate the exosomes, they were incubated with
DMEM/F12 with 1% penicillin/streptomycin supplemented with
10% exosome-depleted FBS (System Biosciences, Mountain View,
CA). Cells were used at early passages and their tumorigenic
abilities were confirmed periodically by experimental metastasis
assays in mice.

These studies were performed per protocol approved by the
Institutional Animal Care and Use Committee (IACUC) of Baylor
College of Medicine, and included all steps to ameliorate suffering
as well as methods of animals sacrifice.

Isolation of Exosomes and Transmission Electron

Microscopy

Exosome isolation was performed using the ExoQuick-TC
Exosome Precipitation Solution (System Biosciences, Mountain
View, CA). After 72 hours of cell culturing, 10 ml of culture media
was centrifuged at 3000xg for 15 min to remove cells and cell
debris. The supernatant was mixed with 2 ml of ExoQuick-TC,
refrigerated for 16 hours, and then centrifuged at 1500xg for
30 min at 4°C to obtain the exosomes pellet. Pellets were
resuspended in 100 pl phosphate buffered saline (PBS), and
exosomes were dropped onto a formvar carbon coated nickel grid
and left to dry at room temperature (25°C) for 60 min. After
washing the grids with PBS, they were fixed in 2% paraformal-
dehyde for 10 min, washed in ddHyO, and contrasted by adding
2% uranyl acetate for 15 min. Samples were dried overnight
(16 hr), and visualized using a transmission electron microscope
(H-7500 model, Hitachi, Tokyo, Japan).

Western Blotting Analysis

Exosome and cell pellets were dissolved in the radio-immuno-
precipitation assay (RIPA) protein lysis buffer (Sigma-Aldrich, St.
Louis, MO) with a cocktail of protease and phosphatase inhibitors
(Roche Diagnostics, Indianapolis, IN) followed by vortex-mixing.
The protein concentration was determined using the bicinchoninic
acid assay (BCA) (Pierce, Waltham, MA). After boiling the samples
for 5 min at 95°C with Laemmli buffer containing B-mercapto-
ethanol (Boston Bioproducts, Ashland, MA), 60 pg of protein were
resolved by SDS-PAGE, transferred to nitrocellulose membranes
(Bio-Rad, Hercules, CA), and blocked with 5% (w/v) nonfat dry
milk in tris buffered saline (TBS) with 0.5% (v/v) Tween-20 before
being probed with the appropriate antibodies. Proteins used as
positive and negative exosome markers were CD9 (BD Bioscienc-
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es, San Jose, CA, clone M-L13, 1:150 dilution), CD63 (BD
Biosciences, San Jose, CA, clone H5C6, 1:150), CD81 (Millipore,
Billerica, MA, clone 1.3.3.22, 1:500), calnexin (Abcam, Cam-
bridge, England, ab10286, 1:3000) and GM130 (BD Biosciences,
San Jose, CA, clone 35, 1:500). Blots were washed with TBS
containing 0.5% (v/v) Tween-20 (pH 7.4), before probing with
horseradish peroxidase—conjugated secondary antibodies (Santa
Cruz Biotechnology 1:4000 dilution, sc-2030 and sc-2031). Blots
were then exposed to film using SuperSignal West Femto
Maximum Sensitivity Substrate (Thermo Scientific, Waltham,

MA).

MiRNA PCR Array

Total RNA from exosomes was isolated using mirVana miRNA
isolation kit (Life Technologies, Grand Island, NY), and 10 ng of
total RNA were reverse transcribed with miScript II RT kit
(Qiagen, Germantown, MD) according to manufacturers’ guide-
lines. 20 pl of cDNA were diluted with RNase-free water prior to
the PCR reaction. Real-time PCR for mature miRNA expression
profiling was developed using the SYBR Green-based human
breast cancer pathway-focused miScript miRNA PCR array
(Qiagen, Germantown, MD) on a StepOnePlus 96-well RT
PCR instrument (Applied Biosystems, Grand Island, NY). The
relative quantity of the target miRNA was normalized using
miRNeasy Spike-In Control (Qiagen, Germantown, MD) that was
exogenously added during RNA purification. Three independent
experiments were performed. The data obtained by the StepOne
Software were analyzed using the AACy method of relative
quantification for miScript miRNA PCR arrays with the
SABiosciences PCR data analysis software. Fold change of
miRNA expression from BM compared with non-BM cell lines-
derived exosomes was represented in a heatmap. Fold change with
a p value <0.05 was considered statistically significant and
miRNAs with statistically significant fold changes were represented
separately. This dataset was submitted to the NCBI's Gene
Expression Omnibus (GEO) repository (http://www.ncbi.nlm.nih.
gov/geo.html) and is accessible through GEO Series accession
number GSE48934.

Proteomic Analysis

Cell and exosome pellets were resuspended in lysis buffer
containing 1% Triton X-100, 50 mM Hepes pH 7.4, 150 mM
NaCl, 1.5 mM MgCI2, 1 mM EGTA, 100 mM NaF, 10 mM
Na Pyruvate, 1 mM Na3VO4, 10% glycerol, and a cocktail of
protease and phosphatase inhibitors (Roche Diagnostics, In-
dianapolis, IN). Cell samples were centrifuged at 14,000 rpm for
20 min at 4°C to isolate the protein supernatant. Protein
concentration was determined using the BCA Assay (Pierce,
Waltham, MA). Samples were then normalized to a concentra-
tion of 1.5 ug/pl and 40 pl of cells and exosomes protein
lysates were boiled for 5 min at 95°C with Laemmli buffer with
B-mercaptoethanol (Boston Bioproducts, Ashland, MA). The
samples were then submitted for Reverse Phase Protein Array
to the RPPA Core Facility at MD Anderson Cancer Center
(Houston, TX; see Protocol S1). Linear value from the RPPA
results was used for bar graphs and calculation of protein
content averages in exosomes and cells. Fold change of protein
content average in cells versus exosomes was calculated and
representedby a histogram. Proteins abundantly detected in
exosomes (0 to 3-fold change) were classified according to their
gene ontology by using the Protein Analysis Through Evolu-
tionary Relationships  Classification  System  (http://www.
pantherdb.org). The differential protein profile of brain
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metastatic versus non-brain metastatic cell-derived exosomes was
represented in a heatmap.

Exosomes Labeling and Imaging

Cells were seeded on cover slips in 6-well plates and transduced
overnight (16 hr) with CellLight® Tubulin-RFP (red fluorescent
protein) (Life Technologies, Grand Island, NY). Exosomes were
labeled using the green lipophilic fluorescent dye PKH67 (Sigma-
Aldrich, St. Louis, MO) for 5 min and the reaction was stopped by
the addition of exosome-depleted FBS. Cells were then incubated
with labeled exosomes for 5 hr, washed with PBS, fixed with 4%
paraformaldehyde for 20 min, and mounted with ProLong® Gold
Antifade Reagent with DAPI (4',6-diamidino-2-phenylindole)
nuclear stain (Life Technologies, Grand Island, NY). Pictures
were taken using a Nikon TE-2000 inverted fluorescence
microscope.

MTT Proliferation Assay

Non-BM cell lines were incubated on a 96-well plate (8x10°
cells/well) for 16 hr. Medium with or without exosomes was added
to the wells to evaluate the differential proliferative potential.
MTT [3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide] was added after 3, 24 and 48 hr respectively, and incubated
for 4 hr at 37°C. Dimethyl sulfoxide (DMSO) was used as a
solubilizing agent and absorbance of the wells was read at 540 nm.
All experiments were performed in triplicates and the mean
absorbance and standard deviations (SDs) were calculated.

Adhesion Assay

Human brain microvascular endothelial cells (HBMEC) [19]
were seeded on a 12-wells plate (2x10° cells/well) and non-BM
cell lines (1 x10° cells) were transduced with CellLight® Tubulin-
RFP (Life Technologies). Following 16 hr incubation, cells
(2.5%10°%) of non-BM cell lines with or without exosomes from
their corresponding BM derivatives were plated over the HBMEC
monolayer to evaluate the differential adhesive potential. After-
wards (3 hr), wells were washed with PBS to remove non-adherent
cells, fixed with 4% paraformaldehyde for 20 min, and mounted
with ProLong® Gold Antifade Reagent with DAPI (Life Tech-
nologies). Experiments were performed in duplicates and six fields
per well were taken on a Nikon TE-2000 inverted fluorescence
microscope. Adhesive cells were counted and mean adhesive cell
numbers and SDs were calculated.

Invasion Assay

Invasion assay was performed using BD Biocoat invasion
chambers coated with Matrigel ™ (BD Biosciences, San Jose, CA)
[21] according to manufacturer’s guidelines. Briefly, cells
(2.5x10*/chamber) were incubated for 2 hr with medium with
or without exosomes, seeded onto invasion chamber inserts, and
incubated for 22 hr at 37°C. Non-invading cells were then
removed, and invading cells were fixed with 100% methanol and
stained with 0.5% crystal violet. The assays were performed in
triplicates, six fields were counted per insert, and mean invasive
cell numbers, fold changes and SDs were calculated.

Statistical Analyses

All data were analyzed using ANOVA or Student’s / test, and
represent the mean = SD of at least triplicate samples. A p value
less than 0.05 was considered statistically significant. Statistical

tests were performed with SAS statistical software (version 9.1;
SAS Institute, Cary, NC).
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Results

Exosomes Identification and Characterization

As initial step, we aimed to isolate exosome preparations from
either parental human breast cancer (MDA-MB-231P, CTCI1P) or
melanoma (MeWo) cell lines, and corresponding brain metastatic
variants selected from these cell lines (MDA-MB-231BR,
CTC1IBMSM, and 70 W, respectively) [19,20,21]. The selected
method to isolate exosomes was ExoQuick-TC Precipitation
Solution, a polymer based reagent. Next, transmission electron
microscopy was employed to characterize the quality of vesicles.
Round particles with a characteristic exosomal size (30-100 nm)
and shape were observed immersed in the Exoquick solution
(Fig. 1A) [2]. Exosomes were found to be positive for the exosomal
markers CD9, CD63, and CD81, confirming these vesicles as
exosomes (Fig. 1B) [22,23]. CD9 and CD81 were enriched in
exosomes compared to cells, as previously reported [24,25].
Because other cell compartments can produce vesicles, the
presence of proteins from the endoplasmic reticulum (calnexin)
and the Golgi apparatus (GM130) was determined. These proteins
were not found in exosomes while they were detected in cells
(Fig. 1B), indicating that little or no contamination of vesicles from
other cell compartments occurred in our exosome preparations.

Differential miRNA Profiles of Exosomes from Brain
Metastatic versus Non-brain Metastatic Cells

To determine exosomal miRNA content, we isolated the total
RNA from exosomes derived from the six cell lines, and analyzed
it by the Human Breast Cancer miScript miRNA Real-Time PCR
Array. This technique profiles the expression of 84 miRNAs
known or predicted to alter their expression during breast cancer
initiation and/or progression. Among the 84 miRNAs, 60 were
detected by the array in all exosomes (Fig. S1). Although the array
is designed for breast cancer samples, miRNAs were equally
detected in exosomes from melanoma cell lines. We calculated the
fold change of miRNNA expression between BM and non-BM cell-
derived exosomes (231BR versus 231P, CTCIBMSM versus
CTCI1P, and 70 W versus MeWo), and we searched for similar
patterns in the three groups. We identified one miRNA, miR-210,
to be significantly enriched (p<<0.05) in all three BM compared to
non-BM cell-derived exosomes, while two miRNAs were signifi-
cantly down-regulated (p<<0.05), miR-19a and miR-29¢ (Fig. 2).
Furthermore, twelve miRNAs were found to be significantly
down-regulated (p<<0.05) in at least one group and close to the
significance level (p<<0.15) in the other groups: let-7i, miR-130a, -
130b, 27a, -424 and -489; along with four miRNAs belonging to
the same family of miR-19a, the miR-17-92 family, and two
belonging to the miR-29 family.

Differential Protein Profiles of Cells versus Exosomes

We aimed to investigate the protein content of our exosome
preparations. To this end, we employed the reverse phase protein
array (RPPA) technology, a useful platform for identifying
dysregulated signaling pathways in tumors [26]. All 131 proteins
included in the proteomic analyses were detected in the exosomes
and are listed in Table S1. To identify proteins with a high content
in exosomes in relation to cells, we calculated the fold change of
protein content in cells versus exosomes, and represented it by a
histogram (Fig. 3). Specifically, we focused on proteins whose fold
change was between 0 and 3. We classified these proteins
according to their cellular component, biological process, molec-
ular function, and pathways (Fig. S2). Nucleus, cytosol, and plasma
membrane were the cellular components where highly detected
proteins in exosomes were mainly located, while proteins located
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Figure 1. Identification and characterization of isolated exosomes. Exosomes were isolated by the ExoQuick-TC Precipitation Solution. (A)
Representative morphological characterization of exosomes derived from brain metastatic 70 W melanoma cells by transmission electron
microscopy. Round particles with characteristic exosomal size (30-100 nm) and shape were observed (arrows) immersed in the Exoquick solution.
Scale bar is 50 nm. (B) Molecular confirmation of exosomes markers by Western blotting analysis. Exosome preparations were found to be positive
for the exosomal markers CD9, CD63, and CD81 while negative for proteins from the endoplasmic reticulum (calnexin) and the Golgi apparatus

GM130

Calnexin

(GM130) which were found to be present in cells lysates.
doi:10.1371/journal.pone.0073790.g001

in the extracellular space and organelles were found in fewer
amounts. The biological processes in which these proteins were
predominantly involved were cell communication, metabolic
process, and cell cycle while their molecular function were mainly
binding, catalytic activity, and receptor activity. Pathways in which
most proteins were implicated were apoptosis, EGFR (epidermal
growth factor receptor), cadherin, integrin, interleukin and Wnt
signaling pathways. Among this group of proteins, only two
(fibronectin and cyclin D1) were detected at higher levels in
exosomes than in cells (0 to 0.7-fold change) while collagen VI,

PLOS ONE | www.plosone.org

INPP4B (inositol polyphosphate-4-phosphatase) and N-Cadherin
were expressed in cells and exosomes within the same range (0.7 to
1.3-fold change). We also categorized the group of proteins
detected in a small quantity in exosomes compared to cells (fold
change higher than 26), to identify proteins that are not an
important cargo in the exosomes to be transported out of the cells.
Among these eight proteins, we identified tumor suppressors such
as caveolinl, Merlin/NF2 (neurofibromin 2), and tuberin.
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Figure 2. Differential miRNA profiles of exosomes from brain
metastatic versus non-brain metastatic cells. Pathway-focused
miScript miRNA PCR array was used to analyze the miRNAs contained
within the exosomes. MiRNAs with statistically significant fold changes
between brain metastatic (BM) and non-BM cell-derived exosomes were
represented. Asterisks (*) denote statistically significant differences
(p<<0.05). MiR-210 was significantly enriched in all three BM cell-derived
exosomes compared to non-BM, while two miRNAs were significantly
down-regulated: miR-19a and miR-29c.

doi:10.1371/journal.pone.0073790.g002

Differential Protein Profiles of Brain Metastatic versus
Non-brain Metastatic Cells-derived Exosomes

Similarly to our miRNAs studies, we aimed to investigate
similar protein patterns among exosomes derived from the three
groups of cell lines (231BR versus 231P, CTCIBMSM versus
CTC1P, and 70 W versus MeWo) (Fig. S3). We identified five
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proteins to be up-regulated (phospho-p70 S6 Kinase-Thr389,
annexin VII, phospho-PDK1-Ser241, Chkl and Smad3) while
four proteins were down-regulated [ACC1 (acetyl CoA carboxyl-
ase), TFRC (transferrin receptor), TSC1 (tuberous sclerosis 1) and
Bel-xp, (B-cell lymphoma-extra large)] in the three BM exosomes
compared with non-BM exosomes, although these differences
were not highly significant (Fig. 4). Of interest, the higher
expression among the up-regulated and the lower expression
among the down-regulated proteins were detected in all cases in
the CTC1BMSM cell line. This was also the case when analyzing
the profile of many other proteins throughout the proteomic
analysis (Fig. S3). Within the up-regulated group, slightest
differences were observed between the 231P and 231BR cell lines.

Cells Acquire Higher Adhesive and Invasive Capabilities
by Uptaking Exosomes

To test whether exosomes derived from BM cells could be
mternalized by non-BM cells, and transport and deliver their
cargo for subsequent effects on cell behavior, we incubated
exosomes labeled with the green lipophilic fluorescent dye PKH67
with cells transduced with Tubulin-RFP. Numerous labeled
particles were observed inside the cells by fluorescence microsco-
py, and they were mainly located at the perinuclear region,
showing that all non-BM cell lines were able to uptake the
exosomes from their BM variants (Fig. 5). We hypothesized that
once the cargo is released, it might affect the metastatic capabilities
of cells; therefore, we analyzed the proliferative, adhesive, and
invasive potential of cells following exosomes internalization. We
tested the variation in cell proliferative capabilities following the
addition of their own exosomes or exosomes from their derivatives.
We did not observe any significant differences among the two
groups in any of the cell lines (Fig. S4 represents the 48 hr assay).

To analyze the adhesive potential of the cells to the brain
endothelium, we plated non-BM cell lines over a HBMEC cells
monolayer to reflect a scenario resembling more closely to the one
occurring m viwo. To differentiate HBMEC from non-BM cells, we
transduced the latter with Tubulin-RFP, and compared the
number of adherent cells plated with and without exosomes from
BM cells. Interestingly, all non-BM cell lines significantly (p<<0.05)
increased their adhesive potential by approximately 20% when
exosomes were added compared to cells without exosome addition
(Fig. 6A).

To examine tumor cell invasiveness, we incubated cells with
either their own exosomes or with exosomes from their respective
cell variants, and plated the cells with or without exosomes on
invasion chambers coated with the artificial basement membrane
Matrige] ™. We found that cells incubated with exosomes,
regardless of their origin, had a higher invasive capability
compared to cells alone. This increase corresponds to a 2 to 7-
fold change, and was found to be statistically significant in all
cases, except for MeWo cells when they were incubated with their
own exosomes (Fig. 6B).

Discussion

In this study, we investigated the differential microRNA and
protein cargo of exosomes isolated from brain-colonizing breast
cancer and melanoma cell lines, and how this cargo can affect the
brain invasive properties and metastatic potential of these cells.
We identified dysregulated miRNAs and proteins in BM versus
non-BM cell-derived exosomes and found an increase in adhesion
and invasion properties in non-BM cells when they are incubated
with BM cell-derived exosomes.
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Figure 3. Differential protein profiles of exosomes compared to respective cells. Proteomic analyses were conducted using the Reverse
Phase Protein Array by the RPPA Core Facility at MD Anderson Cancer Center (Houston, TX). Fold change of protein content in cells versus exosomes
is represented by a histogram. The brown bars show the group of proteins that are present at high levels in exosomes compared to cells (0 to 3-fold
change), the blue bars represent the bulk of the proteins (3 to 26-fold change), and the green bar shows the group of proteins detected at low
quantities in exosomes (fold change higher than 26).

doi:10.1371/journal.pone.0073790.g003

Tumor cells can establish a suitable microenvironment (pre- the surrounding microenvironment to make it more permissive for
metastatic niche) for metastasizing cells [27]. Recent studies tumor invasion and growth [7]. Tumor exosomes are known to
support the abilities of tumor cell-derived exosomes to modulate carry proteins, mRNAs, and miRNAs that can play key roles in
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Figure 4. Differential protein profiles of brain metastatic versus non-brain metastatic cell-derived exosomes. The normalized
expression of proteins detected in exosomes is represented according to the RPPA data. Five proteins up-regulated and four proteins down-
regulated in the three BM exosomes compared with non-BM exosomes were identified. Of note, the highest expression among the up-regulated and
the lowest expression among the down-regulated proteins occurred in the CTCIBMSM cell line in all cases.
doi:10.1371/journal.pone.0073790.g004
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C

Figure 5. Non-brain metastatic cells uptake exosomes from their derivatives brain metastatic (BM) cell lines. Exosomes from the BM
cell lines were labeled with green lipophilic fluorescent dye PKH67 and incubated for 5 hr with non-BM cells transduced with Tubulin-RFP and
visualized by fluorescence microscopy. (A) MDA-MB-231P (231P) cells with MDA-MB-231BR-derived exosomes. (B) CTC1P cells with CTC1BMSM-
derived exosomes. (C) MeWo cells with 70 W-derived exosomes. Numerous green fluorescent labeled exosomes were observed inside the cells,

mostly located at the perinuclear region.
doi:10.1371/journal.pone.0073790.g005

these processes. The expression profiling of exosomal miRNAs has
been shown to be significantly different among lung [16] or
ovarian [9] cancer patients (among others) compared to healthy
controls. MiRNAs have been proposed to contribute to oncogen-
esis by functioning either as tumor suppressors or oncogenes [28].
Our exosome miRNA profiling report revealed similarities
between the three groups of cell lines. By deciphering miRNAs
that were significantly up-regulated (p<<0.05) in all three BM cell-
derived exosomes, we detected a 2 to 6-fold increase of miR-210
expression. This miRNA has been described to be induced in
response to hypoxia [29] with its expression known to be elevated
in multiple cancer types [30,31], and correlating with breast and
melanoma metastasis [32,33]. A few studies have identified miR-
210 in exosomes derived from ovarian or lung cancer, but a
correlation between this miRNA levels in exosomes and the stage
of disease could not be assessed [9,16]. According to our results,
exosomal miR-210 could be considered as an independent
prognostic factor in brain metastatic breast cancer and melano-
mabecause the single miR-210 assay has been proposed to be
prognostic factor in breast cancer patients [34]. Further, two
miRNAs were significantly down-regulated in all three BM
exosomes, miR-19a and miR-29¢c. MiR-19a belongs to the miR-
17-92 family, along with miR-18a, -19b, 20a and -20b, all of them
found down-regulated in BM exosomes. These microRNAs are
considered oncogenes, promoting proliferation and tumor angio-
genesis [35,36], and their up-regulation has been observed in
human cancer cells, including breast cancer [37]. Conversely,
miR-17-92 family was found to be deleted in approximately 20%
of ovarian, breast cancers and melanomas [38], and it was
expressed at higher levels in non-metastatic MCF-7 compared
with metastatic MDA-MB-231 cells, along with an inhibition of
cellular invasion and tumor metastasis through cyclin DI
repression [39]. Therefore, both oncogenic and anti-tumorigenic
capabilities of these miRNAs are not mutually exclusive as their
functions are dictated by the targets expressed in their specific
environment. MiR-29¢ has been found to be down-regulated in
nasopharyngeal carcinomas, and up-regulating mRNAs encoding
extracellular matrix proteins that are involved in metastasis [40],
and found to negatively correlate with lung cancer brain metastasis
[41]. However, there are no studies detecting a differential
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expression of miR-29c¢ in tumor-derived exosomes. The other two
members of the miR-29 family, miR-29a and -29b, were also
down-regulated in BM exosomes. Our results provide the initial
evidence of roles of these families as potential biomarkers;
however, further studies are necessary to explore these miRNA
families as prognostic factors in brain metastatic cancers.

To elucidate which proteins could be of relevance among the
exosomes cargo as they can affect the metastatic potential of the
cells, we performed a proteomic analysis in cell lines and derived
exosomes. By analyzing protein expression in cells compared to
exosomes, we found fold changes between 0.09 and 198, with an
average 10.5-fold change for all proteins. We selected the group of
proteins with low fold change (0 to 3) in cells versus exosomes to
identify the proteins that are present at high levels in exosomes in
relation to their cellular levels (Fig. 3). Several of these proteins
have been identified previously in exosomes and some are novel.
We classified these proteins according to their gene ontology.
Surprisingly, we found the nucleus as the most common cellular
component for exosomal proteins by detecting high levels of
nuclear proteins, e.g. androgen and estrogen receptors (AR and
ERo) or c-myc, a nuclear transcription factor and important
regulator of cell growth playing multiple roles in breast cancer
development and progression [42]. The main biological process in
which these proteins were involved was cell communication which
is the key role of exosomes. For example, among this group were
PDKI, 14-3-3¢ or receptors such as AR, ERo and HER3 (human
epidermal growth factor receptor 3), with many roles in cell-cell
signaling and signal transduction. Further, many other proteins in
this group are known to be implicated in cell cycle regulation, e.g.
cyclin DI, MAPK (mitogen-activated protein kinase), Akt, p27
and Src. Binding, catalytic and receptor activities were the
predominant molecular functions (Fig. S2). Finally, proteins
detected at high levels in exosomes were organized by pathways
in which they participate. The pathways with more proteins
implicated were apoptosis, EGFR, cadherin, integrin, interleukin
and Wnt signaling, all of them keenly involved in tumorigenesis
and metastasis.

Fibronectin was the protein detected at highest quantity in
exosomes of our study. This protein may play a major role
within the exosomes cargo transported to distant sites, since it is
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Figure 6. Cells acquire a higher adhesive and invasive potential through uptaking exosomes. (A) Tubulin-RFP transduced non-BM cell
lines with and without exosomes from BM cells were plated over a human brain microvascular endothelial cells (HBMEC) monolayer. All non-BM cell
lines increased their adhesive potential when exosomes are added compared to cells without exosomes. (B) Cells without exosomes, cells incubated
with their own exosomes (parental cell line-derived exosomes), and cells incubated with the exosomes from their cell variants (BM cell line-derived
exosomes) were plated onto invasion chambers coated with Matrigel™ artificial basement membrane. Cells incubated with exosomes showed a
higher invasive capability compared to the cells without exosomes. Asterisks (*) denote statistically significant differences (p<0.05).

doi:10.1371/journal.pone.0073790.9006

involved in the adhesion of many cell types [43], and it
mediates both invasion and metastasis in melanoma and breast
cancer cells [44,45]. Furthermore, a specific up-regulation of
fibronectin at the pre-metastatic niche before tumor cell arrival
was proven to be indispensable for the initial stages of
metastasis  [27]. The second protein detected at a higher
amount in exosomes than in cells was cyclin D1 which is
encoded by a well-established human oncogene that is
considered to be an important regulator of cell cycle progres-
sion. Its over-expression has been linked to the development
and progression of breast cancer and melanomas among others
[46,47]. Accordingly, this protein could have important roles in
the ability of breast cancer and melanoma-derived exosomes to
alter their microenvironment, aiding to tumor cell survival and
metastasis. Conversely, the group of proteins detected in low
quantities in exosomes compared to cells included important
tumor suppressors such as NF2 [48] and tuberin [49]. These
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results may provide clues for specific mechanisms by which cells
sort proteins to be included in the exosome cargo.

By profiling dysregulated proteins between BM and non-BM
cell-derived exosomes of the three groups, we detected up-
regulated kinases involved in cell cycle control (Chkl) [50] and
pathways controlling cell growth, proliferation and survival
(Phospho-p70 S6 Kinase and Phospho-PDK1) [51]; Smad3, a
protein that functions as a transcriptional modulator activated by
transforming growth factor-beta [52], and annexin VII, that has
been shown to correlate with metastatic breast cancer [53]. The
up-regulation of these proteins, especially in circulating tumor
cells, should be further studied in relation to the brain metastasis
onset. Conversely, we identified a group of proteins that were
down-regulated in BM exosomes: ACC1, TFRC, TSC1 and Bcl-
xp. The differences between parental and brain-colonizing cell
line-derived exosomes were not very dramatic in the first three
proteins; however, Bcl-x;, was specifically up-regulated in exo-
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somes from the non-BM breast cancer cell lines. This is in
agreement with previous findings associating over-expression of
this anti-apoptotic protein with nodal metastasis but not brain
metastasis in human breast cancer tumors [54,55].

An important finding from our study is that BM tumor cell-
derived exosomes were internalized by non-BM cells. We
interrogated whether the proteins and miRNAs contained within
the exosome cargo could modify the metastatic potential of the
cells following exosome uptake by altering intra and extravasation
processes involving tumor cell adhesion and transmigration
through the endothelium and underlying basement membranes.
To this end, we analyzed whether the melanoma and breast
cancer cells increase capabilities to adhere to human brain
microvascular endothelial cells upon incubation with exosomes
derived from BM cell lines. We detected a significant increase in
all cell lines considered. Furthermore, all cells significantly
increased their invasive capabilities upon incubation with exo-
somes, either homotypic or heterotypic cell variants-derived.
These results suggest that BM cell-derived exosomes content
possess distinctive proteins with key roles altering breast cancer
and melanoma progression. We did not observe an increase in
tumor cell proliferation following exosomes addition which could
be ascribed to pro-apoptotic functions of tumor-derived exosomes.
Exosomes 1solated from the sera of oral or ovarian cancer patients
and pancreatic tumor cells-derived exosomes have been shown to
inhibit proliferation and induce apoptosis of T lymphocytes
[56,57]. In addition to immunosuppressive properties, a pro-
apoptotic function of tumor-derived exosomes directly on tumor
cells was also reported in pancreatic cancer [58]. These findings
are in agreement with our results since the apoptosis signaling
pathway was the one with most proteins implicated, e.g., caspase
7, a member of the caspase family, has been shown to be an
effector protein of apoptosis. Therefore, these functions would
counteract the proliferative functions for a portion of the proteins
present in the exosomes cargo.

In summary, our investigations represent the first comprehen-
sive analysis of microRNA and protein profiling of brain
metastatic tumor cell-derived exosomes, and can be considered
the initial and important step for further investigations to implicate
exosome as clinically useful tools to provide prognostic value and
new therapeutic directions in BM disease.

Supporting Information

Figure S1 MicroRNA analyses in exosomes from brain
metastatic (BM) and non-BM cell lines. Fold change of
miRNA expression between brain metastatic (BM) and non-BM
cell-derived exosomes (MDA-MB-231BR versus MDA-MB-231P,
CTCIBMSM versus CTCIP and 70W versus MeWo) was
calculated and represented on a heatmap. Pathway-focused
miScript miRNA PCR array was used to analyze the miRNAs
content in the exosomes. Sixty miRNAs among the 84 were
detectable by the array in all exosomes. Asterisks (*) denote
statistically significant differences (p<<0.05).

(TIF)

Figure S2 Classification of the proteins with a 0 to 3-
fold change according to the gene ontology. Classification

References

1. Peinado H, Aleckovic M, Lavotshkin S, Matei I, Costa-Silva B, et al. (2012)
Melanoma exosomes educate bone marrow progenitor cells toward a pro-
metastatic phenotype through MET. Nat Med 18: 883-891.

2. Xiao D, Ohlendorf J, Chen Y, Taylor DD, Rai SN, et al. (2012) Identifying
mRNA, microRNA and protein profiles of melanoma exosomes. PLoS One 7:
¢46874.

PLOS ONE | www.plosone.org

Profiling Brain Metastasis Cell-Derived Exosomes

was done by the Protein Analysis Through Evolutionary
Relationships Classification System (http://www.pantherdb.org).
Nucleus, cytosol and plasma membrane were the cellular
components where the proteins highly detected in the exosomes
were mainly located. The biological processes in which these
proteins were principally involved were cell communication,
metabolic process and cell cycle and their molecular function
were predominantly binding, catalytic activity and receptor
activity. The pathways in which most proteins were implicated
were apoptosis, EGFR, cadherin, integrin, interleukin and Wnt
signaling pathways.

(TTF)

Figure S3 Differential protein profiles of brain meta-
static versus non-brain metastatic cell-derived exo-
somes. Normalized expression of the proteins detected in the
exosomes by RPPA analysis is represented by heatmap.

(TIF)

Figure S$4 Tumor cells do not acquire a higher prolif-
erative potential through uptaking exosomes. The prolif-
erative capability of cells was measured by the MTT assay. Non-
BM cell lines were seeded on a 96-well plate and incubated
overnight (16 hr). Cells were then incubated with or without
exosomes, and MTT was added after 48 h. No statistically
significant differences were found among the groups in any of the
cell lines considered.

(TIF)

Table S1 Differentially identified protein fold change
between cells and exosomes. Proteomic analyses were
conducted using the Reverse Phase Protein Array by the RPPA
Core Facility at MD Anderson Cancer Center (Houston, TX).
Fold change of protein content in cells versus exosomes was
calculated. Brown color shows the group of proteins that are
present at high levels in exosomes compared to cells (0 to 3-fold
change), blue color represents the bulk of the proteins (3 to 26-fold
change), and green color shows the group of proteins detected at
low quantities in exosomes (fold change higher than 26).

(DOCX)

Protocol S1 RPPA methodology. Methodology employed by
the RPPA Core Facility at MD Anderson Cancer Center
(Houston, TX) to perform the Reverse Phase Protein Array.
DOCX)

Acknowledgments

We thank Mr. Jason Ngo for statistical analysis and technical assistance.
We also thank the RPPA Core Facility - Functional Proteomics at MD
Anderson Cancer Center: http://www.mdanderson.org/education-and-
research/resources-for-professionals/scientific-resources/ core-facilities-
and-services/functional-proteomics-rppa-core/index.html.

Author Contributions

Conceived and designed the experiments: LC. Performed the experiments:
LC. Analyzed the data: LC PG. Contributed reagents/materials/analysis
tools: LC PG. Wrote the paper: LC PG DM.

3. Logozzi M, De Milito A, Lugini L, Borghi M, Calabro L, et al. (2009) High
levels of exosomes expressing CD63 and caveolin-1 in plasma of melanoma
patients. PLoS One 4: €5219.

4. Denzer K, Kleijmeer MJ, Heijnen HF, Stoorvogel W, Geuze HJ (2000)
Exosome: from internal vesicle of the multivesicular body to intercellular

signaling device. J Cell Sci 113 Pt 19: 3365-3374.

September 2013 | Volume 8 | Issue 9 | 73790



6.

20.

21.

23.

24.

28.

29.

30.

31.

. Johnstone RM, Bianchini A, Teng K (1989) Reticulocyte maturation and

exosome release: transferrin receptor containing exosomes shows multiple
plasma membrane functions. Blood 74: 1844-1851.

Zomer A, Vendrig T, Hopmans ES, van Eijndhoven M, Middeldorp JM, et al.
(2010) Exosomes: Fit to deliver small RNA. Commun Integr Biol 3: 447-450.
Skog J, Wurdinger T, van Rijn S, Meijer DH, Gainche L, et al. (2008)
Glioblastoma microvesicles transport RNA and proteins that promote tumour
growth and provide diagnostic biomarkers. Nat Cell Biol 10: 1470-1476.
Smalheiser NR (2007) Exosomal transfer of proteins and RNAs at synapses in
the nervous system. Biol Direct 2: 35.

. Taylor DD, Gercel-Taylor C (2008) MicroRNA signatures of tumor-derived

exosomes as diagnostic biomarkers of ovarian cancer. Gynecol Oncol 110: 13—

21.

. Yang C, Robbins PD (2011) The roles of tumor-derived exosomes in cancer

pathogenesis. Clin Dev Immunol 2011: 842849.

. Pant S, Hilton H, Burczynski ME (2012) The multifaceted exosome: biogenesis,

role in normal and aberrant cellular function, and frontiers for pharmacological
and biomarker opportunities. Biochem Pharmacol 83: 1484-1494.

. Andreola G, Rivoltini L, Castelli C, Huber V, Perego P, et al. (2002) Induction

of lymphocyte apoptosis by tumor cell secretion of FasL-bearing microvesicles.
J Exp Med 195: 1303-1316.

. Liu C, Yu S, Zinn K, Wang J, Zhang L, et al. (2006) Murine mammary

carcinoma exosomes promote tumor growth by suppression of NK cell function.

J Immunol 176: 1375-1385.

. Al-Nedawi K, Mechan B, Micallef J, Lhotak V, May L, et al. (2008) Intercellular

transfer of the oncogenic receptor EGFRVIII by microvesicles derived from
tumour cells. Nat Cell Biol 10: 619-624.

. Tili E, Michaille JJ, Croce CM (2013) MicroRNAs play a central role in

molecular dysfunctions linking inflammation with cancer. Immunol Rev 253:

167-184.

. Rabinowits G, Gercel-Taylor C, Day JM, Taylor DD, Kloecker GH (2009)

Exosomal microRNA: a diagnostic marker for lung cancer. Clin Lung Cancer

10: 42-46.

. Mears R, Craven RA, Hanrahan S, Totty N, Upton C, et al. (2004) Proteomic

analysis of melanoma-derived exosomes by two-dimensional polyacrylamide gel
electrophoresis and mass spectrometry. Proteomics 4: 4019-4031.

. Palazzolo G, Albanese NN, G DIC, Gygax D, Vittorelli ML, et al. (2012)

Proteomic analysis of exosome-like vesicles derived from breast cancer cells.

Anticancer Res 32: 847-860.

. Ridgway LD, Wetzel MD, Ngo JA, Erdreich-Epstein A, Marchetti D (2012)

Heparanase-induced GEF-H1 signaling regulates the cytoskeletal dynamics of
brain metastatic breast cancer cells. Mol Cancer Res 10: 689-702.

Zhang L, Ridgway LD, Wetzel MD, Ngo J, Yin W, et al. (2013) The
identification and characterization of breast cancer CTCs competent for brain
metastasis. Sci Transl Med 5: 179-182.

Marchetti D, Menter D, Jin L, Nakajima M, Nicolson GL (1993) Nerve growth
factor effects on human and mouse melanoma cell invasion and heparanase
production. Int J Cancer 55: 692-699.

. Raimondo F, Morosi L, Chinello C, Magni F, Pitto M (2011) Advances in

membranous vesicle and exosome proteomics improving biological understand-
ing and biomarker discovery. Proteomics 11: 709-720.

Thery C, Zitvogel L, Amigorena S (2002) Exosomes: composition, biogenesis
and function. Nat Rev Immunol 2: 569-579.

Thery C, Regnault A, Garin J, Wolfers J, Zitvogel L, et al. (1999) Molecular
characterization of dendritic cell-derived exosomes. Selective accumulation of
the heat shock protein hsc73. J Cell Biol 147: 599-610.

. Escola JM, Kleijmeer M]J, Stoorvogel W, Griffith JM, Yoshie O, et al. (1998)

Selective enrichment of tetraspan proteins on the internal vesicles of
multivesicular endosomes and on exosomes secreted by human B-lymphocytes.

J Biol Chem 273: 20121-20127.

. Frederick MJ, VanMeter AJ, Gadhikar MA, Henderson YC, Yao H, et al. (2011)

Phosphoproteomic analysis of signaling pathways in head and neck squamous
cell carcinoma patient samples. Am J Pathol 178: 548-571.

. Kaplan RN, Rafii S, Lyden D (2006) Preparing the “soil”’: the premetastatic

niche. Cancer Res 66: 11089-11093.

Zhang B, Pan X, Cobb GP, Anderson TA (2007) microRNAs as oncogenes and
tumor suppressors. Dev Biol 302: 1-12.

Kulshreshtha R, Ferracin M, Wojcik SE, Garzon R, Alder H, et al. (2007) A
microRNA signature of hypoxia. Mol Cell Biol 27: 1859-1867.

Duncavage E, Goodgame B, Sezhiyan A, Govindan R, Pfeifer J (2010) Use of
microRNA expression levels to predict outcomes in resected stage I non-small
cell lung cancer. J Thorac Oncol 5: 1755-1763.

Gee HE, Camps C, Buffa FM, Patiar S, Winter SC, et al. (2010) hsa-mir-210 is a
marker of tumor hypoxia and a prognostic factor in head and neck cancer.
Cancer 116: 2148-2158.

PLOS ONE | www.plosone.org

10

33.

34.

36.

37.

38.

39.

40.

41.

42.

43.

44,

46.

47.

48.

49.

50.

51.

52.

54.

56.

57.

58.

Profiling Brain Metastasis Cell-Derived Exosomes

. Zhang Z, Sun H, Dai H, Walsh RM, Imakura M, et al. (2009) MicroRNA miR-

210 modulates cellular response to hypoxia through the MYC antagonist MNT.
Cell Cycle 8: 2756-2768.

van’t Veer L], Dai H, van de Vijver MJ, He YD, Hart AA, et al. (2002) Gene
expression profiling predicts clinical outcome of breast cancer. Nature 415: 530
536.

Hong L, Yang J, Han Y, Lu Q, Cao J, et al. (2012) High expression of miR-210
predicts poor survival in patients with breast cancer: a meta-analysis. Gene 507:

135-138.

. Hayashita Y, Osada H, Tatematsu Y, Yamada H, Yanagisawa K, et al. (2005) A

polycistronic microRNA cluster, miR-17-92, is overexpressed in human lung
cancers and enhances cell proliferation. Cancer Res 65: 9628-9632.

He L, Thomson JM, Hemann MT, Hernando-Monge E, Mu D, et al. (2005) A
microRNA polycistron as a potential human oncogene. Nature 435: 828-833.

Volinia 8, Calin GA, Liu CG, Ambs S, Cimmino A, et al. (2006) A microRNA
expression signature of human solid tumors defines cancer gene targets. Proc
Natl Acad Sci U S A 103: 2257-2261.

Zhang L, Huang J, Yang N, Greshock J, Megraw MS, et al. (2006) microRNAs
exhibit high frequency genomic alterations in human cancer. Proc Natl Acad
Sci U S A 103: 9136-9141.

Yu Z, Willmarth NE, Zhou J, Katiyar S, Wang M, et al. (2010) microRNA 17/
20 inhibits cellular invasion and tumor metastasis in breast cancer by heterotypic
signaling. Proc Natl Acad Sci U S A 107: 8231-8236.

Sengupta S, den Boon JA, Chen IH, Newton MA, Stanhope SA, et al. (2008)
MicroRNA 29c is down-regulated in nasopharyngeal carcinomas, up-regulating
mRNAs encoding extracellular matrix proteins. Proc Natl Acad Sci U S A 105:
5874-5878.

Lu Y, Govindan R, Wang L, Liu PY, Goodgame B, et al. (2012) MicroRNA
profiling and prediction of recurrence/relapse-free survival in stage I lung
cancer. Carcinogenesis 33: 1046-1054.

Xu J, Chen Y, Olopade OI (2010) MYC and Breast Cancer. Genes Cancer 1:
629-640.

Ruoslahti E (1984) Fibronectin in cell adhesion and invasion. Cancer Metastasis
Rev 3: 43-51.

Bartsch JE, Staren ED, Appert HE (2003) Adhesion and migration of
extracellular matrix-stimulated breast cancer. J Surg Res 110: 287-294.

. Humphries MJ, Olden K, Yamada KM (1986) A synthetic peptide from

fibronectin inhibits experimental metastasis of murine melanoma cells. Science
233: 467-470.

Alao JP (2007) The regulation of cyclin DI degradation: roles in cancer
development and the potential for therapeutic invention. Mol Cancer 6: 24.
Musgrove EA, Caldon CE, Barraclough J, Stone A, Sutherland RL (2011)
Cyclin D as a therapeutic target in cancer. Nat Rev Cancer 11: 558-572.
Gutmann DH, Sherman L, Seftor L, Haipek C, Hoang Lu K, et al. (1999)
Increased expression of the NF2 tumor suppressor gene product, merlin, impairs
cell motility, adhesionand spreading. Hum Mol Genet 8: 267-275.

Krymskaya VP (2003) Tumour suppressors hamartin and tuberin: intracellular
signalling. Cell Signal 15: 729-739.

Bartek J, Lukas J (2003) Chkl and Chk2 kinases in checkpoint control and
cancer. Cancer Cell 3: 421-429.

Mora A, Komander D, van Aalten DM, Alessi DR (2004) PDK1, the master
regulator of AGC kinase signal transduction. Semin Cell Dev Biol 15: 161-170.
Massague J, Seoane J, Wotton D (2005) Smad transcription factors. Genes Dev
19: 2783-2810.

Srivastava M, Bubendorf L, Raffeld M, Bucher C, Torhorst J, et al. (2004)
Prognostic impact of ANX7-GTPase in metastatic and HER2-negative breast
cancer patients. Clin Cancer Res 10: 2344-2350.

Olopade OI, Adeyanju MO, Safa AR, Hagos F, Mick R, et al. (1997)
Overexpression of BCL-x protein in primary breast cancer is associated with
high tumor grade and nodal metastases. Cancer J Sci Am 3: 230-237.

. Rubio N, Espana L, Fernandez Y, Blanco ], Sierra A (2001) Metastatic behavior

of human breast carcinomas overexpressing the Bcl-x(L) gene: a role in
dormancy and organospecificity. Lab Invest 81: 725-734.

Taylor DD, Gercel-Taylor C, Lyons KS, Stanson J, Whiteside TL (2003) T-cell
apoptosis and suppression of T-cell receptor/CD3-zeta by Fas ligand-containing
membrane vesicles shed from ovarian tumors. Clin Cancer Res 9: 5113-5119.
Iero M, Valenti R, Huber V, Filipazzi P, Parmiani G, et al. (2008) Tumour-
released exosomes and their implications in cancer immunity. Cell Death Differ
15: 80-88.

Ristorcelli E, Beraud E, Verrando P, Villard C, Lafitte D, et al. (2008) Human
tumor nanoparticles induce apoptosis of pancreatic cancer cells. FASEB J 22:
3358-3369.

September 2013 | Volume 8 | Issue 9 | 73790



