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Abstract The tumor stroma plays an essential role in tumor
growth, resistance to therapy and occurrence of metastatic phe-
notype. Tumor vessels have been considered as passive conducts
for nutrients but several studies have demonstrated secretion of
pro-tumoral factors by endothelial cells. The failure of anti-
angiogenic therapies to meet expectations raised by pre-clinical
studies prompt us to better study the cross-talk between endo-
thelial and cancer cells. Here, we hypothesized that tumor cells
and the endothelium secrete bio-active microparticles (MPs)

participating to a functional cross-talk. We characterized the
cancer cells MPs, using breast and ovarian cancer cell lines
(MCF7, MDA-MB231, SKOV3, OVCAR3 and a primary cell
lines, APOCC). Our data show thatMPs frommesenchymal-like
cell lines (MDA-MB231, SKOV3 and APOCC) were able to
promote an activation of endothelial cells through Akt phosphor-
ylation, compared to MPs from epithelial-like cell lines
(OVCAR3 and MCF7). The MPs from mesenchymal-like cells
contained increased angiogenic molecules including PDGF, IL8
and angiogenin. The endothelial activation was associated to
increased Arf6 expression and MPs secretion. Endothelial acti-
vation functionalized an MP dependent pro-tumoral vascular
niche promoting cancer cells proliferation, invasiveness, stem
cell phenotype and chemoresistance. MPs from cancer and en-
dothelial cells displayed phenotypic heterogeneity, and partici-
pated to a functional cross-talk where endothelial activation by
cancerMPs resulted in increased secretion of EC-MPs sustaining
tumor cells. Such cross-talk may play a role in perfusion inde-
pendent role of the endothelium.

Keywords Cancer . Tumormicroenvironment . Cell-cell
interactions .Metastasis .Microparticles . Endothelial cells

Introduction

Several mechanisms mediate the cross talk between cancer and
stromal cells: (i) paracrine or juxtacrine cytokine/receptor inter-
action [1,2] (ii) direct cell contact and material exchange [3–5]
(iii) vesicles mediated cell communication [6]. While vesicles
share some common features they also differ by their morpho-
logic, proteomic or lipidic contents. Despite recent effort to
comprehensively classify them, literature on shed microvesicles
is still confusing, mainly due to conflicting denominations [7].
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Fig. 1 Characterization of mesenchymal and epithelial phenotype. a
Phase contrast microscopy pictures show significant morphological dif-
ference concordant with an epithelial phenotype (MCF7 and OVCAR3)
and a mesenchymal phenotype (MDA, SKOV3 and APOCC). Scale bar:
150 μm. Cells were stained for E-cadherin or N-cadherin and analyzed by
confocal microscopy. Presence of N-cadherin and E-cadherin staining is
concordant with the first observations of the cells body shape. Scale bar
50 μm. b Western blot analysis of the different cells lines for mesenchy-
mal (Vimentin and Snail) and epithelial (E-cadherin) markers confirm the
difference between MCF7 and OVCAR3 on one part (epithelial pheno-
type) and SKOV3, MDA and APOCC on the other part (mesenchymal
phenotype). MDA, SKOV3 and APOCC expressed mesenchymal genes
at levels significantly higher than MCF7 and OVCAR3, as determined by
real-time qPCR. Relative transcript levels are represented as the log10 of
ratios between the 2 subpopulations of their 2–ΔΔCp real-time PCR values.
c eGFP-E4+ECs were co-cultured with tumor cells for 3 days. Before
imaging by confocal microscopy, co-cultures were stained with Alexa
Fluor 594 conjugated-wheat germ agglutinin (WGA). GFP-MPs and

WGA-MPs are detected floating between cells and on cell membranes.
Typical characteristics of MPs are observed: (i) particles smaller than
1 μm, (ii) budding at the membrane. Scale bar: 5 μm. Confocal imaging
of MDA/eGFP-E4+ECs sphere. Spheroids of MDA and eGFP-E4+ECs
were grown in 3Dmedia for 5 days. MDA cells were stained with Pkh red
before spheroids formation. Red or green MPs (arrow) are visible inside
the sphere. Scale bar: 10 μm. d eGFP-E4+ECs were co-cultured with
MCF7 or SKOV3 cells for 3 days. Before imaging by confocal micros-
copy, fixed cells were stained with DAPI and AlexaFluor 647 conjugated-
phalloidin. Fixed cells were stained with WGA, DAPI and AlexaFluor
647 conjugated-phalloidin. Arrows demonstrate co-localization of eGFP-
E4+ECs-MPs (green) and actin patches (red). Scale bar 10 μm. e MPs
from E4+ECs were extracted from 80 % confluent cells and labeled with
Alexa Fluor 594 conjugated-wheat germ agglutinin (WGA). Each cancer
cells lines were incubated with E4+ECs-MPs for 24 h at 37°c in presence
or absence (control) of Annexin V (AnnV) or cytochalsine D (CytoD).
MPs uptake quantification was made by flow cytometry. MPs uptake
decrease in presence of cytoskeleton heckler or inhibitors
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Most studies have focused on exosomes. These 50 to 100 nm
diameter vesicles are generated by a budding of the endosomal
membrane producing multivesicular bodies (MVB) and are
released in the extracellular matrix upon MVB fusion with the
plasma membrane [8,9]. Cells also shed a heterogeneous popu-
lation of vesicles different from both exosomes and apoptotic
bodies. These vesicles are larger, ranging from 100 nm to few
micrometers in diameter, and are described as shedding vesicles,
oncosomes, microvesicles, microparticles, ectosomes, mem-
brane particles or exosomes-like vesicles [10]. In our study,
we will refer to these structures as microparticles (MPs).

MPs mediate multiple functions through local and systemic
shuttling of proteins, mRNAs or miRNAs [7,11,12]. Tumor
derived MPs have been implicated in mechanisms such as:
transfer of tumor antigens to dendritic cells [13], or acquisition
of resistance [3,14,15]. They also play a role in cross-talk with
ECs [16,17] or bone marrow cells [6]. In the neoplastic setting,
MPs facilitate extracellular matrix invasion and immune re-
sponse [18,19]. They also play a role in the acquisition of
chemo-resistance [3,14,15]. All tumor cells could potentially
secrete MPs and their concentration might be related to invasive-
ness and disease progression [20]. Recently, Lyden’s group had

c

ed

Fig. 1 (continued)
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shown that melanoma-derived MPs displayed a specific signa-
ture and were able to educate bone marrow derived progenitor
cells in order to induce a pre-metastatic niche, supporting in
return tumor spread and growth [6].

Most of the literature on tumor angiogenesis concentrated on
how vessels are recruited and structurally distorted to stimulate
tumor progression [21]. However, anti-angiogenic strategies
have not met so far the clinical expectations, despite their ability
to disrupt tumor vessels proposing a more complex role for the
endothelium [22,23]. A more direct role for the endothelial cells
in tumor growth and metastasis has been proposed [24,25].
Tumor vessels are not simply passive tubes for nutrients since
the perfusion independent properties of endothelial cells (ECs)
have been described in the developmental and neoplasic contexts
[26–29]. The role of paracrine factors such as angiogenic peptide
basic fibroblast growth factor (bFGF) have been illustrated in
different tumors including leukemia [30,31], and solid tumors
such as IL-6 (interleukin 6) in melanoma [32] or jagged 1 in
colon cancer [33]. In this context endothelial cells pro-tumoral
role is mediated through both contact-dependent and contact-
independent mechanisms. Similarly, we previously described
how they modulate cancer cells (CCs) phenotype toward a
chemoresistant profile through direct contact and organelle trans-
fer [28].

Two studies have focused on MPs-mediated cross talk
between tumors cells and ECs. Svensson et al. have dem-
onstrated that hypoxic cancer cells released substantial
amounts of MPs-associated tissue factors, triggering TF/
VIIa–dependent activation of hypoxic ECs [17]. Kawamoto
et al. illustrated the ability of Tumor derived microvesicles
(TMV) to activate the Pi3Kinase/Akt pathway in ECs
through active endocytosis [16]. However, the relationship
between MPs uptake and its functional consequences has
not been elucidated yet, thus it remains unclear how ECs
and cancer cells phenotype can be affected by MPs.

Here we hypothesize that tumor and endothelial cells se-
crete bio-active MPs participating in a functional cross talk.
Our data show that MPs from mesenchymal-like metastatic
cell lines (MDA-MB231 and SKOV3, a primary cell lines)
were able to induce a phosphorylation of Akt in ECs com-
pared to MPs from epithelial-like cell lines (OVCAR3 and
MCF7). The Akt activation in ECs increased Arf6 expression
and functionalized aMPs dependent vascular niche enhancing
tumor cells pro-metastatic properties.

Results

Cancer cells lines display epithelial or mesenchymal
phenotype

We used 4 different cancer cells lines, 2 breast (MCF7
and MDA-MB231) and 2 ovarian (OVCAR3 and

SKOV3), as well as a primary ovarian cancer cell line
derived in our laboratory from ascites of a patient with
Stage III serous adenocarcinoma (APOCC). All cell lines
displayed different morphology (Fig. 1a). MCF7 and
OVCAR3 were polygonal in shape with regular dimen-
sions, and grew in discrete patches. MDA, SKOV3 and
APOCC had mesenchymal-like features and grew with
less interaction. Concordantly MDA, SKOV3 and
APOCC expression of mesenchymal markers was con-
firmed by confocal microscopy (Fig. 1a), western blot
and qPCR (Fig. 1b) whi le OVCAR3 and MCF7
expressed epithelial markers.

Cancer cells and endothelial cells secrete and uptake
microparticles through an active process

To track spontaneous excretion and uptake of MPs, we
used eGFP-E4+ECs and stained the cancer cells or
HUVECs with WGA [3]. Live cell imaging showed a
typical MP release from the different cell types (Fig. 1c,
right panel). In 2D and 3D co-culture settings we observed
secretion and uptake of MPs by the different cell lines used
(Fig. 1c, middle and left panel). To demonstrate an active
uptake of MPs we showed the co-localization of actin in
areas of MPs uptake on confocal microscopy (Fig. 1d and
Supplementary Figure 1). We also used an inhibitor of
actin polymerization, Cytochalasin D, and annexin V
which is able to bind to membrane phosphatidylserine
and thus inhibit the active uptake [34], in both experimen-
tal settings MPs uptake was inhibited (Fig. 1e). Finally we
showed the absence of MPs uptake at 4 °C compare to
37 °C for all CCs using confocal microscopy, flow cytom-
etry and time-lapse imaging (Supplementary figure 2A)
[16]. We noticed aggregation of EC-MPs at cancer cells’
membrane at 4 °C (Supplementary figure 2A, right panels)
suggesting adhesion without uptake, which relies on the
functionality of the cytoskeleton. Similarly E4+EC uptake
of CC-MPs was inhibited at 4 °C and activated at 37 °C
(Supplementary figure 2B).

�Fig. 2 Cancer cells microparticles induce vascular activation. a
Schematic representation of the experimental design. b HUVECs
were plated and counted every 2 days in presence or not of MPs
from CCs. Only MPs from MDA and Skov3 were able to sustain
proliferation of HUVECs. c Wound closure assay was performed for
HUVECs in presence or absence of CCs-MPs. Only MPs from MDA
and Skov3 enhanced HUVECs motility. d HUVECs were plated on
matrigel layer in presence or not of CC-MPs. Tube formation were
quantified at different time. Only MPs from MDA and Skov3 were
able to improve the number of tube and their viability. The bottom
panel grave representative picture of the tubes at 4 and 6 h after
plating. Scale bar: 500 μm
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Mesenchymal-type CCs derived MPs have a different effect
on ECs compare to epithelial-type CCs MPs

To investigate the functional effect of MPs on endothelial
cells, HUVECs were incubated with MPs from MCF7 and
OVCAR3, referred as E-MPs (Epithelial-MPs), or MPs from
MDA, SKOV3 and APOCC, referred as M-MPs
(Mesenchymal-MPs), Fig. 2a.

M-MPs induced increased endothelial proliferation (2.03,
2.75 and 2.91 fold compared to control forMDA, SKOV3 and
APOCC, respectively) while E-MPs failed to sustain ECs
proliferation (Fig. 2c). M-MPs were also able to stimulate
HUVECs motility in serum free condition (76.2, 85.3 and
80.6 fold for MDA, SKOV3 and APOCC, respectively) com-
pared to control and E-MPs (Fig. 2d). Tube formation was
observed as early as 4 h after treatment with CCs-MPs;
however (i) the number of tubes and the kinetic of tube
formation were lower with the E-MPs and (ii) the persistence
of tubes was only observed after M-MPs treatments (Fig. 2e).
Finally, we illustrated recently the role of the endothelium in
lung regeneration within structure called angiospheres where
the ECs provided specific angiocrine cues to lung cells [26].
We demonstrated increased angiospheres formation with M-
MPs compared to E-MPs (2.5 fold for MDA vs. MCF7 and
2.3 fold for SKOV3 vs. OVCAR3) (Supplementary figure 3).

Our data suggested that M-MPs displayed a specific ability
to activate ECs compare to E-MPs. However, this could be
cell-specific rather than phenotype-related. Therefore we used
an in vitro Epithelial to Mesenchymal Transition (EMT) mod-
el using TGFβ to investigate the functional modifications of
corresponding MPs [35]. MCF7 cells were treated by TGFβ
for 3 days until morphological changes appeared (Fig. 3a).
EMT was then confirmed by reduced expression of E-
cadherin and increased expression of N-cadherin, Vimentin,
Fibronectin and the transcription factor SNAIL (Fig. 3b-c).

We subsequently starved the EMT cells and isolated the
induced mesenchymal MPs (iM-MPs) (Fig. 3d). We showed
that the iM-MPs were able to increase both ECs proliferation
and branching in a Matrigel assay, compared to the MCF7-
MPs (Fig. 3e-f).

M-MPs induced activation of EC and triggered an Arf6
mediated increase in EC-MPs secretion

Akt phosphorylation is known to be involved in EC prolifer-
ation, migration and tube formation [36]. Our findings and a
recent study by Kawamoto et al. propose that M-MPs could
activate Akt phosphorylation in HUVECs [16]. In concor-
dance with the functional experiments, confocal microscopy
and western blot confirmed that only M-MPs and iM-MPs
induced Akt phosphorylation in HUVECs (Fig. 4a-b and
Supplementary figure 4).

We then investigated the differential expression of pro-
angiogenic molecules using a human angiogenesis array on
E-MPs (MCF7), iM-MPs (MCF7 treated with TGFβ) and M-
MPs (MDA; Fig. 4c for a selected panel and Supplementary
figure 5). Interestingly VEFG level was similar in E-MPs, iM-
MPs and M-MPs and TGFβ could not be detected. Several
major angiogenic molecules displayed differential expression
between the different MPs tested. Among them PDGFA,
Angiogenin and IL8 were upregulated in both iM-MPs and
M-MPs compare to E-MPs. Others such as CXCL16 and TF
(Tissue Factor) demonstrated differential expression between
iM-MPs and M-MPs. As previously published, TF was pres-
ent in the M-MPs but we could not detect TF in the E-MPs or
iM-MPs [37].

In order to understand the effect of Akt phosphorylation on
endothelial cells microparticles machinery we used a model of
endothelial cells with autonomous Akt-activation surviving in
the absence of FBS and cytokines (HUVECs-E4ORF1, re-
ferred to as E4+ECs, Supplementary figure 6) [38]. Live cell
imaging showed increased budding of MPs at the membrane
of E4+ECs compared to the HUVECs (Fig. 5a). Several genes
have been implicated in MPs release such as Rab27, Rab11,
Arf6, P53, TSAP6 and DGKA [7,20,39–41]. We performed
transcriptomic analysis comparing HUVEC and E4+ECs.
There was a moderate increase in expression of Rab27 and
Rab11 (1.2 to 1.5 fold respectively). P53, TSAP6 and DGKA
expression were not modified. Arf6 expression was increased
by 2.1 fold; therefore we investigated the role of Arf6 in our
experimental conditions. Arf6 is a GTPase of the Ras super-
family playing a major role in membrane trafficking and MPs
secretion [20]. Si-RNA mediated inhibition of Arf6 (Supple-
mentary figure 7 for inhibition efficiency) dramatically
reduced endothelial and cancer cells MPs secretion (data
not shown). Live cell imaging concordantly showed de-
creased budding at the membrane of both HUVECArf6-

and E4+ECArf6- cells (Fig. 5b). We then showed that Arf6

�Fig. 3 EMT in cancer cells induce a modification in the microparticles
released. a MCF7 were treated with TGFβ (2.5 ng/ml) during 3 days.
Phase contrast microscopy showing significant morphological change
concordant with a mesenchymal phenotype. Scale bar 500 μm. b After
treatment with TFGβ, MCF7 were stained for E-cadherin or N-cadherin
and analyzed by confocal microscopy. An increase of N-cadherin staining
and a decrease of E-cadherin staining can be observed in the MCF7
treated with TGFβ in comparison to controls. Scale bar: 10 μm. c The
relative quantification of EMT genes were performed by real-time qPCR
on MCF7 after treatment with TGFβ. The mesenchymal genes (N-
cadherin, Snail, Fibronectin and Vimentin) were increased compared to
the control. E-cadherin expression was decreased. Relative transcript
levels are represented as the log10 of ratios between the 2
subpopulations of their 2–ΔΔCp real-time PCR values. d Schematic
representation of the experimental design to assess the functional role of
iM-MPs. e HUVECswere plated and counted every 2 days in presence of
MCF7-MPs or iM-MPs. Only iM-MPs were able to sustain proliferation
of HUVECs. f HUVECs were plated on matrigel layer in presence of
MCF7-MPs or iM-MPs. Only iM-MPs were able to improve the number
of tube and their viability

MPs mediate phenotype modulation 47



expression was increased in HUVECs treated with M-
MPs compared to E-MPs (Fig. 5c). Finally, as M-MPs
induced Akt activation in HUVEC, we investigated the
role of Akt activation in Arf6 expression. First we showed
that FGF2-mediated EC activation induced concomitant
Akt activation and Arf6 expression (Fig. 5d). Concordant-
ly, inhibition of P-Akt by LY294002, in E4+ECs resulted
in a decreased expression of Arf6 (Fig. 5d-e).

This suggests that the modulation of endothelial plasticity
by CCs may be associated with a modulation of the MPs
machinery and the constitution of an endothelial pro-tumoral

niche. Therefore we investigated the functional effects of EC-
MPs extracted from E4+ECs on cancer cells lines focusing on
the following pro-metastatic properties: migration, prolifera-
tion, chemoresistance and stemness (Fig. 6a).

Endothelial cells derived MPs induce a pro-metastatic
phenotype

We evaluated cancer cells proliferation in a serum and
cytokine-free media where survival and proliferation could
only rely on EC-MPs. All treated cell lines demonstrated
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increased proliferation ranging from 1.45 to 4.5 fold at day 6
(Fig. 6b). They also displayed increased migration ranging
from 1.26 to 20 fold (Fig. 6c).We next investigated survival of
breast cancer cell lines treated by doxorubicin and ovarian
cancer cell lines treated by taxol. The pre-treatment of CCs by
EC-MPs induced chemoresistance in all cell lines ranging
from 1.2 to 1.95 fold (Fig. 6d).

Recently the role of cancer propagating cells has been
illustrated in both breast and ovarian malignancies [42]. To
investigate the effect of EC-MPs on the induction of a prop-
agating phenotype, we used sphere formation assay and flow

cytometry. EC-MPs treatment increased CCs sphere forma-
tion in all cell lines for both number and size, from 1.3 to 4.13
fold in a serum free 3D media (Fig. 6e and Supplementary
figure 7A). To characterize tumor-propagating population by
flow cytometry, we used previously described cell surface
markers (CD44+CD24low for breast cancers, and
CD44+CD117+ for ovarian cancers) [43,44]. Treatment of
CCs with EC-MPs increased the putative stem cell population
in both breast and ovarian cancer models by 12, 4.5, 2.29 and
1.71 fold for MCF7, MDA, SKOV3 and OVCAR3 respec-
tively (Fig. 7f and Supplementary figure 7B). Interestingly
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cells. c Arf6 relative expression was evaluated by real-time qPCR. Arf6
expression is increased in HUVECs in presence of M-MPs. d Western
blot analysis showed that Arf6 expression is dependent of Akt phosphor-
ylation. f Arf6 relative expression was evaluated by real-time qPCR. Arf6
expression is more important in E4+ECs than HUVECs and decreased
when the cells were treated with an Akt inhibitor (LY294002)
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when we performed similar experiments with HUVEC de-
rived MPs normalized on protein quantity and could not
demonstrate any significant increase in pro-metastatic pheno-
type (data not shown).

In order to investigate the occurrence of an EMT, we
focused on the two epithelial-like cancer cell lines MCF7
and OVCAR3. We observed an increased expression of mes-
enchymal markers (N-Cadherin, Vimentin, fibonectin) and
transcription factor (Snail) in MCF7 and OVCAR3 after treat-
ment with EC-MPs concordant with the acquisition of a
mesenchymal morphology (Fig. 7a). We then investigated
the implication of SMADs in OVCAR3 and MCF7 mesen-
chymal transition (Fig. 7b). MPs from E4+ECs and HUVECs
had minor effect on SMAD1 and SMAD5 phosphorylation.
However MPs from E4+ECs induced SMAD3 phosphoryla-
tion in OVCAR3 cell line.

Finally, we used explants from ovarian cancer metastatic
nodules to test the effect of E4+ECs MPs in a 3D tumoral
context (Fig. 7c). Ovarian cancer nodules were minced and
cultured with or without EC-MPs. After 7 days, we observed
more EpCAM+ tumor cells outgrowing of the explant in the
treated group (Fig. 7d). The confocal microscopy analysis of
the explants after 7 days showed cellular uptake of AF594-
WGA labeled EC-MPs (Fig. 7e).

Discussion

In this study, we showed that beyond single factor mediated
cross-talk, MPs participate to a complex dialogue between
cancer and endothelial cells.

Using endothelial Akt activation as a readout, we were able
to differentiate MPs from cells with mesenchymal from cells
with epithelial traits. While ECAkt activation by CC-MPs has
already been described in the literature [16,34,45–47], this
study is the first to address the impact of cancer cells pheno-
type. The heterogeneity and specific functionality of MPs
have been well illustrated in the literature at the protein,
mRNA and micro-RNA levels in different cell type in vitro
[48–50] and in vivo [51–53]. More recently, few studies
highlighted the difference of the MPs extracted from
mesenchymal-like cells compared to their epithelial counter-
parts [37,54,55]. At this stage, the heterogeneity of functional
effects, such as endothelial activation, mandates for screening
approach where mechanisms of endothelial activation need to
be defined.

MPs have been described as shuttle for different types of
molecules; we focused here on angiogenic molecules and
were able to point out cell type specific MP content as well
as shift in content concomitant to phenotype modulation.

The wide range of angiogenic molecules encapsulated in
MPs also argues for the synergistic role of multiple mediators.
Among the potential candidates, we ruled out the role of

VEGF, which had been already detected in MPs from ovarian
cancer cell lines [56]. MPs according to their origin demon-
strated specific angiogenic profile. TFwas only detected inM-
MPs concordant with previous study describing its role in MP
mediated transfer to endothelial cells [37]. The other angio-
genic molecules significantly up regulated in M-MPs and iM-
MPs were IL8, angiogenin and PDGF. Addressing their spe-
cific role in endothelial cells activation is beyond the scope of
our study. Nevertheless, their impact on angiogenesis has been
already illustrated. Recently, Martin et al. demonstrated that
IL-8 stimulates vascular endothelial growth factor expression
and the autocrine activation of VEGFR2 in endothelial cells
[57]. Interleukin-8 level are elevated in ascites of patients with
ovarian cancer [58]. Its secretion by ovarian cancer cells is
also known to increase anchorage-independent growth, pro-
liferation, angiogenic potential, adhesion and invasion [59].
PDGF-AA-induced signaling is through the Ras-MAPK,
PI3K/AKT and PLCγ pathways [60]. PDGF role in angio-
genesis has been described in diverse context. In surgical flaps,
PDGF stimulates angiogenesis in ischemic conditions [61]. In
neoplastic context, PDGF has a synergistic role with other
angiogenic factors such as FGF or VEGF [62]. Angiogenin is
potent angiogenic factor implicated promoting neo-
neovascularization [63]. In malignant disease, abnormally high
angiogenin levels are observed and might be associated to poor
prognosis [64]. Nuclear angiogenin in endothelial cells is nec-
essary for angiogenesis induced by other angiogenic factors
including VEGF [65]. In breast cancer, increased angiogenin
expression promotes the transition from normal to invasive
breast carcinoma [66]. The stroma is now perceived as a com-
plex environment however most studies still focus on single
agent effects. This might explain why despite convincing pre-
clinical studies, the transition into the clinical setting is to date
below expectations. Our data illustrate such complexity, MPs
content can concomitantly activate multiple signaling pathways
within endothelial cells (data not shown) and blocking a single
agent may not efficiently prevent endothelial activation.

Endothelial activation and the role of endothelial paracrine
mediators have already been described in angiogenesis
[67,68]. Our illustration of arf6 mediated increased budding
and MPs excretion once again illustrate the complexity of the
cross-talk between tumor and stroma. MPs might play a
different role in modifying more broadly the stromal contex-
ture. Arf6 is involved in the shedding of tumors cells derived
MPs [20]. Here, we have demonstrated an increased expres-
sion of Arf6 during endothelial activation by M-MPs. We
showed that Arf6 overexpression in activated ECs is associ-
ated with quantitative changes of EC-MPs.

Interestingly, while the activated endothelium MPs were
pro-tumoral, regular endothelium MPs did not display the
same functionality suggesting an important role of endothelial
plasticity. The increased secretion of MPs by cancer cells in
the context of cytotoxic stress as well as MPs role in
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chemoresistance have been illustrated previously
[3,69–72]. Our findings of increased chemoresistance and
stem cells phenotype in cancer cells population might be of
clinical relevance. Once activated, the EC-MPs might allow
the occurrence of a chemoresistant stem like cancer cell
population through the induction of tumor plasticity. Such
resistant clones might play a role in recurrence of disease
after treatment.

The role of stromal MPs has not really been clearly de-
scribed. However, our data suggest an important role of acti-
vated EC-MPs in intercellular communication requiring fur-
ther validation in appropriate in vivo models. Our demonstra-
tion of the occurrence of a SMAD3 dependent EMT in the
epithelial cancer cell lines advocates for a role of EC-MPs in
tumor plasticity. One consequence of such interaction is the
occurrence of a self-feeding loop where activated endothelial
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Fig. 6 MPs from activated endothelial cells support tumor pro-metastatic
phenotype. a Schematic representation of the experimental design. b CCs
were plated and counted every 2 days in presence or not ofMPs from E4+
ECs during 6 days. EC-MPs were able to sustain proliferation of CCs. c
Wound closure assay showed that ECs-MPs improved the motility of
CCs. d Breast CCs were treated with Doxorubicine (10 μM) and ovarian
CCs with taxol (10 μM) in presence or absence of EC-MPs. EC-MPs

induced chemoresistance of CCs to chemotherapy treatment. e Spheroids
of CCs were grown in 3D media during 6 days, ECs-MPs sustained the
proliferation of CCs spheres. f CCs were grown with or without MPs
during 4 days. Prior to cytometry analysis, breast CCs were immuno-
stained with CD44 and CD24. Gate of interest are represented with a star
on the graph. EC-MPs increase the number of putative cancer stem cells
in all CCs population
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cells increase mesenchymal phenotype, which in return is able
to maintain high activation of endothelial cells.

Concordantly, Peinado et al. recently demonstrated a spe-
cific signature of the MPs derived from highly metastatic
melanoma cells [6]. They showed the ability of highly meta-
static melanoma exosomes to educate bone marrow progeni-
tor cells through MET receptor and therefore to sustain and
increase the metastatic behavior of primary tumors to consti-
tute a metastatic niche. This study was the first to demonstrate
that transfer of the MET oncoprotein from tumor-derived
exosomes to bone marrow progenitor cells promote the met-
astatic process in vivo.

MPs secretion might be of clinical relevance in other solid
tumors. Larger amounts of MPs were observed in ascites from
advanced-stage ovarian carcinomas [73]. In vitro, these mi-
croparticles stimulated cancer cells migration. In breast can-
cer, MPs have been isolated in peripheral blood and increased
MPs were associated to patients with advanced breast cancer
[74]. Moreover, the authors showed that plasma fractions
enriched in MPs presented an increased amount of focal
adhesion kinase (FAK) and epidermal growth factor receptor
(EGFR) foretelling different contents of MPs between the
different stages of the tumor.

Altogether our data propose an active MP mediated cross-
talk between endothelial and cancer cells resulting in the
constitution of a vascular niche promoting cancer metastatic
phenotype (Fig. 8). Our study illustrates the complexity of the
interaction between cancer and endothelial cells. Such inter-
actions if confirmed in relevant in vivo models and clinical
setting could have potential predictive and therapeutic
applications.

Material and Methods

Cell Cultures Ovarian cancer cells lines SKOV3, OVCAR3,
breast cancer cell lines MDA-MB231 and MCF7 and Human
umbilical cord vein endothelial cells (HUVECs) were pur-
chased from ATCC and cultured following ATCC recommen-
dations (ATCC,Manassas, VA, USA). For 3D cultures, cancer
cells were cultivated in ultralow attachment plate (Corning) in
DMEM/F12 (1:1) (Hyclone) basal media supplemented with
2 mML-Glutamine (Hyclone), 1x Non-Essential Amino Acid
(NEAA) (Hyclone), PenStrepAmpB (Sigma), 20 ng/ml basic
Fibroblast Growth Factor (bFGF) (Peprotech), 20 ng/ml Epi-
dermal Growth Factor (EGF) (Peprotech), 5 μg/ml Insulin
(Sigma), 2 % B27 supplements (Invitrogen) and 4 % base-
ment matrigel (BD Biosciences). Cultures were incubated in
humidified 5 % CO2 incubators at 37 °C and the media was
replaced every 3 days. E4orf1 transfected HUVEC (E4+EC)
were obtained as previously described [38]. Cells were cul-
tured in endothelial cell growth medium (Medium 199, 20 %
(v/v) fetal bovine serum (FBS), 20 μg ml–1 endothelial cell

growth supplement (Hallway), 1 % (v/v) antibiotics
(Hallway), and 20 units ml–1 heparin). Cells were serum
starved 24 h before isolation of micro-particles. In the E4+
ECmodel the transfection of the adenoviral cassette E4orf1 in
HUVECs provides low level of Akt activation allowing the
use of serum-free, cytokine-free media without inducing im-
mortalization nor altering the endothelial phenotype [38].

Microparticles purification MPs were isolated as previous-
ly described [3,75]. Briefly 48-h-supernatants of 80 %
serum-starved confluent tumor or endothelial cells were
collected, and sequentially centrifuged (4 °C) at 300 g for
10 min, 800 g for 10 min, and then at 3000 g for 15 min.
MPs were then pelleted at 100,000 g for 1 h, and washed
once in PBS and centrifuged again at 100,000 g for 1 h.
The final pellet containing purified MPs was either re-
suspended in media for treatment of cell cultures or lysed
for protein extraction or labeled for cytometry analysis or
microscopy imaging. The protein concentrations of MPs
were measured by Bradford assay (Biorad). Cancer cells
MPs will be referred to as CC-MPs and endothelial cells
MPs as (EC-MPs)

Migration assay Migration was assessed by wound closure
assay as previously described [76]. Cells cultured at conflu-
ence in 24-well plates were scratched with a small tip along
the ruler. Cells were then cultured for 6, 24 or 48 h in
starvation media with or without MPs. The distances be-
tween the edges of the scratch were measured at 0 h and 6,
24 or 48 h after scratching. Data are represented as rate of
wound closure.

�Fig. 7 MPs from activated endothelial cells induce EMT in epithelial
cancer cells and trigger expansion of cells from ovarian cancer
metastatic nodules explants. a The relative quantification of EMT
genes were performed by real-time qPCR on MCF7 and OVCAR3
after treatment with E4+ECs MPs. The mesenchymal genes (N-
cadherin, Snail, Fibronectin and Vimentin) were increased compared
to the control. E-cadherin expression was decreased. Relative
transcript levels are represented as the log10 of ratios between the 2
subpopulations of their 2–ΔΔCp real-time PCR values. Phase contrast
microscopy showing significant morphological change concordant
with a mesenchymal phenotype (bottom panel). Scale bar 100 μm.
b Western blot analysis of P-Smad 1/5, P-Smad 3 and Smad3 revealed
an implication of P-Smad 3 in the EMT process induced by E4+ECs
MPs in MCF7 and OVCAR3 cells. c Phase contrast imaging of
ovarian cancer explant. Explants of metastatic ovarian cancer
nodules were cultured in Petri dishes (top panel). Cells spreading
from 3D explants after 7 days of cultured without (bottom left
panel) or with E4-ECs MPs stained with AF594-WGA (bottom right
panel). Top scale bar: 500 μm. Bottom scale bar: 100 μm. d Epcam+

outgrowths are observed in the EC-MPs treated group. Scale bar:
25 μm. e After 7 days of culture, explants treated with AF594-
WGA MPs were collected and analyzed by confocal microscopy.
AF594 staining in the explant demonstrated that the MPs have been
uptake. Scale bar: 50 μm
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Sphere formation assay Breast and ovarian cancer cell lines
MDA-MB231, MCF-7, SKOV3, and OVCAR3 were disso-
ciated into single cell suspension by trypsinization and further
sieving through 40-um cell strainers. They were then
suspended in 3D media containing DMEM F-12 supplement-
ed with 2 % B27, 20 ng/mL EGF, 20 ng/mL bFGF, and 5 μg/
mL insulin. 5000 cells/well were cultured in ultralow

attachment plates and were grown with and without EC-
MPs in a humidified incubator at 37 °C and 5 % CO2. Mixed
spheroids were formed by simultaneous co-culture of cancer
cells and E4+ECs. Primary spheres started to form at day 3
and maintained up to days 7 with addition of new MPs to
treated spheres every 2 days concomitantly to the change of
media. To make secondary spheres, primary spheres were

Fig. 8 M-MPs activate endothelial cells and functionalize and ARf6 mediated microparticle dependent pro-tumoral niche
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dissociated into single cell suspension and plated at 5000
cells/well as mentioned above. The rate of sphere proliferation
with and without microparticles was analyzed by ImageJ64
software based on the area covered by spheres in each well.

Tube formation assay A Matrigel-based capillary-genesis
assay was performed on E4+EC to assess the ability
of these cells to form an organized tubular network as
previously described [77]. E4+EC were starved in M199
for 6 h then 100,000 cells were cultured on 250 μl of
Matrigel (BD bioscience) in tube assay medium (Medi-
um 199, 0.2 % (v/v) fetal calf serum (FCS), 10 ng ml–1
FGF2 and 20 U ml−1 heparin). The degree of tube
formation was quantified at different time-points by
measuring the intersection of tubes in three randomly
chosen fields from each well using Image J.

Flow cytometry Fluorescence (FL) was quantified on a SORP
FACSAria2 (BD Biosciences). Data were processed with
FACSDiva 6.3 software (BD Biosciences). Doublets were
excluded by FSC-W x FSC-H and SSC-W x SSC-H
analysis; eGFP fluorescence, CD44 FITC conjugated
(BD Biosciences) and phospho AKT FITC conjugated
(S473, cells signaling) were acquired with 488 nm blue
laser and 510/50 nm emission, CD24 APC conjugated
(BD Biosciences) was acquired with 647 nm red laser
and 670/14 nm emission. Charts display the median of
fluorescence intensity (mfi) relative to control. Single
stained channels were used for compensation and
fluorophore minus one (FMO) controls were used for
gating. 20,000 events were acquired per sample.

Quantification of MP uptake To quantify MP uptake we used
stained MPs (WGA AF594) and treated cell cultures for 6 or
24 h at 37 °C or 4 °C. Then cells were harvested and single cell
suspension was analyzed by flow cytometry or fixed for
confocal microscopy imaging.

Confocal Microscopy Tumor and endothelial cells treated
with MPs as detailed in specific experiments were fixed in
3.7 % formaldehyde. Slides were mounted in a mounting

(WGA) (Invitrogen) at 5 μg/ml for 10 min at 37 °C in the
dark. Fluorescence Imaging was performed using a Zeiss
confocal Laser Scanning Microscope 710 (Carl Zeiss). Post-
acquisition image analysis was performed with Zeiss LSM
Image Browser Version 4.2.0.121 (Carl Zeiss).

Western Blot analysis Cells were lysed in 20 mM Tris–HCl
buffer (pH 8.0) containing 100 mMNaCl, 2 mM EDTA, 1 %
NP40, 50 mM β-glycerophosphate, 1 mM NaV04, 40 mM
Na I, 1 mM DTT and protease inhibitor. Protein lysates
were placed on ice for 30 min, vortexed every 5 min, and
cleared by centrifugation at 3,500 g for 15 min at 4 °C.
The supernatants were collected and frozen at -80 °C until
analysis. Protein concentration in extracts was determined
using the Bradford method. Aliquots (40 μg) of total
proteins extracted from cultured cells were subjected to
electrophoresis through a 10 % SDS–polyacrylamide gel
at a constant voltage of 70 V for 30 min, then 140 V for
75 min in running buffer (25 mM Tris–HCl pH 8.3,
192 mM glycine, and 0.1 % SDS).

Proteins were then transferred to nitrocellulose membrane
at 70 V in transfer buffer (25 mM Tris–HCl pH 8.3, 150 mM
glycine and 5 % v/v methanol) for 90 min. The nitrocellulose
membrane was blocked with 5 % BSA in Tris-buffered saline
(TBS) (20 mM Tris pH 7.6, 137 mM NaCl) for 1 h. Immu-
nostaining was carried out using a goat monoclonal ARF6 and
PhosphoAKT antibody (1/1000, Cells signalling) and a sec-
ondary polyclonal mouse anti-goat antibody HRP conjugated
(1/2000, cell signalling). Blots were developed using HRP
and chemiluminescent peroxidase substrate (#CPS1120, Sig-
ma). Data were collected using Geliance CCD camera (Perkin
Elmer), and analyzed using ImageJ software (NIH).

RT-PCR analysis Total RNAwas extracted from cells cultures
using Trizol. After genomic DNA removal by DNase diges-
tion (Turbo DNA free kit, Applied Biosystems), total RNA
(1 μg) was reverse transcribed with oligodT (Promega) using
the Superscript III First-Strand Synthesis SuperMix
(Invitrogen). PCR analysis was performed with a
MasterCycler apparatus (Eppendorf) from 2 μL of cDNA
using RT2 qPCR Primer Assay for Human ARF6 (Qiagen,

Table 1 Primers sequence used
for RT-PCR Primer name Forward Reverse

FN1 CAGTGGGAGACCTCGAGAAG TCCCTCGGAACATCAGAAAC

Snail CCTCCCTGTCAGATGAGGAC CCAGGCTGAGGTATTCCTTG

N-Cad CCGAGATGGGGTTGATAATG ACAGTGGCCACCTACAAAGG

E-Cad TGCCCAGAAAATGAAAAG GTGTATGTGGCAATGCGTTC

Vim GAGAACTTTGCCGTTGAAGC GCTTCCTGTAGGTGGCAATC

GAPDH AGCCACATCGCTCAGACAC GCCCAATACGACCAAATCC
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media SlowFade® Gold Antifade Reagent with DAPI
(Invitrogen). Live-cell microscopy was used to analyze co-

culture of endothelial and tumor cells. Cells were labeled with
1 mg/ml Alexa Fluor® 594 conjugated wheat germ agglutinin



PPH10416A) and primers from IDT for the others genes
(Table 1).

After an initial denaturation step at 94 °C for 2 min, 35 cy-
cles were performed including a denaturation step at 94 °C for
30 s, annealing at 55 °C for 30 s and extension at 72 °C for
30 s. The final extension step was continued for 5 min.
GAPDH amplification was used as a qualitative control.
DNA was omitted in non-template control (NTC). The ab-
sence of genomic DNA traces in RNA samples was checked
by performing amplification from RNA without previous
reverse-transcription. PCR products were analysed on a 1 %
agarose gel and visualized by SYBR staining (SYBR Safe
DNA gel stain, Invitrogen). Amplicon length was evaluated
using a standard molecular weight marker (100 bp DNA
ladder, Promega).

SiRNA treatment siRNA against human Arf6 (Santa Cruz
biotechnology) were introduced into cells by lipid mediated
transfection using siRNA transfection medium, reagent and
duplex (Santa Cruz biotechnology) following manufacturer
recommendations. Briefly the day before transfection cells
were patted at 2,5 .105 cells per well in 2 ml antibiotic-free
normal growth medium supplemented with FBS. Cells
were incubated until they reach 60-80 % confluence. The
duplex solution containing the siRNA is then added to the
cells. After 5 to 7 h, antibiotic are added in each well and the
cells are incubated for 24 h more. The media is then re-
placed by normal growth media and cells are used for
experiments and assay by RT-PCR to analyze the expres-
sion of ARF6 gene.

Chemoresis tance and cel l Viabi l i ty s tudy (MTT
Assay) Viability of cells was examined with an MTT assay.
24 h after treatment with doxorubicin or taxol, 10 % of MTT
reagent was added to each well to a final concentration of
500 μg/ml, and the cells were incubated for 4 h at 37 °C.
100μl of DMSOwere added to eachwell. Optical density was
read at 570 nm versus 630 with an EnVision multilabel reader
(PerkinElmer). 3 triplicates were performed per condition.

Explant culture Tumor material from patients presenting ad-
vanced ovarian carcinoma Stage IIIC were included in this
study (IRB Number: #9161/2010, “Isolation and characteri-
zation of cancer stem cells”). During debulking surgery met-
astatic nodules were removed and processed as follows. Upon
serial washing with PBS and red blood cell Lysis buffer
(eBiosciences, San Diego, USA) nodules were minced and
cultured with or without MPs extracted from E4+ECs in
DMEM high glucose (Hyclone, Thermo Scientific) supple-
mented with 20 % FBS (Hyclone, Thermo Scientific), 1 %
Penicillin-Streptomycin-Amphotericyn B solution (Sigma),
2 mM L-glutamine (Sigma), 1X Non-Essential Amino-Acid
(Hyclone, Thermo Scientific).

Statistical analysis All quantitative data were expressed as
mean±standard error of the mean (SEM). Statistical analysis
was performed by using SigmaPlot 11 (Systat Software Inc.,
Chicago, IL). A Shapiro-Wilk normality test, with a p =0.05
rejection value, was used to test normal distribution of data
prior further analysis. All pairwise multiple comparisons were
performed by one way ANOVA followed by Holm-Sidak
posthoc tests for data with normal distribution or by
Kruskal-Wallis analysis of variance on ranks followed by
Tukey posthoc tests, in case of failed normality test. Paired
comparisons were performed by Student’s t-tests or byMann–
Whitney rank sum tests in case of unequal variance or failed
normality test. Statistical significance was accepted for p <
0.05 (*), p <0.01 (**) or p <0.001 (***). All experiments
were performed in triplicates.
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