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Abstract

Epithelial to mesenchymal transition (EMT) is a critical event in cancer progression and is closely linked to the breast
epithelial cancer stem cell phenotype. Given the close interaction between the vascular endothelium and cancer cells,
especially at the invasive front, we asked whether endothelial cells might play a role in EMT. Using a 3D culture model we
demonstrate that endothelial cells are potent inducers of EMT in D492 an immortalized breast epithelial cell line with stem
cell properties. Endothelial induced mesenchymal-like cells (D492M) derived from D492, show reduced expression of
keratins, a switch from E-Cadherin (E-Cad) to N-Cadherin (N-Cad) and enhanced migration. Acquisition of cancer stem cell
associated characteristics like increased CD44high/CD24low ratio, resistance to apoptosis and anchorage independent growth
was also seen in D492M cells. Endothelial induced EMT in D492 was partially blocked by inhibition of HGF signaling. Basal-
like breast cancer, a vascular rich cancer with stem cell properties and adverse prognosis has been linked with EMT. We
immunostained several basal-like breast cancer samples for endothelial and EMT markers. Cancer cells close to the vascular
rich areas show no or decreased expression of E-Cad and increased N-Cad expression suggesting EMT. Collectively, we have
shown in a 3D culture model that endothelial cells are potent inducers of EMT in breast epithelial cells with stem cell
properties. Furthermore, we demonstrate that basal-like breast cancer contains cells with an EMT phenotype, most
prominently close to vascular rich areas of these tumors. We conclude that endothelial cells are potent inducers of EMT and
may play a role in progression of basal-like breast cancer.
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Introduction

Epithelial to mesenchymal transition (EMT) is associated with

increased aggressiveness and adverse prognosis in carcinomas

[1,2]. This conversion of cancer cells towards a more mesenchy-

mal phenotype involves loss or lowered expression of epithelial

markers (e.g. E-Cad and keratins), increased expression of

mesenchymal markers (e.g. N-Cad, vimentin, fibronectin), in-

creased mobility and an invasive phenotype [3,4,5]. EMT in

breast cancer is tightly linked to the triple negative (ER-, PR- and

ErbB2-) basal-like breast cancer subgroup and cancer stem cells

[6,7,8,9,10,11,12]. Basal-like breast cancers express many markers

associated with both myoepithelial and luminal epithelial cells

suggesting the bipotential differentiation pattern and possible stem

cell origin of these tumors [9,13,14]. Previous studies have

demonstrated increased expression of EMT markers at tumor-

stroma interfaces [15,16] and stromal cells are increasingly being

recognized as major players in cancer progression [17,18].

Increasing number of factors are known that can induce EMT

including transforming growth factor-b (TGF-b), ligands for

receptor tyrosine kinases such as vascular endothelial growth

factor (VEGF), epidermal growth factor (EGF) and hepatocyte

growth factor (HGF) as well as components of the extracellular

matrix [3,19]. These signaling events ultimately control transcrip-

tional regulatory factors such as Snail, Slug, Twist, ZEB1, ZEB2

and FOXC2 leading to increased and decreased expression of

mesenchymal and epithelial markers, respectively. Defining the

cellular and microenvironmental cues that trigger EMT during the

progression of breast cancers is critical and could provide new

therapeutic targets.

Vascular endothelial cells have attracted increased attention as

important regulators of organogenesis and stem cell maintenance

in various tissues, such as bone marrow, brain, liver and pancreas

[20,21,22,23]. Furthermore, intratumoral angiogenesis is also one

of the hallmarks of cancer progression and increased microvessel

density in tumors is an indicator of poor prognosis [12]. In the
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breast gland, Shekhar et al. have previously shown that human

umbilical vein endothelial cells (HUVEC) induce ductal-alveolar

morphogenesis of preneoplastic MCF10A cells [24]. We have

recently improved methods to propagate breast endothelial cells

(BRENCS) in culture and shown that BRENCS can mediate

proliferative and morphogenic signals to breast epithelial cells in

coculture [25,26]. In the lung, we have shown that endothelial

cells induce branching morphogenesis in lung epithelial cells when

cocultured in a 3D model. Interestingly, these structures mimic

phenotypic traits of lung histology in vivo including bronchio-

alveolar like structures [27]. Thus, data from diverse organs shows

that endothelial cells are important players in tissue remodeling

making this cell type particularly interesting as a regulator of

morphogenesis.

We have previously established a breast epithelial cell line,

referred to as D492, which has a basal-like phenotype as evidenced

by expression of both luminal (K8, K19) and myoepithelial (K5/6,

K14) cytokeratins. Furthermore, D492 has stem cell properties as

demonstrated by its ability to differentiate into luminal- and

myoepithelial cells and to form branching TDLU-like structures in

a 3D reconstituted basement membrane (rBM) [28,29]. Here, we

demonstrate in 3D coculture that endothelial cells are potent

inducers of EMT in D492 and this process is partially inhibited by

blocking HGF. Furthermore, we show in basal-like breast cancer

that N-Cad a marker of EMT is upregulated in proximity to

vascular rich areas. These data suggest that the vascular rich

stroma in breast cancer lesions might serve as an ideal niche for

the stimulation of epithelial cancer cells to undergo EMT, and

might especially apply to the highly aggressive basal-like breast

cancers, a subtype rich in stem cells.

Materials and Methods

Cell culture
D492 and D382 were cultured in H14 medium as described

previously [28]. W2320 cell line was cultured in DMEM/F12+5%

FBS [33]. The MCF-7, MCF10A and MDA-MB-231 cell lines

where purchased from ATCC (American Type Culture Collec-

tion) and are routinely authenticated with genotype profiling

according to ATCC guidelines. Primary human BRENCs were

isolated from breast reduction mammoplasties as previously

described by Sigurdsson et al. [25] and cultured on endothelial

growth medium (EGM) (Lonza) containing 50 IU/ml penicillin,

50 mg/ml streptomycin, hydrocortisone, FGF, EGF, VEGF, R3-

IGF-1, Ascorbic acid, Heparin, GA-1000 and supplemented with

5% FBS (EGM5). Growth factor reduced reconstituted basement

membrane (rBM, purchased as Matrigel, BD Biosciences) was

used in direct 3D coculture. Transwell coculture was conducted in

a 24 well setup with a 0,4 mm polyester membrane seperating the

chambers (Costar). 56104 endothelial cells were seeded in the

upper chamber as a monolayer and 250 D492 cells in 100 ml

matrigel on the bottom of the lower chamber maintained on

EGM5. For additional information on cell culture and 3D

coculture see Methods S1.

Blocking experiments
Direct coculture of 500 D492 cells with 26105 BRENCs in

300 ml of rBM were treated with 8 mg/ml anti-HGF neutralizing

antibody (#MAB294, R&D Systems) in the rBM and in the

medium. In transwell coculture HGF was blocked with 8 mg/ml

anti-HGF in the rBM and in the medium in the lower transwell

chamber and the controls were treated with mouse IgG1 in the

same manner.

Immunochemistry and tumor samples
Formalin-fixed, paraffin embedded tissue blocks were cut into

5 mm serial sections and mounted on slides. Sections were

deparaffinized and rehydrated in xylene and ethanol. Antigen

retrieval was done by boiling in citrate buffer for 15 min. The

following primary antibodies were used; fibronectin (LabMab, gift

from D.E. Mosher [30], CD-31 (M0823, DakoCytomation),

Keratin 19 (ab7754, Abcam), Keratin 14 (NCL-LL002, NovoCas-

tra), E-Cad (#13-1700, Zymed), N-Cad (#610920, BD), EpCAM

(NCL-ESA, Novocastra). For double and triple labelling experi-

ments we used fluorescence iso-type specific secondary antibodies

(Invitrogen). Fluorescent nuclear counterstain, TO-PRO-3 (Invitro-

gen) was used in immunofluorescence. Specimens were visualized

on a Zeiss LSM 5 Pascal laser-scanning microscope (Carl Zeiss).

Breast cancer specimens were from the clinical Department of

Pathology, Landspitali, University Hospital and included 9 basal-

like and four estrogen receptor positive (ER-positive) breast cancers.

This work has been approved by the National Bioethics Committee

of Iceland, Reference number VSNa2001050056.

Western blotting
Equal amounts (5 mg) of proteins were separated on 10%

NuPage Bis-Tris gels (Invitrogen) and transferred to a PVDF

membrane (Invitrogen). Antibodies: E-Cad (1:500; Zymed), N-

Cad (1:1000; BD), b-actin (1:5000; Abcam), GAPDH (1:5000;

Abcam), K5/6 (1:1000; Zymed), K8 (1:1000; Abcam), K14

(1:1000; Abcam), a-SM-Actin (1:500; Dako) K17 (1:500; Dako),

K19 (1:1000; abcam), Vimentin (1:1000;Dako) and FOXC2

(1:2000; Abcam) were used. Membranes were visualized with

ECL+ after incubation with anti-mouse or rabbit secondary

antibody (1:5000) (GE healthcare).

Migration, anchorage independence and mammosphere
assays

For migration experiments a total of 16104 and 2,56104

starved cells were seeded in DMEM/F12 basic medium on

collagen coated transwell filter in a transwell Boyden chamber

(Corning) with an 8 mm pore size. The transwell filter were

incubated in collagen (0.06 mg/ml) in PBS for 24 h at 4uC, then

excess collagen solution was rinsed off with PBS before cells were

seeded. EGM5 medium was used as a chemoattractant in the

lower chamber. After 12 h incubation cells in the upper chamber

were removed with a cotton swab and migrated cells on the

bottom surface stained with 0.1% crystal violet. Cells were counted

in three representative fields in each transwell. Soft agar assay was

performed by mixing 16104 D492 and D492M cells to 1.5 ml of

0.5% low melting agar (Invitrogen) that was overlaid on 1% agar

solution in 6 well plates and cultured on H14 medium. After 20

days the colonies were stained with crystal violet and counted.

Mammosphere assay was done in 24 well Ultra-Low attachment

plates (Corning) where 500, single cell filtered, D492 and D492M

cells were seeded and cultured on EGM5 medium. Number and

size of spheres was evaluated after 8 days.

Apoptosis resistance
D492 and D492M were seeded into 6 well culture plates (BD)

and grown to 70% confluency. Cells were treated with 10 mM of

Camptothecin (Sigma) in EGM5 medium and counted on culture

days 0–3.

Flow cytometry analysis
Adherent cells were trypsinized and filtered through a 30 nm

nylon filter (Millipore). Cells were incubated for 20 minutes with

Endothelial Induced EMT

PLoS ONE | www.plosone.org 2 September 2011 | Volume 6 | Issue 9 | e23833



fluorochrome-conjugated antibodies against CD44 (clone IM7,

BD), CD24 (clone ML5, BD) or isotype-matched controls,

subsequently washed and resuspended in PBS with 4% formalde-

hyde (cell-fix). Cells were collected (26104 events) on a FACS-

Calibur (BD) and analysed using CellQuest (BD).

Statistical analysis
Data is presented as mean +SEM from number of independent

experiments as indicated. Statistical analysis was performed by

two-tailed Students T-test using GraphPad. P values of ,0.05

were considered to be statistically significant.

Results

Immortalized breast epithelial cell line with stem cell
properties generate mesenchymal-like cells in coculture
with endothelial cells

The D492 cell line forms branching structures in reconstituted

basement membrane (rBM) [28,29]. Growth of D492 alone in

rBM requires, however, moderate cell density (16104 cells per

300 ml rBM) [28]. In order to test the effects of breast endothelial

cells (BRENCs) on growth, and morphogenesis of D492 cells we

set up a coculture with BRENCS and D492 cells inside a rBM. In

this assay BRENCs remain viable and metabolically active but

non-proliferative (Fig S1). No growth was seen when D492 cells

were cultured alone at clonal dilution (500 cells per 300 ml rBM)

(Fig. 1A). In contrast, in coculture with BRENCs the total number

of D492 colonies increased with increasing amount of endothelial

cells reaching a cloning efficacy of 23.5% (117.363.5 colonies;

p,0.01) (Fig. 1A). In addition to solid round and branching

structures that have previously been shown to form when D492

are cultured alone, spindle shape, mesenchymal-like colonies

emerged in coculture with BRENCs (Figs. 1B and S2). No effect

was seen on endothelial cell morphology under coculture

conditions. These data suggest that BRENCs stimulate growth

and morphogenesis of D492 and furthermore induce the

formation of spindle-shaped colonies reminiscent of EMT in a

3D environment.

To see if the endothelial induced EMT-like phenotype was

breast-endothelial specific we also cocultured D492 with human

umbilical vein endothelial cells (HUVECs). HUVECs were also

able to induce a similar phenotype to what was seen in coculture

with BRENCs (data not shown) suggesting a general endothelial-

derived effect rather than an endothelial organ-specific effect.

As D492 has an immunophenotype similar to the cells of basal-

like breast cancer, we also tested W2320 which is a basal-like

metaplastic breast cancer cell line [31]. W2320 generated solid

epithelial colonies when cultured alone in 3D rBM. In contrast,

when cocultured with BRENCs there was a marked increase in

total colony formation and induction of spindle-like colonies

(Fig. 1C). We also tested several other cell lines in our 3D coculture

model. D382 is E6E7 immortalized cell line generated from

differentiated, normal, luminal breast epithelial cells [28] and

MCF10A is a non-tumorigenic epithelial cell line. MCF-7, is an

estrogen receptor positive breast cancer cell line, while MDA-MB-

231 is a highly malignant basal-like breast cancer cell line. When

these cell lines were cocultured with BRENCs in a rBM assay,

MDA-MB-231 generated mesenchymal colonies while D382 and

MCF10A, generated only round epithelial colonies (Fig. S3).

Furthermore, the estrogen receptor positive breast cancer cell line

Figure 1. Breast epithelial cells with stem cell properties generate spindle-like cells in coculture with endothelial cells. A, Colony
growth of D492-derived epithelial structures increases proportional with increased number of BRENCs in coculture. When 500 D492 cells are cultured
in 300 ml rBM they fail to grow (control). With BRENCs, colony growth increases from 76 (56104 BRENCs), 96 (16105 BRENCs) to 117 colonies (23,5%
cloning efficacy) when 26105 BRENCs are inoculated with 500 D492 cells. Average (AVG) number of colonies +SEM in three experiments. *, p,0.05;
**, p,0.01; compared to 56104 BRENCs. B, D492 generate spindle-like cells in coculture with BRENCs (26105 cells). D492 cells (500 cells incubated)
form three distinct structures, branching, solid, and spindle-like colonies. Appearance of the spindle colonies from D492 is novel and occurs only in
coculture with endothelial cells. Average % of colony type +SEM in three experiments. Bar 100 mm. C, Using a primary metaplastic breast cancer cell
line, W2320, we were able to show that these cells could also produce spindle-like colonies in coculture with BRENCs (right). Data shown as AVG
number of colonies +SEM in three experiments (left). *p,0.05. Bar 100 mm.
doi:10.1371/journal.pone.0023833.g001

Endothelial Induced EMT
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MCF-7, generated only large solid round colonies in coculture

with BRENCs (Fig. S3). This indicates that breast cancer cell lines

with basal-like characteristics have the plasticity for mesenchymal

conversion, in coculture with endothelial cells, while other more

differentiated cell lines are unable to undergo this transition.

Isolation and characterization of a D492-derived EMT cell
line

To analyze the origin and morphogenic capacity of branching

and spindle-like colonies from cocultures, we isolated single

colonies and plated them into monolayer culture. Cells derived

from branching colonies showed cuboidal epithelial phenotype

whereas cells from spindle-like colonies showed a spindle shaped

phenotype (Fig. 2). Spindle-like colonies were isolated and

expanded as sublines, one of them is referred to as D492M

(mesenchymal) (Fig. 2). When replated into secondary rBM

cocultures, cells from spindle-like colonies were fixed in making

similar colonies whereas cells from branching colonies retain the

ability to make both branching and spindle-like colonies (Fig. 2).

The parental cell line D492 was initially established by

transfection with a retroviral vector containing the E6 and E7

oncogenes and the neomycin resistant gene [28]. To eliminate

possible endothelial-derived contamination, the D492M subline

was selected in medium containing neomycin. Furthermore, we

cloned and sequenced an insertion site of the retrovirus (Methods

S1). We showed the presence of this insertion in D492M and four

different single cell-derived mesenchymal colonies as well as being

present in 5 different single cell derived D492 sub-clones (Fig.

S4A). To further confirm the epithelial origin of the mesenchymal

colonies we generated a D492 subline containing a GFP

expressing vector. When these GFP positive D492 cells were

cocultured with BRENCs all mesenchymal-like colonies were

green (Fig. S4B). This confirms the epithelial origin of the

mesenchymal colonies and furthermore confirms the clonal origin

of D492M from the D492 cell line.

Immunophenotypic characterization of D492M confirmed that

the spindle cell morphology was a direct consequence of EMT.

Thus, as opposed to the parent cell line, D492M has lost

expression of E-Cad and shows reduced expression of keratins 5/

6, 8, 14, 17, and 19, while showing increased expression of

Vimentin, N-Cad, and alpha-smooth muscle actin (Figs. 3A and

B). Using an Illumina BeadChip expression microarray (HumanWG-

6 v3.0) we screened the expression pattern in the two cell lines.

There was significantly different expression level of 9399 genes of

the 13105 genes that had detectable expression levels (for an FDR

of ,1%). Clustering pattern for the top 50 genes demonstrates the

clear differences between the two cell lines (Fig. S5). E-Cad,

keratins 5, 6, 14, and 19 were all downregulated in D492M

compared to D492. Likewise, mesenchymal markers such as N-

Cad, Thy-1, thrombin receptor (PAR1), and CD70 were all highly

up-regulated in D492M. Global gene expression shows EMT-

associated transcription factors that are upregulated in D492M,

including FOXC2 (3.96 fold), and FOXC1 (1.29 fold) (Fig. 3C).

FOXC2 upregulation in D492M was confirmed with western blot

and compared to D492, MDA-MB-231 and D382 (Fig. 3D). To

confirm that the EMT is causally driven by the endothelial-

induced EMT, rather than reflecting the properties of a single

clonal cell sub-line we isolated four other sublines from D492

Figure 2. Isolation of D492-derived mesenchymal-like cells (D492M). Six branching and six spindle-like colonies were isolated and plated in
monolayer culture. Cells from branching structures retain cuboidal epithelial phenotype in monolayer (left panel). When cocultured with BRENCs
these cells generate branching TDLU-like (40%) and spindle-like colonies (50%) in secondary 3D culture (u2 3D). Cells from spindle-like colonies (right
panel) showed mesenchymal/spindle like morphology in monolayer and cells isolated from one of these colonies gave rise to D492M. When
cocultured with BRENCs these cells only gave rise to spindle like colonies in secondary 3D coculture.
doi:10.1371/journal.pone.0023833.g002

Endothelial Induced EMT
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derived spindle-like colonies (D492M1-4). All these sublines were

shown to have acquired an EMT phenotype (Fig. S6).

D492M has acquired a functional EMT and cancer stem
cell phenotype

A major characteristic of the mesenchymal phenotype is increased

motility. In a transwell migration assay when compared to D492, the

D492M cells showed increased migration, 3.8 fold (p,0.05) and 7.4

fold (p,0.01) when plated at 16104 or 2.56104 cells, respectively

(Fig. 4A). Functionally, the D492M cells also showed signs of

transformation by growth in soft agar assay. While D492 fail to grow,

D492M grew well in this assay showing 6% cloning efficacy (p,0.01)

(Fig. 4B). In addition, when cultured in monolayer, D492M formed

multilayered ridges further indicating a loss of contact inhibition

(Fig. 4B, right). The CD44high, CD24low phenotype has been

associated with cancer stem cell phenotype in the breast [32] and

recently EMT-like traits have been added to this profile [6,7]. Flow

cytometry analysis showed that the D492 cells contain a mixture of

CD44high,CD24high cells (81%) and CD44high,CD24low cells (19%).

In contrast, D492M showed marked increase in the proportion of

CD44high, CD24low cells (70%) (Fig. 4C).

Papers have demonstrated a strong correlation between the

EMT phenotype and the ability to form mammospheres, an assay

that functionally tests for breast stem cell properties [6,33]. When

cultured in low attachment plates both D492 and D492M

generated mammospheres demonstrating the self-renewal and

cancer stem cell properties of these cell lines, respectively (Fig. 4D).

However, D492M generated significantly larger and higher

number of colonies (size.100 mm; p,0.01 and size.150 mm;

p,0.05) in this assay (Fig. 4D). One of the hallmarks of cancer

stem cells and EMT is the acquisition of apoptosis resistance

[6,34]. D492M showed increased resistance (p,0.05) to chemi-

cally induced apoptosis (Fig. 4E). Thus, D492M has acquired

phenotypic and functional characteristics of EMT cells and cancer

stem cells.

Endothelial induced EMT in D492 is generated through
soluble factors partially mediated by HGF

To analyze if endothelial induced EMT in D492 was mediated

through soluble factors we used transwell coculture with BRENCs

cultured on top of a filter and D492 cells embedded in rBM, in the

lower well (Fig. 5A). In this setup, BRENCs were even more

Figure 3. D492M has acquired an EMT phenotype. A, Immunofluoresence staining on D492M show switch from E- to N-Cad and reduced
expression of K14 and K19. Counterstain TO-PRO-3, Bar 100 mm. B, Western blotting confirms downregulation of epithelial markers such as E-Cad, K-
5/6, 8, 14, 17 and 19 in D492M. In contrast, the mesenchymal markers N-Cad, Vimentin and alpha-smooth muscle actin were expressed more
intensively in D492M than D492. GAPDH loading control. C, EMT associated transcription factors are upregulated in D492M. Gene expression data
showed upregulation of FOXC2 (3.96 fold,p: 8.4e-17) and FOXC1 (1.29 fold,p: 0.004) transcription factors in D492M. D, FOXC2 is strongly expressed in
breast epithelial cell lines with EMT phenotype. Western blotting shows strong expression of FOXC2 in D492M and MDA-MB-231, an EMT-like breast
cancer cell line, compared to no or low expression in D492 and D382. Actin, loading control.
doi:10.1371/journal.pone.0023833.g003

Endothelial Induced EMT
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effective in inducing the emergence of spindle-like colonies (Fig. 5B)

suggesting endothelial-derived soluble factor/s. These spindle-like

colonies show an EMT phenotype with an E- to N-Cad switch,

reduced K14 and K19 expression and increased expression of

vimentin and fibronectin (Fig. 5C). It should, however, be noted

that in this setup a few small colonies grew in D492 monoculture

and were either of solid round or spindle-like morphology. The

reason for this is unknown but may be due to the difference in the

experimental setup of the transwell compared to the direct

coculture 3D experiments.

Figure 4. D492M has acquired cancer stem cell-like phenotype. A, D492M show increased migration compared to D492. Increased migration
was seen at the two cell concentrations (16104 and 2.56104). B, D492M grow anchorage independently. In 0.5% soft agar D492 cells fail to form
colonies. In contrast, the D492M cells are able to grow, indicating acquisition of anchorage independent growth. In monolayer culture (right) D492
cells are contact inhibited while D492M piles up in the culture flask indicating lack of contact inhibition (arrows). Counterstain hematoxylin. Bar
100 mm. C, D492M cells are CD44high,CD24low consisting with the breast cancer stem cell phenotype. D492 contain a subpopulation (19%) of cells
that are CD44high, CD24low. This population increases to 70% in the D492M cell line. D, D492 and D492M differ in their ability to form mammospheres.
Both D492 and D492M can generate colonies in mammosphere assay, however, D492M generates more and larger (.100 mm: 1.7 fold; .150 mm:1.5
fold) mammospheres than D492 cells. E, D492M cells show delayed chemically induced apoptosis. D492 and D492M show distinct responses to
Camptothecin, an apoptosis inducing agent. D492 cells underwent immediate apoptosis and showed cell survival under 40% on day 2 while having
no effect on D492M. On day 3 D492M cells showed cell survival of 60% where only few D492 cells were left. Data shown as AVG number of cells per
field (A,E) or AVG number of colonies (B,D) +SEM in three experiments. *p,0.05; **p,0.01.
doi:10.1371/journal.pone.0023833.g004
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There are a number of factors that can elicit EMT such as

TGF-b1, FGF, EGF and HGF. As D492 did not form any EMT

in the EGM5 coculture media that contains EGF, FGF and VEGF

we set focused on TGF-b1 and HGF, known morphogenic and

EMT inducing factors [3]. We treated 3D cocultures with a small

molecule inhibitor targeting the TGF-b receptor-1 (ALK5) and

with a TGF-b1 neutralizing antibody. We observed no changes in

the number of spindle colonies using the ALK5 kinase inhibitor or

the anti-TGF-b1 (not shown) indicating that other factors were

responsible for the endothelial induced EMT.

HGF is expressed in endothelial cells and other stromal cells

and can induce both scattering (including EMT) and morpho-

genic effects on epithelial cells [35]. In our 3D rBM assay

BRENCs secreted HGF into the surrounding culture media as

Figure 5. Endothelial induced EMT is mediated through soluble factors and is partially blocked by inhibition of HGF. A, In the
transwell coculture setup endothelial cells were cultured as a monolayer in the upper well and D492 cells in 3D rBM on the bottom of the lower well.
B, BRENCs induce spindle-like colony formation in transwell coculture. D492 cells without BRENCs showed limited growth (less than 1% of seeded
cells, control). coculture the BRENCs induced a significant increase in number of spindle-like colonies. C, D492-derived branching colonies generated
in transwell culture show characteristical epithelial phenotype including expression of E-Cad, K14 and K19. In contrast, D492-derived spindle like
colonies show EMT phenotype including expression of N-Cad, Vimentin and fibronectin (FN). Bar 100 mm. D–E, Formation of spindle-like colonies is
partially blocked by inhibition of HGF. Spindle-like colony formation is reduced with anti-HGF by 44% in direct coculture (D) and by 30% in transwell
coculture (E). Data shown as AVG number of colonies +SEM in three experiments. *p,0.05; **p,0.01.
doi:10.1371/journal.pone.0023833.g005
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measured by ELISA. They secreted over four times higher

concentrations than D492 in this setup (Fig. S7). When coculture

of D492 and BRENCS was treated with a neutralizing antibody

against HGF a significant decrease (p,0.01) in spindle colonies was

observed in contrast to a significant increase (p,0.01) in the

formation of branching colonies (Fig. 5D). We also tested this in

transwell coculture and as before BRENCs induced the emergence

of spindle colonies. Neutralizing antibody against HGF significantly

decreased (p,0.05) their number but had no effects on branching

colonies (Fig. 5E). Collectively, this suggests that the balance in

formation of branching or spindle colonies from D492 cells can be

modulated by HGF signaling and that soluble HGF, at least

partially, mediates endothelial induced EMT in our 3D coculture

model.

EMT phenotype in basal-like breast cancers is associated
with vascular-rich areas

Circumstantial evidence suggests that basal-like breast cancers

originate in epithelial stem or progenitor cells [14]. Furthermore,

studies show that these tumors are highly vascularized [36,37] and

rich in EMT associated markers such as N-Cad with low or no E-

Cad expression [9,11]. Because both EMT and angiogenesis are

associated with increased metastatic potential, we explored the

possible connection between vascularization and the EMT

phenotype within basal-like breast cancer. We stained 9 basal-

like and four estrogen receptor positive (ER-positive) breast

cancers with antibodies against E-Cad, N-Cad, K14, K19 and

CD-31. While all ER-positive cancers were N-Cad and K14

negative, basal-like cancers were positive for N-Cad and K14, with

some tumors showing medium-to-low expression of N-Cad

(Fig. 6A). To study the possible association between vasculariza-

tion and the EMT-phenotype, we quantified the microvascular

density (MVD) in N-Cad medium-to-low areas and in N-Cad high

areas. Microvessel density (MVD) was significantly higher in areas

containing cells with high expression of N-Cad (MVD:

86.7763.52) compared to areas with low N-Cad expression

(MVD: 36.6664.01) (Fig. 6B, 6C and Fig. S8). Low or no

expression of E-Cad was seen in all basal-like biopsies tested

(Fig. 6D). Thus the cellular context in basal like breast cancers

reveals an interesting pattern of cancer cells showing an EMT

phenotype closely associated with vascular rich components. Based

on these findings we hypothesize that the endothelial compartment

might contribute to the EMT phenotype of tumor cells within

basal like breast cancer.

Discussion

We report here, that in a 3D coculture model EMT-like cells

arise from immortalized breast epithelial cells with stem cell

properties upon interaction with breast endothelial cells. These

effects are at least partially mediated through HGF with other

endothelial-derived factors possibly involved. The endothelial

induced transition resulted in a characteristic EMT phenotype as

evidenced by marked difference in protein and gene expression

with loss of many adhesion and epithelial specific markers and

gain of mesenchymal markers. Functionally, the EMT cells

showed increased migratory abilities and an increase in cancer

stem cell phenotype. Furthermore, we show that basal-like breast

cancers are rich in cells showing a potential EMT phenotype

with highest intensity of N-Cad expression close to vascular rich

areas.

EMT has recently been linked to basal-like breast cancer as

demonstrated by upregulation of EMT markers (Vimentin, alpha-

smooth muscle actin, and N-Cad) together with reduction of

characteristic epithelial markers (E-Cad and keratins) [9,11]. This

is supported by our observation that basal like breast cancers have

features of EMT as evidenced by no or reduced expression of E-

Cad and high expression of N-Cad. Interestingly, the strongest

expression of N-Cad was seen in vascular-rich areas suggesting

that endothelial cells may provide a favorable environment for the

EMT phenotype. Intratumoral angiogenesis, assessed by micro-

vessel density, has been proposed to identify patients at high risk of

recurrence, especially in node-negative breast cancer. Meta-

analyses have confirmed this association, although being a

relatively weak risk factor [38]. More recent studies have shown

that microvessel density might be a major risk factor in triple

negative breast cancer [39] and vascular endothelial growth factor

(VEGF), a marker of angiogenesis, has also been shown to be

significantly higher in this subclass of breast cancer [40]. High

MVD has also been associated with medullary breast tumors,

which are a subtype of the basal-like group and with breast tumors

with a predominant CD44high/CD24low cancer stem cell pheno-

type [37,41]. Niu et al. have also showed in hepatocellular

carcinoma, that tumors expressing Twist, a marker of EMT, have

higher MVD [42].

EMT is a complex process and there have been numerous

factors shown to elicit EMT in culture. Of these, TGF-b1 and

ligands for various receptor tyrosine kinases have received much

attention [34]. We report here that inhibition of TGF-b1 with a

neutralizing antibody or an ALK5 inhibitor did not affect the

formation of spindle-like colonies in coculture suggesting that

TGF-b1 is not involved in endothelial induced EMT in the 3D-

context. Interestingly, Mostov et al. reported that HGF induces

partial EMT in MDCK cells cultured in 3D collagen gel [35].

The HGF receptor, c-Met has also been shown to have a higher

expression in basal-like breast cancer than in other subtypes.

Basal-like breast cancer are also enriched for gene sets indicating

transcriptional activation induced by c-Met signaling [43].

Hypoxia, a major effector of endothelial cells has been shown

to increase HGF mRNA stability through overexpression of HIF-

1alpha [44]. Hypoxia has also been shown to increase the

expression of c-Met, leading to increased sensitivity to HGF and

an invasive phenotype in the tumor cells [45]. In our study,

endothelial cells were shown to secrete HGF in 3D culture and

when HGF was blocked with a neutralizing antibody in direct-

and indirect (transwell) coculture a significant reduction in the

number of EMT colonies was observed demonstrating that

endothelial-derived HGF is, at least partially, responsible for

EMT in our culture model. These findings suggest a novel role

for endothelial cells and angiogenesis in cancer progression in

addition to the more classical role of oxygen and nutritional

delivery.

Defining the cellular and microenvironmental cues that trigger

EMT during cancer progression is important. Studies have shown

increased expression of EMT markers at the tumor-stroma

interface [15,16] and stromal cells are now recognized as major

players in cancer progression (reviewed in [17,18]). The stromal

compartment includes various cell types, e.g. fibroblasts (and

myofibroblasts), immune cells and endothelial cells. Fibroblasts

and myofibroblasts have received attention as important players in

tissue morphogenesis and neoplasia [17,46]. We have previously

shown that breast cancer cells can generate non-malignant

fibroblast-like cells that can facilitate growth and invasion of

cancer cells [31]. Myofibroblast have been shown to induce EMT

and tumor progression in a hepatocellular carcinoma mouse

model through PDGF and TGF-beta signaling [47]. Recently,

CD8 positive T cells have been shown to induce EMT in mouse

mammary cancer cells. Following T cell-induced EMT, these
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Figure 6. The EMT phenotype is most prominent close to vascular rich areas in basal-like breast cancer. A, N-Cad expression is most
prominently found within basal-like breast cancer. ER tumors are K19 positive but negative for N-Cad and K14. In contrast basal-like breast cancers
(BLBC) are positive for all three markers. Bar 100 mm. B, Increased microvessel density in basal-like breast cancer is associated with areas containing
cells with high expression of N-Cad. Immunostaining show increased CD31 positive microvessels in areas with high N-Cad expression. Statistcal
analyzis (bottom) from three basal-like breast cancer biopsies show significant increase in microvessels within areas with high N-Cad expression. C,
Expression of CD-31 reveals highly vascularized area at the tumor stroma interface. N-Cad expression was seen in most cancer cells. Note the strong
expression of N-Cad close to the vascular rich area (dashed line). D, Double-labeling against E- (red) and N-Cad (green) in the same area shows strong
expression of N-Cad only. Low or no expression of E-Cad (red) was seen close to the CD31 positive (green) endothelial cells. Cells were counterstained
with hematoxylin (A B and C) and TO-PRO-3 (D). Bar, 100 mm.
doi:10.1371/journal.pone.0023833.g006
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cancer cells acquired cancer stem cell phenotype including

increased CD44high/CD24low ratio, drug resistance and increased

tumorigenicity [48].

Although EMT can easily be recognized in monolayer culture

of cells, recognizing these cells in situ is more troublesome, due to

its transient nature. In contrast to monolayer cultures, 3D

culture models capture more closely the in vivo situation [49].

Papers from our laboratory and others have shown the

importance of 3D cultures to elucidate the functional role of

the stroma as an instructive factor in normal breast morpho-

genesis and cancer progression [17,18,49,50,51]. Numerous cell

lines, such as MCF10A and MCF-7, have been reported to be

susceptible to EMT in traditional monolayer culture [52]. Our

results, however, show that in 3D culture EMT induction by

BRENCs is only achieved in selected cell lines, i.e. those

harboring stem/progenitor characteristics (D492) and/or cell

lines that have cancer initiating abilities (MDA-MB 231). We

also show that primary metaplastic breast cancer cells, W2330

[31], can be facilitated to undergo EMT in 3D coculture with

BRENCs. In contrast the luminal epithelial cell line D382,

MCF10A and MCF-7 show no signs of EMT in coculture with

BRENCs. Even though MCF10A has been shown to have a

basal-like phenotype, they lack fundamental stem cell properties

that D492 has, such as branching morphogenesis that may

explain why they are non-responsive to endothelial induced

EMT in 3D cultures.

Recent studies have shown that induction of EMT in

immortalized human breast epithelial cells was associated with

acquisition of cancer stem cell associated properties, measured by

increased expression of CD44high/CD24low cells accompanied by

the ability to form mammosphere colonies in culture [6,7]. In

these studies, immortalized breast epithelial cells (HMECs) were

induced to undergo EMT in 2D culture conditions with TGF-b1

or transfected with potent inducers of EMT such as snail, Twist

or the ras oncogene. These studies are in line with our data where

D492M show cancer stem cell and tumorigenic phenotype as

evidenced by an increased ratio of CD44high/CD24low cells,

ability to form mammospheres, increased motility, anchorage

independent growth and resistance against chemically induced

apoptosis. It is noteworthy that in our study, D492, a cell line

with epithelial stem cell properties, appear to lose the normal

epithelial stem cell properties (i.e. generating differentiated

luminal and myoepithelial cells and forming branching TDLU-

like structures) after undergoing EMT and acquire a phenotype

associated with cancer stem cells. This suggests an important

difference between the properties of breast epithelial stem cells

and epithelial cancer stem cells. Studies linking cancer stem cells

and EMT also raise interesting questions about the cell renewal,

developmental plasticity and signaling pathways involved in

cancer progression.

In this paper we show that in basal like breast cancer, cells

undergoing EMT are enriched in the vascular-rich areas and

furthermore, we show that endothelial cells can directly induce

EMT. This endothelial-induced EMT is at least partially

facilitated by HGF making this a potential novel therapeutic

target for patients with the basal-like subtype of breast cancer.

Furthermore, our findings suggest a role for endothelial cells in

basal-like breast cancer suggesting that therapy targeting the

neovascular compartment might be relevant.

Supporting Information

Figure S1 Endothelial cells cultured in rBM appear as
single, non proliferative but metabolically active cells.

Endothelial cells cultured for 10 days within rBM remain as single

non proliferative but metabolically active as seen by the uptake of

fluorescent labeled Ac-LDL (green). Insert shows single endothelial

cells that have taken up Ac-LDL in higher magnification.

(TIF)

Figure S2 Spindle-like colony formation increases pro-
portionally with the amount of endothelial cells. Increased

number of BRENCs in coculture with D492 results in decreased

and increased number of solid and spindle-like colonies. No effect

was seen on branching colonies. AVG % of colonies +SEM in

triplicate. *, p,0.05; **, p,0.01; compared to 56104 BRENCs.

(TIF)

Figure S3 BRENCs facilitate mesenchymal phenotype
in MDA-MB-231 a poorly differentiated breast cancer
cell line. To explore if BRENC could induce EMT in other cell

types we set up cocultures of BRENCs (26105 cells) with

MCF10A, MCF-7, D382 and MDA-MB-231 (500 cells). Cocul-

ture of BRENCs with MCF-10A, D382 and MCF-7 resulted in

non-branching, non-EMT-like epithelial colonies. In contrast

coculture of BRENCs with the highly malignant cancer cell line

MDA-MB-231 resulted in large EMT-like colonies. Bar 100 mm.

(TIF)

Figure S4 D492 and D492M share a common origin. A,

Origin of D492M confirmed by viral insertional analysis. D492

cell line contains a retroviral insertion of E6 and E7 genes. The

insert site was identified (schematic) on chromosome 20q13.1 close

to the gene PTP1N that codes for the protein tyrosine phosphatese

1B (PTP1B). PCR analyzes identified the same insert in D492M

confirming its origin from D492. B, GFP positive D492 cells give

rise to mesenchymal colonies in coculture with BRENCs. The

origin of mesenchymal colonies from D492 was confirmed by

using GFP positive D492. All colonies in the 3D culture were GFP

positive. Bar = 100 mm.

(TIF)

Figure S5 Gene expression analysis demonstrates glob-
al changes in D492-D492M transition. Heat map showing

the top 50 genes discriminating D492 and D492M. Red and green

shows up- and down regulation of genes, respectively.

(TIF)

Figure S6 Characterization of four mesenchymal-de-
rived cell lines from D492. D492-derived mesenchymal cell

lines designed D492M1-M4 were characterized in terms of

expression profile and for functional mesenchhymal properties.

A. D492M1 show reduced expression of E-cadherin and EpCAM,

weak expression of N-Cad and strong expression of fibronectin

(FN) and vimentin. B. D492M-1 show increased migration

compared to D492. C. Mesenchymal cell lines derived from

D492 show advanced growth in soft agar. D. Summary of

phenotypic and functional characteristics of D492M1-M4.

(TIF)

Figure S7 BRENCs secreted HGF into the surrounding
culture media. BRENCs secreted HGF into the surrounding

culture media as measured by ELISA. BRENCs secreted over four

times higher concentration of HGF than D492 when cultured

rBM.

(TIF)

Figure S8 N-cadherin expression is prominent around
vascular rich area of basal-like breast cancers. Two basal

like breast cancer were stained with antibodies against N-Cad and

CD31. Figures show N-Cad high and N-Cad medium/low areas
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within the same cancer stained with N-Cad and CD31. Cells

counterstained with heamotoxylin. Bar = 100 mm.

(TIF)

Methods S1 Supplementary material and methods.

(DOC)

Author Contributions

Conceived and designed the experiments: VS MKM TG. Performed the

experiments: VS HS AJRF MR RV BAA BH. Analyzed the data: VS HS

MR AB BAA. Wrote the paper: VS OWP MKM TG BH.

References

1. De Wever O, Pauwels P, De Craene B, Sabbah M, Emami S, et al. (2008)

Molecular and pathological signatures of epithelial-mesenchymal transitions at
the cancer invasion front. Histochem Cell Biol 130: 481–494.

2. Hugo H, Ackland ML, Blick T, Lawrence MG, Clements JA, et al. (2007)

Epithelial - mesenchymal and mesenchymal - epithelial transitions in carcinoma
progression. J Cell Physiol 213: 374–383.

3. Moustakas A, Heldin CH (2007) Signaling networks guiding epithelial-
mesenchymal transitions during embryogenesis and cancer progression. Cancer

Sci 98: 1512–1520.

4. Peinado H, Olmeda D, Cano A (2007) Snail, Zeb and bHLH factors in tumour
progression: an alliance against the epithelial phenotype? Nat Rev Cancer 7:

415–428.
5. Zeisberg M, Neilson EG (2009) Biomarkers for epithelial-mesenchymal

transitions. J Clin Invest 119: 1429–1437.
6. Mani SA, Guo W, Liao MJ, Eaton EN, Ayyanan A, et al. (2008) The epithelial-

mesenchymal transition generates cells with properties of stem cells. Cell 133:

704–715.
7. Morel AP, Lievre M, Thomas C, Hinkal G, Ansieau S, et al. (2008) Generation

of breast cancer stem cells through epithelial-mesenchymal transition. PLoS
ONE 3: e2888.

8. Polyak K, Weinberg RA (2009) Transitions between epithelial and mesenchymal

states: acquisition of malignant and stem cell traits. Nat Rev Cancer 9: 265–273.
9. Sarrio D, Rodriguez-Pinilla SM, Hardisson D, Cano A, Moreno-Bueno G, et al.

(2008) Epithelial-mesenchymal transition in breast cancer relates to the basal-like
phenotype. Cancer Res 68: 989–997.

10. Wellner U, Schubert J, Burk UC, Schmalhofer O, Zhu F, et al. (2009) The
EMT-activator ZEB1 promotes tumorigenicity by repressing stemness-inhibiting

microRNAs. Nat Cell Biol 11: 1487–1495.

11. Mahler-Araujo B, Savage K, Parry S, Reis-Filho JS (2008) Reduction of E-
cadherin expression is associated with non-lobular breast carcinomas of basal-

like and triple negative phenotype. J Clin Pathol 61: 615–620.
12. Hanahan D, Weinberg RA (2011) Hallmarks of cancer: the next generation. Cell

144: 646–674.

13. Ishihara A, Tsuda H, Kitagawa K, Yoneda M, Shiraishi T (2009) Morphological
characteristics of basal-like subtype of breast carcinoma with special reference to

cytopathological features. Breast Cancer 16: 179–185.
14. Yehiely F, Moyano JV, Evans JR, Nielsen TO, Cryns VL (2006) Deconstructing

the molecular portrait of basal-like breast cancer. Trends Mol Med 12: 537–544.
15. Brabletz T, Jung A, Reu S, Porzner M, Hlubek F, et al. (2001) Variable beta-

catenin expression in colorectal cancers indicates tumor progression driven by

the tumor environment. Proc Natl Acad Sci U S A 98: 10356–10361.
16. Franci C, Takkunen M, Dave N, Alameda F, Gomez S, et al. (2006) Expression

of Snail protein in tumor-stroma interface. Oncogene 25: 5134–5144.
17. Ronnov-Jessen L, Bissell MJ (2009) Breast cancer by proxy: can the microenvi-

ronment be both the cause and consequence? Trends Mol Med 15: 5–13.

18. Weaver V, Fischer A, OW P, Bissell M (1996) The importance of the
microenvironment in breast cancer progression: recapitulation of mammary

tumorigenesis using a unigue human mammary epithelial cell model and a
three-dimensional culture assay. Biochem Cell Biol 74: 833–851.

19. May CD, Sphyris N, Evans KW, Werden SJ, Guo W, et al. (2011) Epithelial-
mesenchymal transition and cancer stem cells: a dangerously dynamic duo in

breast cancer progression. Breast Cancer Res 13: 202.

20. Shen Q, Goderie SK, Jin L, Karanth N, Sun Y, et al. (2004) Endothelial cells
stimulate self-renewal and expand neurogenesis of neural stem cells. Science 304:

1338–1340.
21. Yin T, Li L (2006) The stem cell niches in bone. J Clin Invest 116: 1195–1201.

22. Matsumoto K, Yoshitomi H, Rossant J, Zaret KS (2001) Liver organogenesis

promoted by endothelial cells prior to vascular function. Science 294: 559–563.
23. Lammert E, Cleaver O, Melton D (2001) Induction of pancreatic differentiation

by signals from blood vessels. Science 294: 564–567.
24. Shekhar MP, Werdell J, Tait L (2000) Interaction with endothelial cells is a

prerequisite for branching ductal-alveolar morphogenesis and hyperplasia of

preneoplastic human breast epithelial cells: regulation by estrogen. Cancer Res
60: 439–449.

25. Sigurdsson V, Fridriksdottir AJ, Kjartansson J, Jonasson JG, Steinarsdottir M,
et al. (2006) Human breast microvascular endothelial cells retain phenotypic traits

in long-term finite life span culture. In Vitro Cell Dev Biol Anim 42: 332–340.
26. Ingthorsson S, Sigurdsson V, Fridriksdottir AJ, Jonasson JG, Kjartansson J, et al.

(2010) Endothelial cells stimulate growth of normal and cancerous breast

epithelial cells in 3D culture. BMC Res Notes 3: 184.
27. Franzdottir SR, Axelsson IT, Arason AJ, Baldursson O, Gudjonsson T, et al.

(2010) Airway branching morphogenesis in three dimensional culture. Respir
Res 11: 162.

28. Gudjonsson T, Villadsen R, Nielsen HL, Ronnov-Jessen L, Bissell MJ, et al.

(2002) Isolation, immortalization, and characterization of a human breast
epithelial cell line with stem cell properties. Genes Dev 16: 693–706.

29. Villadsen R, Fridriksdottir AJ, Ronnov-Jessen L, Gudjonsson T, Rank F, et al.

(2007) Evidence for a stem cell hierarchy in the adult human breast. J Cell Biol
177: 87–101.

30. Chernousov MA, Fogerty FJ, Koteliansky VE, Mosher DF (1991) Role of the I-9
and III-1 modules of fibronectin in formation of an extracellular fibronectin

matrix. J Biol Chem 266: 10851–10858.

31. Petersen OW, Nielsen HL, Gudjonsson T, Villadsen R, Rank F, et al. (2003)
Epithelial to mesenchymal transition in human breast cancer can provide a

nonmalignant stroma. Am J Pathol 162: 391–402.
32. Al-Hajj M, Wicha MS, Benito-Hernandez A, Morrison SJ, Clarke MF (2003)

Prospective identification of tumorigenic breast cancer cells. Proc Natl Acad
Sci U S A 100: 3983–3988.

33. Dontu G, Abdallah WM, Foley JM, Jackson KW, Clarke MF, et al. (2003) In

vitro propagation and transcriptional profiling of human mammary stem/
progenitor cells. Genes Dev 17: 1253–1270.

34. Sabbah M, Emami S, Redeuilh G, Julien S, Prevost G, et al. (2008) Molecular
signature and therapeutic perspective of the epithelial-to-mesenchymal transi-

tions in epithelial cancers. Drug Resist Updat 11: 123–151.

35. Leroy P, Mostov KE (2007) Slug is required for cell survival during partial
epithelial-mesenchymal transition of HGF-induced tubulogenesis. Mol Biol Cell

18: 1943–1952.
36. Greenberg S, Rugo HS (2010) Triple-negative breast cancer: role of

antiangiogenic agents. Cancer J 16: 33–38.
37. Lopes N, Sousa B, Vieira D, Milanezi F, Schmitt F (2009) Vessel density assessed

by endoglin expression in breast carcinomas with different expression profiles.

Histopathology 55: 594–599.
38. Uzzan B, Nicolas P, Cucherat M, Perret GY (2004) Microvessel density as a

prognostic factor in women with breast cancer: a systematic review of the
literature and meta-analysis. Cancer Res 64: 2941–2955.

39. Miyashita M, Ishida T, Ishida K, Tamaki K, Amari M, et al. (2010)

Histopathological subclassification of triple negative breast cancer using
prognostic scoring system: five variables as candidates. Virchows Arch.

40. Linderholm BK, Hellborg H, Johansson U, Elmberger G, Skoog L, et al. (2009)
Significantly higher levels of vascular endothelial growth factor (VEGF) and

shorter survival times for patients with primary operable triple-negative breast
cancer. Ann Oncol 20: 1639–1646.

41. Giatromanolaki A, Sivridis E, Fiska A, Koukourakis MI (2010) The CD44+/

CD24- phenotype relates to ‘triple-negative’ state and unfavorable prognosis in
breast cancer patients. Med Oncol.

42. Niu RF, Zhang L, Xi GM, Wei XY, Yang Y, et al. (2007) Up-regulation of
Twist induces angiogenesis and correlates with metastasis in hepatocellular

carcinoma. J Exp Clin Cancer Res 26: 385–394.

43. Gastaldi S, Comoglio PM, Trusolino L (2010) The Met oncogene and basal-like
breast cancer: another culprit to watch out for? Breast Cancer Res 12: 208.

44. Chu SH, Feng DF, Ma YB, Zhu ZA, Zhang H, et al. (2009) Stabilization of
hepatocyte growth factor mRNA by hypoxia-inducible factor 1. Mol Biol Rep

36: 1967–1975.
45. Pennacchietti S, Michieli P, Galluzzo M, Mazzone M, Giordano S, et al. (2003)

Hypoxia promotes invasive growth by transcriptional activation of the met

protooncogene. Cancer Cell 3: 347–361.
46. Elenbaas B, Weinberg RA (2001) Heterotypic signaling between epithelial tumor

cells and fibroblasts in carcinoma formation. Exp Cell Res 264: 169–184.
47. van Zijl F, Mair M, Csiszar A, Schneller D, Zulehner G, et al. (2009) Hepatic

tumor-stroma crosstalk guides epithelial to mesenchymal transition at the tumor

edge. Oncogene 28: 4022–4033.
48. Santisteban M, Reiman JM, Asiedu MK, Behrens MD, Nassar A, et al. (2009)

Immune-induced epithelial to mesenchymal transition in vivo generates breast
cancer stem cells. Cancer Res 69: 2887–2895.

49. Lee GY, Kenny PA, Lee EH, Bissell MJ (2007) Three-dimensional culture

models of normal and malignant breast epithelial cells. Nat Methods 4: 359–365.
50. Gudjonsson T, Ronnov-Jessen L, Villadsen R, Rank F, Bissell MJ, et al. (2002)

Normal and tumor-derived myoepithelial cells differ in their ability to interact
with luminal breast epithelial cells for polarity and basement membrane

deposition. J Cell Sci 115: 39–50.
51. Kuperwasser C, Chavarria T, Wu M, Magrane G, Gray JW, et al. (2004)

Reconstruction of functionally normal and malignant human breast tissues in

mice. Proc Natl Acad Sci U S A 101: 4966–4971.
52. Blick T, Widodo E, Hugo H, Waltham M, Lenburg ME, et al. (2008) Epithelial

mesenchymal transition traits in human breast cancer cell lines. Clin Exp
Metastasis 25: 629–642.

Endothelial Induced EMT

PLoS ONE | www.plosone.org 11 September 2011 | Volume 6 | Issue 9 | e23833


