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Abstract. Ets-1 transcription factor overexpression in breast 
cancers is associated with invasive features and is associated 
with a poor prognosis. Beyond its role in driving carcinoma 
cell invasion, in this study, we wished to determine whether 
Ets-1 overexpression in cancer cells promotes angiogenesis by 
creating a paracrine pro-invasive environment for endothelial 
cells as well. To address this question, we set up different 
co-culture models of cancer cells with endothelial cells. 
Conditioned media from cancer cells induced endothelial cell 
proliferation, migration and morphogenesis in matrix models. 
Of note, co-culture assays in three-dimensional matrix 
models also revealed the reciprocal induction of cancer cell 
morphogenesis by endothelial cells, in support of an angioc-
rine action on tumor cells. Ets-1 emerged as a key regulator 
of the angiogenic potential of breast cancer cells, favoring 
their ability to induce, in a paracrine manner, the morphogen-
esis of endothelial cells and also to physically interact with 
the latter. Nevertheless, Ets-1 overexpression in cancer cells 
also restrained their chemoattractive potential for endothelial 
cells both in Boyden chambers and in ex vivo 3D co-cultures. 
Finally, Ets-1 modulation in breast cancer cells qualitatively 
altered the angiogenic pattern of experimental in vivo tumors, 
with a balance between vessel recruitment and intratumoral 
small capillaries sprouting. Taken together, our data highlight 
a critical and intriguing role for Ets-1 in the angiogenic poten-
tial of breast cancer cells, and reveal another facet of Ets-1 
oncogenic activities.

Introduction

Despite improvements in patient care over the past years, breast 
cancer remains a leading cause of mortality among women 
worldwide, accounting for >500 000 deaths in 2012 (1). Breast 
tumors are most often angiogenic, i.e., they induce the develop-
ment of neo-vessels to their profit. Angiogenesis is associated 
with lymph node metastasis and a poor prognosis for breast 
cancer patients (2). Anti-angiogenic agents have thus emerged 
as promising therapies (3). Nevertheless, such treatments have 
thus far failed to significantly improve the overall survival of 
breast cancer patients (4). A better knowledge of the mecha-
nisms underpinning the complex interactions between cancers 
and vessels may aid in resolving this issue and in improving 
the therapeutic strategies.

Sprouting angiogenesis occurs through a branching 
morphogenesis process and requires endothelial cell prolifera-
tion, migration and maturation to form new capillaries. The 
latter step of differentiation is often lacking during tumoral 
angiogenesis, which leads to more permeant vessels that are 
hardly effective, but may facilitate the access of tumor cells 
to the systemic circulation (5). A better understanding of the 
mechanisms that induce cancer cells to trigger the angiogenic 
response and modulate the vessel features should provide 
crucial information with which to target this critical phenom-
enon in cancer progression.

Ets-1 proto-oncogene overexpression in breast cancers 
is associated with a poor prognosis  (6). Ets-1 is a critical 
regulator of invasion induced by dialogues between the epithe-
lium and mesenchyme (7). We previously demonstrated that 
Ets-1 overexpression stimulated breast cancer cell scattering 
through the coordination of several classes of invasion-related 
molecules (8). Among these, Ets-1 regulates several soluble 
factors potentially involved in angiogenesis, such as growth 
factors or extracellular matrix proteases, which prompted us to 
determine whether Ets-1 overexpression in breast cancer cells 
can trigger a paracrine angiogenic environment.

To address this issue, we manipulated Ets-1 activity in 
cancer cells, either by overexpressing Ets-1 or by expressing 
a dominant negative mutant, as previously described (8,9). In 
this study, we investigated the effects of such manipulations 
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upon the interactions between cancer and endothelial cells. 
We performed direct heterotypic co-cultures of breast 
cancer cells with normal endothelial cells, or administered 
conditioned media collected from one cell type on the other. 
We used three-dimensional matrix models, which recreate a 
physiological environment (10), which allowed us to mimic 
several physiological aspects of capillary formation. Finally, 
we examined the effects of Ets-1 on the angiogenic pattern 
of experimental tumors in vivo. This allowed us to highlight 
an interesting and complex role of Ets-1 expression by breast 
cancer cells in controlling the angiogenic induction.

Materials and methods

Cell culture. Mouse mammary tumor epithelial cells (MMT 
CCL-51 cells; ATCC, Manassas, VA, USA) were routinely 
cultured in DMEM (BioWhittaker; Lonza Walkersville, 
Inc., Walkersville, MD, USA) supplemented with penicillin, 
streptomycin, non‑essential amino acids, L-glutamine and 
10%  fetal calf serum (Gibco/Thermo Fisher Scientific, 
Waltham, MA, USA). They were infected in parallel by super-
natants from virus-producing GP+E86 cells (kind gift from 
Dr Arthur Bank, Columbia University, New York, NY, USA) 
transfected with MFG retroviral constructs to overexpress 
Ets-1 or a dominant negative mutant composed of the DNA 
binding domain of Ets-1, as previously described (8,9). Briefly, 
the cDNA sequence encoding either the full sequence or the 
DNA-binding domain of murine Ets1 was cloned upstream 
of the internal ribosome entry site (IRES) and the neomycin-
resistance gene then inserted into a retroviral MFG vector 
in replacement of the Gag, Pol and Env genes, as previously 
described in detail (11).

Murine endothelial mouse spleen stroma (MSS‑31) cells were 
obtained from Dr N. Yanai (12). They were grown in α-MEM 
(BioWhittaker; Lonza Walkersville, Inc.) supplemented with 
penicillin-streptomycin, glutamine and 10% fetal calf serum.

All cell lines used were checked with the list of known 
misidentified cell lines available from the International Cell 
Line Authentication Committee and ExPASy Cellosaurus, and 
they are not misidentified nor contaminated.

Co-culture models. For two-dimensional and three-dimen-
sional matrix models, we used a matrix substrate composed of 
type I collagen and Matrigel™, as previously described (8,9). 
Conditioned media were prepared by respectively seeding 
3x106 MMT or 1x106 MSS‑31 cells suspended in 3 ml appro-
priate medium upon 100 mm-diameter Petri dishes coated 
with this matrix. Twenty-four hours later, the cell culture 
supernatants were harvested, filtered through Millex 0.22 µm 
filters, and stored at -80˚C in Sorenson™ pre-lubricated tubes 
prior to their use.

For two-dimensional MSS‑31 morphogenesis assays, 
150 µl of matrix was poured in 48-well plates and incubated 
for 30 min at 37˚C. The MSS‑31 cells were then seeded at 
a density of 20,000 cells per well, in 5% FCS α-MEM. An 
equal volume of conditioned medium from the MMT cells, 
or DMEM as a control, was then added. The media were 
refreshed every other day. At the end of the experiment, 
cellular structures were stained with neutral red (0.1% in PBS) 
then fixed with 4% paraformaldehyde in PBS. Images were 

acquired using a Leica DMIRB inverted microscope (Leica 
Microsystems GmbH, Wetzlar, Germany).

For three-dimensional MSS‑31 morphogenesis assays, a 
first acellular layer of matrix was deposited in 48-well plates. 
The MSS‑31 cells were then resuspended in that matrix solu-
tion and seeded at a density of 25,000 cells per well. Serum-free 
conditioned media from the MMT cells or DMEM were added 
and refreshed every 3 days. Images were acquired under a 
phase contrast light or epifluorescence using a Leica DMIRB 
inverted microscope (Leica Microsystems GmbH)

For direct co-culture assays, the MMT and MSS‑31 
cells were respectively labeled by diI and diO Vybrant™ 
Cell‑Labeling solutions (V-22885 and V-22886; Molecular 
Probes/Thermo Fisher Scientific), according to the manufac-
turer's instructions.

For three-dimensional co-cultures, 4,000  MMT cells 
suspended in 300 µl of matrix were seeded in 24-well plates above 
a first acellular layer matrix. A suspension of 2,000 MSS‑31 cells 
was then added upon these gels.

Image analysis. Primary branch thickness, fluorescence inten-
sity and capillary lumen areas were quantified with ImageJ 
measurement tools (National Institutes of Health, Bethesda, 
Maryland, USA, https://imagej.nih.gov/ij/).

Cell proliferation. The MSS‑31 cells were seeded in 96-well 
plates at a density of 500 cells per well, and 30% of their 
culture medium was replaced by conditioned media from 
MMT cells, or complete DMEM as a control. Reciprocally, the 
MMT cells were seeded at a density of 2,000 cells per well in 
12-well plates, and 30% of their culture medium was replaced 
by conditioned media from MSS‑31 cells or complete α-MEM 
as a control. The media were refreshed every day. The cell 
number was assessed by MTT assay (M-2128; Sigma-Aldrich, 
St. Louis, MO, USA). Briefly, the cells were incubated at 37˚C 
for 2 h in presence of 1 mM MTT, and the purple formazan 
crystals were then dissolved in a solution of 5 mM HCl in 
isopropanol. The plates were shaken for 5 min and the optical 
density was then measured at a wavelength of 570 nm with an 
MRX Revelation plate reader (Dynex Technologies GmBH, 
Denkendorf, Germany).

Wound assays. The MMT cells were seeded in 60 mm diameter 
Petri dishes and grown until sub-confluence. A wound was 
created on the cell layer using a scraper. The dishes were rinsed 
3 times with fresh medium, and equal volumes of DMEM and 
conditioned medium from the MSS‑31 cells, or 5% FCS α-MEM 
as a control, were then added. Cell migration in the denuded area 
was recorded 24 h later. Images were acquired using a Leica 
DMIRB inverted microscope (Leica Microsystems GmbH).

Transwell assays. The MMT cells were seeded at a density 
of 10,000 cells per well in 24-well Falcon™Companion plates 
(Thermo Fisher Scientific). Twenty hours later, the medium 
culture was refreshed and 15,000 MSS‑31 cells per well were 
seeded under serum-free conditions upon Transwell tissue 
culture inserts with 8.0 µm pore size (Falcon™), at a density of 
25,000 cells per well. Alternately, MSS‑31 cells were seeded at 
a density of 20,000 cells per well in 24-well Companion plates 
(Falcon™). Twenty hours later, the medium was replaced and 
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MMT cells were seeded in Transwell tissue culture filters 
with 8.0 µm pore size (Falcon™), at a density of 25,000 cells 
per well. The cells were allowed to migrate for 30 h, then 
non‑migratory cells were removed from the top of the filter by 
swiping with humidified cotton swabs. Cells that had migrated 
through the filter pores to the lower face of the inserts were 
fixed in 4% paraformaldehyde in PBS, their nuclei were stained 
with Hoechst at 5 mg/l in PBS, and counted. Values from the 
control conditions were set as the reference value of 1. Data are 
expressed as means of 3 independent experiments.

Cell adhesion. The MMT cells were fluorescently labeled as 
described above in ‘Co-culture models’ section, and seeded in 
12-well plates at a density of 50,000 cells per well, upon MSS‑31 
cell confluent monolayers. Following 45 min of incubation at 
37˚C, wells were thoroughly rinsed 3 times by fresh medium, 
and the plates were further incubated for 4 additional hours at 
37˚C so that the cells could complete their adhesion. The cells 
were then fixed with paraformaldehyde and observed under 
epifluorescence to count the fluorescent MMT cells, using a 
Leica DMIRB inverted microscope (Leica Microsystems 
GmbH). Values from the control conditions were set as the 
reference value of 1. The results are means of 3 independent 
experiments.

Zymography. Conditioned media or membrane-enriched 
fractions were analyzed for MMP-2 and MMP-9 gelatino-
lytic activities. Briefly, SDS‑PAGE was performed under 
non‑reducing conditions in 7.5% polycrylamide gels containing 
0.1% gelatin. The gels were then rinsed for 30 min in 10 mM 
Tris‑HCl/2.5% Triton X-100 (pH 8.0), and further incubated at 
37˚C for 20 h in 50 mM Tris‑HCl, 0.5 mM CaCl2, 1 µM ZnCl2 
(pH 8.0) to restore gelatinases activity. Gels were stained 
in 0.25% Coomassie blue R250 and destained in 7% acetic 
acid plus 25% methanol. Gelatin degradation is detected by 
the appearance of translucent bands in the dark blue-stained 
gelatin background.

Western blot analysis. The cells were subjected to hypotonic 
and thermic lysis as previously described (8). Protein amounts 
were measured according to the Bradford method (13). Proteins 
from membrane-enriched fractions or cell conditioned media 
were separated by polyacrylamide gel electrophoresis, then 
transferred onto nitrocellulose membranes. Blocking was 
performed with 5% non‑fat dry milk in PBS Tween. Primary 
anti‑VE-cadherin antibody was purchased from Bender 
MedSystems™ (BMS158) and used at 1  µg/ml. For the 
loading control, the primary anti-GAPDH (6C5) sc-32233 was 
purchased from Santa Cruz Biotechnologies (Santa Cruz, CA, 
USA) and used at used at 0.1 µg/ml. Secondary peroxidase-
conjugated antibodies (anti-mouse 115-035-146 for GAPDH, 
and anti-rabbit 711-035-152 for VE-cadherin) were purchased 
from Jackson ImmunoResearch Laboratories, Inc (West 
Grove, PA USA) and used at 0.08 µg/ml. Peroxidase activity 
was recorded by chemoluminescent detection using the 
ECL™ kit and Hyperfilm™ MP from Amersham Biosciences/
GE Healthcare (Little Chalfont, UK).

In vivo experiments. In vivo experiments were performed 
according to approved institutional guidelines. Specific 

authorization no. 59-00994 was granted by the institutional 
veterinary authorities.
Subcutaneous injections. MMT cells were subcutaneously 
injected into female nu/nu BALB/c mice, in Growth Factor-
Reduced Matrigel ™, at a density of 300,000 cells per 100 µl 
plug. Mice were housed in a sterile atmosphere in isolators 
(25˚C; humidity range maintained between 40 and 70%) with 
food and water ad libitum, and 8-week-old mice, weighing 
approximately 20 g, were used in the experiments. A total 
of 4-5 mice were used for each condition. Ten days later, the 
anesthetized animals received injections of 100 ml PBS with 
2% FITC-dextran (MW 250 000, Sigma-Aldrich, St. Louis, 
MO, USA) in the tail vein. An excision was then performed 
in the skin of the flanks to unveil the underlying tumor vascu-
lature. Mice were then sacrificed and the tumors were fixed 
in PBS with 4% paraformaldehyde and processed for paraffin 
embedding.

Ex vivo tumor explant angiogenesis assay. Tumors 
obtained in the above-mentioned experiment were partially 
cut in small sections prior to the fixation step. Fragments of 
equivalent size were seeded upon matrix gels in which 10,000 
diI-labelled MSS‑31 cells had been embedded.

Metastasis assays. For lung colonization assays, the MMT 
cells were injected in the tail vein of female nu/nu BALB/c 
mice (100,000 cells per mouse in sterile PBS). Four mice, 
different from those used for subcutaneous injections, were 
used for each condition. The mice were sacrificed 12 days 
later and tumors were dissected. The lungs were fixed with 
4% paraformaldehyde in PBS and paraffin-embedded.

Immunohistology. Immunohistodetection of the endo-
thelial markers was performed as previously described (14). 
Briefly, 7-µm-thick tissue sections were dewaxed and incubated 
for 30 min in PBS with 2.5 mg/ml trypsin to restore antigen 
accessibility. Following endogenous peroxidase inhibition, 
blocking was carried out with 0.5% casein in PBS. The sections 
were incubated overnight at 4˚C with anti-CD31/PECAM 
(01951A, 50 µg/ml) or anti-CD34 (553731, 50 µg/ml) anti-
bodies (Pharmingen/BD Biosciences, San Jose, CA, USA), 
then sequentially incubated with biotinylated anti-rat IgG 
secondary antibodies (65-153, Jackson ImmunoResearch 
Laboratories) diluted 1:5,000 and avidin peroxidase (A-2004, 
Vector Laboratories, Burlingame, CA, USA) diluted 1:1,000. 
Peroxidase activity was revealed by DAB chromogen (Dako, 
Glostrup, Denmark) and tissues were counterstained with 
Mayer's hematoxylin.

Statistical analysis. Each experiment was repeated at 
least 3 times and the results are expressed as the mean ± 
standard error. Statistical analysis was carried out with 
RStudio (RStudio, Inc., Boston, MA, USA) open source data 
analysis software. ANOVA with the post hoc Tukey range 
test provided adjusted P-values. Statistical significance was 
reached with values of P<0.05, or P<0.01; otherwise differ-
ences were declared non‑significant (NS).

Results

Breast cancer cells and endothelial cells establish a 
bidirectional dialogue in co-culture models. In order to 
examine angiogenic induction by breast cancer cells, we 
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set up co-culture models of MMT cancer cells with normal 
endothelial MSS‑31 cells. We first collected conditioned 
media from MMT control cancer cells, and administered them 
to endothelial cell cultures. Endothelial cells were responsive 
to cancer cell soluble stimuli and displayed an increased 
proliferation (Fig. 1A), when compared to the condition control 
in which they received the corresponding vehicle alone. To 
more closely mimic physiological angiogenic induction, 
we placed the endothelial cells in 3D matrix gels composed 
by type  I collagen and reconstituted basal membrane-like 
compounds, namely Matrigel™. In the absence of additional 
stimuli, endothelial cells failed to divide in this environment. 
On the contrary, when they received conditioned media from 
the cancer cells, the endothelial cells began to grow, elongate 
and organize (Fig. 1B).

Finally, we took our experiment a step further and 
co-cultured both the cancer and endothelial cells in such 
matrix gels. We used the intravital fluorochromes, diI and diO, 
to label each cell type prior to its seeding. Endothelial cells 

were grown on top of the gels containing (or not) cancer cells. 
Within 1 week, the endothelial cells formed a layer under the 
control conditions, and became organized as a network when 
the cancer cells were cultured in the gels (Fig. 1C, highlighting 
diO-labeled endothelial cells). At the same time, the MMT 
cancer cells grew within the gel and lost most of their fluores-
cent signal during cell divisions. The presence of endothelial 
cells upon the gel stimulated the morphogenesis of underlying 
cancer cells, with more branching points and thinner primary 
branches when compared to the control condition (Fig. 1D), 
thus providing evidence of a reciprocal dialogue between 
cancer and endothelial cells in co-culture.

When the MMT cancer cells grew in the vicinity of the gel 
surface, it was possible to observe the formation of connected 
branched structures between cancer and endothelial cells 
(Fig. 1E and F). These hybrid structures developed over time 
(8 days of co-culture for Fig. 1F vs. 3 days for Fig. 1E); however, 
cell fluorescence weakening did not allow an unambiguous 
observation of heterotypic cell contacts. The increased 

Figure 1. Breast cancer cells and endothelial cells establish a bidirectional dialogue in co‑culture models. (A) Endothelial MSS‑31 cell proliferation was 
measured after a 3-day culture in 70% complete medium + 30% MMT neo cancer cell conditioned media (gray bar) or corresponding vehicle (white bar); n=3; 
*P<0.05. (B) MSS‑31 cells were cultured in serum-free 3D matrix gels in absence or presence of MMT neo cell conditioned media. Images were acquired after 
a 10-day culture. (C) Fluorescent diO-labeled endothelial cells were cultured upon a 3D matrix gel containing or not cancer cells for 5 days. (D) MMT neo 
cancer cells were embedded within the 3D matrix gel, in absence or presence of endothelial MSS‑31 cells on top of the gels. Images were acquired at the level 
of cancer cells in the gel. (E and F) DiI-labeled MMT cells (red fluorescence) form connected structures with diO-labeled MSS‑31 cells (green fluorescence) in 
3D co-cultures, observed at (E) 3 days or (F) 8 days after cell seeding. Labeling weakening over time does not allow a proper and unambiguous identification 
of cell type at heterotypic contact sites. Scale bars, 50 µm.
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presence of endothelial cells after 8  days of co-culture 
suggests a possible recruitment of endothelial cells by cancer 
cells, although we cannot completely rule out the contribution 
of endothelial cell proliferation.

Ets-1 enhances breast cancer cell ability to induce endothe-
lial cell capillary-like morphogenesis, but not proliferation. 
Ets-1 regulates the expression of invasion-related molecules 
by breast cancer cells. In order to determine whether its 
expression by cancer cells can influence their ability to induce 
angiogenesis, the MMT cells were infected by MFG retroviral 
vectors to overexpress Ets-1 or the dominant negative mutant 
DB (for DNA binding domain), as previously described (8). 

These cells will be respectively termed MMT Ets-1 and MMT 
DB cells hereinafter. MMT cells infected with the empty 
vector carrying neomycin resistance were used as control 
MMT neo cells. The validation of construct expression has 
been previously provided (8).

To assess the impact of these manipulations on cancer cell 
angiogenic ability, MSS‑31 murine endothelial cells received 
conditioned media (CM) from our different MMT sublines. The 
administration of these conditioned media for 3 days stimulated 
MSS‑31 cell proliferation (+67% with MMT neo CM, Fig. 2A). 
Neither Ets-1 overexpression nor the dominant negative expres-
sion statistically altered this induced proliferation (+75% with 
MMT Ets-1 CM, and +74% with MMT DB CM, Fig. 2A; NS).

Figure 2. Ets-1 enhances breast cancer cell ability to induce endothelial cell morphogenesis but not proliferation. (A) MSS‑31 cell proliferation was mea-
sured after a 3-day culture in 70% complete medium + 30% MMT cancer cell conditioned media or corresponding vehicle. Values are representative of 
3 independent experiments. NS, non‑significant. (B) MSS‑31 cell morphogenesis on top of matrix gels is increased in response to MMT cell conditioned 
media, in an Ets-1-dependent manner. Images were acquired after neutral red staining of a 6-day culture. (C) MMT cell conditioned media enhance MSS‑31 
cell morphogenesis within 3D matrix gels in serum-free conditions, in an Ets-1-dependent manner. Images were acquired after a 10-day culture. *P<0.05; 
NS, non‑significant (D) DiO‑labeled MSS‑31 cells were cultured upon matrix gels containing MMT cells. Endothelial cell networks were visualized under 
epifluorescence. (E) Gelatin zymography was performed with MSS‑31 culture supernatants, just after (left columns) or 24 h after (right columns) the addition 
of conditioned media from MMT neo, MMT Ets-1 or MMT DB cells, or their control non‑conditioned medium. MMP-2 and MMP-9 activities are detected as 
translucent bands amid the blue-stained gelatin substrate, and can be discriminated thanks to their different molecular weight. The position of 100 and 70 kDa 
known from the molecular ladder is indicated by the white dashes. Zymography evidences the decrease in MMP-9 activity in supernatants after incubation 
with endothelial cells. (F) Gelatin zymography of MSS‑31 cell membrane extracts following a 5-min incubation with conditioned media from MMT cells, or 
their medium in control, highlights the recruitment of cancer-derived MMP-9 to the endothelial cell membrane. Scale bars, 50 µm.
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Proliferation is required for angiogenesis, but invasion 
and cell organization represent other key features of this 
process. Endothelial cell branching morphogenesis in matrix 
gels recapitulates several aspects of physiological capillary 
formation (15). In this study, we thus investigated the role of 
Ets-1 in MMT cell angiogenic potential in matrix models. 
When cultured upon these matrix gels in the absence of proper 
stimulation, the MSS‑31 cells formed a layer (Fig. 2B). The 
administration of MMT cell conditioned medium stimulated 
endothelial capillary-like morphogenesis (3.3+/-1.2 branching 
points per field of view) and this effect was exacerbated when 
medium was conditioned from Ets-1-overexpressing MMT 
cells (Fig. 2B) (5+/-1.7 branching points per field of view). By 
contrast, dominant negative DB mutant expression reduced 
MMT cell ability to induce endothelial cell morphogenesis, 
with the failure to trigger any tubular structure, further high-
lighting the critical role of Ets-1 in MMT cell angiogenic 
potential.

We then investigated angiogenic induction within the 
three-dimensional matrix gels under serum-free conditions, in 
order to remove the contribution of growth factors and prote-
ases present in the serum. Endothelial cells embedded alone in 
these 3D matrix gels failed to form any cellular structure. The 
administration of MMT cell conditioned medium induced the 
alignment of elongated MSS‑31 cells (with a mean structure 
length of 161 µm) (Fig. 2C). Ets-1 overexpression in MMT 
cells increased the mean length of MSS‑31 structures (251 µm; 
P=0.04), and DB expression did not alter it in a significant 
manner (142 µm; P=0.9) (Fig. 2C). Cell conditioned media 
were, however, not sufficient to trigger the formation of hollow 
lumen endothelial tubules within these gels.

As already explained in Fig. 1C, we set up 3D co-culture 
models of breast cancer and endothelial cells to further inves-
tigate the interactions between these cells. Endothelial cells, 
labeled with the intravital fluorescent diO probe prior to their 
seeding, were seeded upon 3D matrix gels containing MMT 
cancer cells. This model allowed us to follow endothelial capil-
lary-like morphogenesis in the vicinity of breast cancer cells. 
The analysis of cell structures by epifluorescence revealed 
the implementation of an endothelial network with branched 
tubules in presence of MMT cells. Ets-1 overexpression in the 
MMT cells stimulated the architecture of endothelial tubules, 
whereas DB dominant negative mutant expression hindered 
their formation (Fig. 2D).

We also wished to determine which soluble factors may 
participate in this angiogenic induction. Ets-1 orchestrates 
matrix metalloproteinase (MMP) expression/activation by 
breast cancer cells (8) and MMPs are important for endothelial 
cell morphogenesis. In this study, we thus investigated whether 
MMPs produced by breast cancer cells could be recruited by 
endothelial cells. To do that, we analyzed the gelatinolytic 
(MMP-2/-9) activity of MMT conditioned media just after 
their administration to MSS‑31 cells, or 24 h later. At both 
time‑points, MMP-9 activity was mainly derived from MMT 
conditioned media, as there was almost no activity in the 
control MSS‑31 cells condition (with the appropriate vehicle), 
and MMP-9 activity was associated with the Ets-1 status in 
MMT cells (Fig. 2E), in agreement with our previous find-
ings (8). Nevertheless, MMP-9 activities in the media were 
decreased following a 24-h incubation with endothelial cells 

(right columns compared to left columns, Fig. 2E). MMP-2, 
which is mainly derived from the control medium, served as a 
loading control. In order to determine whether MMP-9 can be 
recruited by MSS‑31 cells, we incubated the MSS‑31 cells for 
a short period of time (5 min) with MMT conditioned media, 
then thoroughly washed the cells 3 times. While the MSS‑31 
cell membrane extracts displayed no MMP-9 activity under 
the control conditions, those from the MSS‑31 cells incubated 
with MMT cell conditioned media exhibited MMP-9 activities 
varying accordingly to MMT cell productions, whereas no 
MMP-2 activity was detected (Fig. 2F). Endothelial cells can 
thus recruit MMP-9 released by cancer cells.

Endothelial cells slightly decrease breast cancer cell prolif-
eration and migration on plastic, but increase their invasive 
morphogenetic properties in matrix gels. After having 
ascertained MMT breast cancer cell angiogenic potential and 
having highlighted Ets-1 critical role in this process, we inves-
tigated the mechanisms through which endothelial cells can 
reciprocally modify breast cancer cell behaviour, as suggested 
in Fig. 1D.

We first assessed the ability of endothelial cell conditioned 
medium to influence MMT cell proliferation.. The prolifera-
tion of the three MMT cell sublines was reduced in presence 
of MSS‑31 cell conditioned medium, although statistical 
significance was not reached for any of them (Fig. 3A). The 
chemotactic capacity of endothelial MSS‑31 cells for MMT 
cells was then assessed with Transwell assays. We noted that 
the presence of MSS‑31 cells induced a slight (but non‑statisti-
cally significant) decrease in the migration of the 3 MMT cell 
sublines, although Ets-1-overexpressing cells still migrated to 
a greater extent than their counterparts (Fig. 3B). MSS‑31 cell 
conditioned medium was also administered to wounded MMT 
cell cultures, and similarly slightly decreased their migration, 
as visualized 24 h later (Fig. 3C).

We further examined the response of the breast cancer cells 
to the endothelial cell presence in direct co-culture systems, as 
described above; i.e., with MSS‑31 cells cultured upon matrix 
gels containing MMT cells. The branching morphogenesis 
of MMT cell sublines under control conditions, i.e., without 
endothelial cells above them, was characteristic of previ-
ously described features (8,9). Ets-1 overexpression favoured 
individual invasion, while dominant negative DB expression 
induced the formation of thicker tubules when compared to 
MMT neo cells (Fig. 3D, top panels). Of note, MSS‑31 culture 
above MMT-containing gels altered the morphogenesis of our 
3 MMT cell sublines (Fig. 3D, bottom panels), with a decrease 
in the primary branch thickness (Fig. 3E) of the MMT neo and 
MMTDB cells. These findings demonstrate that endothelial 
cells per se can favour the expression of aggressive traits by 
cancer cells without providing them with any blood supply.

Ets-1 overexpression promotes breast cancer cell adhesion 
to endothelial cells, while decreasing their chemo-attractive 
potential for endothelial cells. Another key component of 
cancer cell interactions with endothelial cells in vivo is their 
ability to physically interact with the latter, which may physi-
ologically affect their metastatic potential. Such interactions 
depend on two main parameters: Intercellular adhesion and 
chemoattraction.
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To evaluate whether Ets-1 regulates the processes 
of adhesion between cancer and endothelial cells, we 
examined whether the modulation of Ets-1 in cancer cells 
can alter their adherence to endothelial cells. MMT cell 
sublines were fluorescently labeled prior to their seeding on 
a confluent MSS‑31 cell monolayer. Following 30 min of 
incubation, non‑adherent cells were removed by 3 washes 
and epifluorescence analysis was performed to quantify the 
number of cancer cells attached to the endothelial layer. 
Of note, there were 41.2% (P=0.04) more MMT Ets-1 cells 
adherent to endothelial cells, and 24.8% (P=0.056) less 
MMT DB cells adherent when compared with the MMT neo 

cells (Fig. 4A). We found that Ets-1 overexpression favored 
VE-cadherin expression in the MMT cells and DB mutant 
decreased it (Fig. 4B), highlighting a potential factor involved 
in these heterotypic interactions.

Physical interactions between cancer and endothelial 
cells also depend on their probability to meet each other. 
We previously reported that Ets-1 favored breast cancer cell 
migration (8), and we wished to determine whether it can 
also affect endothelial cell recruitment. For this purpose, 
we co-cultured the MSS‑31 cells and MMT cells in Boyden 
chambers. Cancer cells were grown at the bottom of the 
wells, and endothelial cells were seeded upon inserts in these 

Figure 3. Endothelial cells slightly decrease breast cancer cell proliferation and migration on plastic, but increase their invasive morphogenetic properties in 
matrix gels. (A) MMT cell proliferation in response to the replacement of 30% culture medium by MSS‑31 cell conditioned media, or their culture medium as 
a control, was measured after a 3-day culture. Values are representative of 3 independent experiments. (B) MMT cells were seeded upon Transwell® inserts, 
and cultured in wells where MSS‑31 endothelial cells (or no cells in the control condition) had been previously seeded. Values are means of 3 independent 
experiments. (C) MMT subconfluent cultures were wounded and incubated with MSS‑31 cell conditioned media or their culture medium as a control. Images 
were acquired after a 24-h period of incubation, and show that Ets-1-driven MMT cell migration within the wound is decreased by endothelial cell conditioned 
media. (D) MMT cells were cultured within three-dimensional matrix gels, above which MSS‑31 cells were deposited (bottom lane) or not (upper lane). Images 
were acquired following a 1-week culture and evidence endothelial cell-driven stimulation of cancer cell invasive branching morphogenesis. (E) Quantification 
of primary branch thickness was performed with ImageJ software and the results are plotted in the displayed graph. **P<0.01; NS, non‑significant. Scale bars, 
100 µm.
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wells. The presence of MMT neo cells increased MSS‑31 
cell migration by 35.2% (P=0.03) when compared to the 
control condition without underlying cancer cells (Fig. 4C). 
Unexpectedly, Ets-1 overexpression in MMT cells led to a 
decrease in MSS‑31 cell migration by 28.5% (P=0.18; NS), 
while DB mutant expression tended to increase it (+35.8%; 
P=0.04), in comparison with the presence of MMT neo cells. 
We also evaluated the ability of ex vivo MMT tumor fragments 
retrieved from in vivo grafts in mice to recruit endothelial 
cells. These fragments were dropped on 3D matrix gels 
containing fluorescently labeled and homogenously scattered 
MSS‑31 endothelial cells. MSS‑31 cell distribution in these 
gels was followed over time by epifluorescence. Following a 
3-day culture, control MMT neo and MMT DB fragments had 
recruited most endothelial cells in their core or their vicinity, 
whereas endothelial cells were still scattered around MMT 
Ets-1 tumor fragments (Fig. 4D and E, and enlargements in 
Fig. 4F). Fluorescence distribution was quantified inside and 
outside the fragment zone, and confirmed that endothelial 

cells were less recruited by MMT Ets-1 fragments (outside/
inside ratio of 53.4% vs. 45.5% for MMT neo, P=0.02, and 
48.2% for MMT DB, P=0.85, NS when compared to MMT 
neo).

Ets-1 qualitatively alters MMT cell tumor vascularization 
in vivo. In order to understand the in vivo relevance of our 
afore-mentioned in vitro observations, we investigated tumor 
angiogenesis induction in MMT cell tumor xenografts using 
nude mice.

MMT cells subcutaneously injected with growth factor 
reduced Matrigel™ gave rise to tumors, whose angiogenesis 
was analyzed 10 days later. Mice were intravenously injected 
with FITC-dextran to visualize blood vessels and then eutha-
nized and dissected to unveil the tumors from the covering 
skin. All MMT tumors were perfused with the systemic 
circulation independently of Ets-1 modulation (Fig. 5A). These 
experiments revealed that although Ets-1 overexpression 
hindered isolated endothelial cell recruitment in vitro, it did 

Figure 4. Ets-1 overexpression promotes breast cancer cell adherence to endothelial cells, but decreases their chemoattractive potential for endothelial cells. 
(A) Breast cancer cell adhesion to an endothelial cell layer was assessed 30 min after the addition of fluorescently-labelled MMT cell suspensions upon 
confluent monolayers of MSS‑31 cells, and is increased in an Ets-1-dependent manner. Values are means of 3 independent experiments; *P<0.05; NS, non‑sig-
nificant. (B) Immunoblotting was performed with MMT cell lysates and reveals the presence of VE-cadherin and the modulation of its expression by Ets-1. 
GAPDH was used as a loading control. (C) MSS‑31 cells were seeded upon Transwell® inserts, and cultured in wells where MMT cells (or no cells in the 
control condition) had been previously seeded. Values are means of 3 independent experiments; *P<0.05; NS, non‑significant. (D-F). Ex vivo MMT tumor 
fragments were deposited upon 3D matrix gels containing homogenously scattered diI‑labeled MSS‑31 cells. Endothelial cell (red fluorescence) recruitment by 
tumor fragments was assessed by (D) epifluorescence following a 3-day culture. *P<0.05; NS, non‑significant. A merge of the epifluorescent and phase contrast 
images is shown in (E). Dotted rectangles in (E) are magnified in (F). Scale bars, 50 µm.
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not impair the co-option in vivo by the tumor of surrounding 
blood vessels and its perfusion.

The tumors were then processed for immunostaining 
with a CD34 endothelial marker, which highlighted the 
presence of both large vessels and capillaries. This staining 
evidenced Ets-1-driven differences in the tumor vasculature 
features. While Ets-1 overexpression favored the presence of 
numerous capillaries in MMT tumors, DB mutant expressing 
tumors displayed only few intratumoral capillaries, but instead 
presented bigger vessels, particularly at the tumor periphery 
(Fig. 5B and C). This effect was quantified by measuring the 
capillary lumen areas on the tumor sections. The MMT neo 
tumor sections displayed a mean cumulative lumen surface 
of 14,301  µm2 per field of view; Ets-1 overexpression by 
MMT tumors decreased this value to 4,075 µm2 (P=0.03), 

whereas the dominant negative increased it to 22,685 µm2 
(P=0.048) (Fig. 5B).

Since interactions between tumors and blood vessels play 
a key role in the metastatic process, we wished to determine 
whether the Ets-1-mediated modulation of these interactions 
results in the modification of the tumor metastatic potential. 
The rapid growth of MMT subcutaneous tumors however, 
prevented the observation of metastasis when mice were 
dissected. To circumvent this issue, we directly injected MMT 
cells into the tail vein of nude mice, which is a classical experi-
mental metastasis assay. In this experimental frame, Ets-1 or 
its dominant negative mutant overexpression did not alter the 
number of lung metastases nor their vascularization, probably 
derived from the lung dense capillary network (Fig. 5D). MMT 
cell tropism for the lung, which is a highly vascularised organ, 

Figure 5. Ets-1 affects MMT cell tumor vascularization in vivo. (A) The external vasculature of MMT tumors that developed from subcutaneous injections of 
our different MMT cell sublines in nude mice was visualized after FITC-dextran injection to mice. Analysis by epifluorescence revealed that MMT tumors 
had all recruited and developed an important external vascular network. Scale bar, 1 mm. (B and C) Immunohistochemical analysis of tumor angiogenesis 
with the endothelial marker, CD34. Dotted rectangles in (B) are magnified in (C). While MMT Ets-1 tumors display numerous capillaries, MMT DB tumors 
present larger vessels, particularly located at the tumor periphery. Tissues were counterstained with Mayer's hematoxylin. Cumulative capillary lumen surface 
was measured, and the mean area ± SD was plotted; *P<0.05. (D) Lung metastases that developed after the intravenous injection of MMT cell sublines in nude 
mice were analysed 12 days after the injection. CD34 immunohistochemistry highlights blood vessel presence in the lung parenchyma and in metastases. 
Tissues were counterstained with Mayer's hematoxylin. Scale bars, 100 µm.
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was not favourable to understand a putative angiogenic modu-
lation by Ets-1 following cancer cell dissemination. These data 
merely indicate that Ets-1 modulation does not affect cancer 
cell entrapment in the lung capillaries.

Discussion

Cancer cell invasion and sprouting angiogenesis share some 
common molecular circuitry. Since Ets-1 orchestrates breast 
cancer cell invasion via different soluble factors, we reasoned 
that it may affect their angiogenic potential, which proved to be 
the case. Among such soluble factors, tumor-secreted MMP-9 
has been reported to induce angiogenesis (16). In this study, 
we demonstrate that endothelial cells actually recruit cancer 
cell-derived MMP-9, and that the amount of recruited MMP-9 
depends on Ets-1 expression/activity in cancer cells. Future 
experiments are warranted to unveil the importance of this 
mechanism in endothelial cell morphogenesis. We also demon-
strate that Ets-1 overexpression in cancer cells promotes their 
adhesion to endothelial cells. VE-cadherin classically links 
adjacent endothelial cells, but can be expressed by aggressive 
cancer cells in what is known as vasculogenic mimicry (17). 
Ets-1 has been proposed to drive together with HIF-2α the 
expression of the VE-cadherin gene by tumor cells (18). We 
actually found that Ets-1 favored VE-cadherin expression in 
MMT cells. In 3D co-culture models, we observed hybrid 
tubules made of cancer and endothelial cells. However, the 
rapid loss of cancer cell fluorescent labeling impaired us to 
quantify these structures and to investigate the putative impact 
of Ets-1 on vascular mimicry. With regard to cell adhesion, 
Ets-1 also controls β3 subunit integrin expression (8), which 
can contribute to the adhesion of cancer cells to endothelial 
cells (19). To sum up, Ets-1 controls the expression of many 
molecules associated with adhesion and invasion. Therefore, 
it probably regulates angiogenic interactions via this network 
but not via a single molecule. Identifying the contribution 
of these individual actors and their combinations may be 
complex, since each actor can influence the others (e.g., MMPs 
can release or activate growth factors, which in turn control 
MMP expression…). Moreover, both cell partners can express 
the same molecules and reciprocally influence their secretion, 
further complicating such a type of study. In this study, we 
chose to rather focus on the phenotypic results of cellular 
interactions and dialog.

Importantly, this study highlights the reciprocal commu-
nication existing between cancer and endothelial cells. The 
in vitro signals elicited by endothelial cells demonstrate that 
these cells are far from being ‘inert’ cells whose only role is 
to form blood vessels in order to supply blood. This stands in 
agreement with other studies showing the importance of angi-
ocrine factors in both normal and tumor settings. For example, 
it has been shown that during embryogenesis, primitive endo-
thelial cells can control the developing endoderm (20) and that 
vessels contribute to pancreatic differentiation via inductive 
interactions (21).

In the field of tumorigenesis, much emphasis has been 
placed on the nutrient and oxygen supply since tumor 
angiogenesis was highlighted by Judah Folkman (22). The 
production by endothelial cells of paracrine factors potentially 
acting on tumor cells is yet a not so recent concept (23), but 

it has received little attention in the decade following its 
discovery. To the best of our knowledge, few studies have 
focused on reciprocal paracrine interactions between cancer 
and endothelial cells in co-culture. Bi-directional interactions 
have been reported in vitro between prostate cancer cells and 
endothelial cells  (24). The induction by cancer cells of an 
autocrine endothelial activation was also evidenced in another 
co-culture model (25). With regard to in vivo relevance, it has 
beem described that endothelial cells can promote the early 
survival of tumor cells injected in mice, in a paracrine manner, 
prior to the onset of angiogenesis (26). More recently, it was 
shown that endothelial cords promote experimental melanoma 
growth in mice prior to their blood perfusion (27). Our in vitro 
data support this angiocrine notion and suggest that breast 
cancer cells may also be sensitive to such signals elicited by 
their endothelial partner in the tumor microenvironment.

In this study, we demonstrate that Ets-1 qualitatively 
controls tumor angiogenesis, rather than being a mere on/off 
switch. It is interesting to note that MMT DB tumors display 
larger blood vessels, particularly on their periphery. It is 
unlikely that such a vasculature is efficient enough to satisfy 
tumors with their needs, as evidenced by frequent necrotic 
areas. Conversely, Ets-1 expression in MMT tumors rather 
favors the formation of capillaries in the whole tumor. This 
network may sustain the release of angiocrine factors by 
activated endothelium, but is probably not a better guarantee 
of perfusion since tumor capillaries are often permeant and 
lack organization. These opposite angiogenic features may be 
reconciled in a same natural tumor if we consider that Ets-1 
overexpression is classically not widespread in human breast 
tumors, but is rather induced in the tumor-stroma interaction 
zone (28). While the tumor bulk may recruit blood vessels, 
Ets-1-overexpressing cells can disseminate owing to their 
exacerbated motility capacities, which confer to them a high 
probability to meet partners in the nearby stroma. Moreover, 
their higher capacity to adhere to endothelial cells may help 
them to find a way in the systemic circulation via intravasa-
tion. Since the experimental metastasis assay used bypasses 
the early steps in the metastatic process, it does not help to 
elucidate whether Ets-1 putatively favors intravasation via 
pro-migratory and pro-adhesive activities. In the future, more 
sophisticated systems with for example, the surgical removal 
of the primary tumor, may help to highlight and unveil Ets-1 
role in these early steps in vivo.

Of note, it has recently been shown that epithelial-to-
mesenchymal transition (EMT) phenotypes in tumor cells are 
associated with the release of soluble factors able to induce 
angiogenesis and recruit myeloid cells  (29). In that study, 
Snail transcription factor was shown to mediate the induction 
of such factors. Targeting transcription factors such as Ets-1, 
Twist or Snail may thus represent a therapeutic approach to 
limit at the same time invasion and microenvironment activa-
tion including angiogenesis.

Many improvements have been achieved over the past 
years in understanding cancer angiogenesis, and have led to 
the development of promising therapeutic strategies for breast 
cancer patients (30). Nevertheless, several clinical trials with 
anti-angiogenic compounds have failed due to the adaptation 
of tumors, prompting researchers to obtain more insight into 
the tumor vasculature and propose new therapies (3). Vascular 
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mimicry is associated with metastasis (31) and represents a 
clinical issue since it is a priori refractory to anti-angiogenic 
compounds. Identification of compounds blocking this process 
should be useful to fight cancers. We have also illustrated the 
role that angiocrine factors play in tumor development. In 
brief, a better understanding of angiogenesis modulation by 
tumors and of the complex interactions between cancer and 
endothelial cells may help us to tackle more efficiently this 
cancer hallmark and may lead to the development of effective 
treatment strategies for patients. Many opportunities are open 
and at the same time, much has still to be done to decipher the 
underlying mechanisms.
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