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Abstract. Increasing evidence indicates that tumor-derived
endothelial cells (TEC) possess a distinct and unique phenotype
in respect to normal endothelial cells and may be able to
acquire resistance to drugs. However, few functional studies
are available on cultured TEC. In the present study, we
obtained TEC from human breast carcinomas and, to dispel the
possibility of contaminating tumor cells, we established six
different clones that we characterized at a functional level.
Breast TEC cell lines and clones did not undergo normal cell
senescence in culture and showed constant expression of
markers of endothelial activation and angiogenesis. These
cells showed increased apoptosis resistance to vincristine and
doxorubicin and increased random cell motility, as compared
to normal micro-endothelial cells. In addition, breast TEC, at
variance to normal endothelial cells, were able to grow and to
organize in the absence of serum in capillary-like structures on
Matrigel that persisted up to one week. These functional
characteristics of breast TEC may be relevant for tumor angio-
genesis and may indicate an increased pro-angiogenic activity
of endothelial cells within the tumor. Moreover, our data
suggest that TEC might be more appropriate for screening
antiangiogenic drugs than normal endothelial cells.

Introduction

The process of angiogenesis leads to the formation of new
vessels and requires a critical contribution of endothelial cells
(1). The so-called ‘switch’ of the tumor to an angiogenic
phenotype is considered a hallmark of the malignant process
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(2). In solid tumors, angiogenesis is important for supporting
the rapid growth of the tumor beyond 1-2 mm in diameter and
serves as the gatekeeper for tumor cell escape and entry into
the circulation (3,4). It is well established that blood vessels
in tumors differ from normal vessels by altered morphology,
blood flow and permeability and by abnormalities in pericytes
and in basement membrane (5-9). Evidence indicates that
tumor-derived endothelial cells (TEC) express surface mole-
cules, such as the receptors for the adhesion to matrix and to
circulating leukocytes and for angiogenic growth factors that
are absent or barely detectable in established blood vessels (10).
The structural and molecular diversity of tumor-associated
vasculature provides a basis for the development of targeted
diagnostics and therapeutics (11-13). However, an emerging
concept in tumor therapy is the unresponsiveness of human
tumors to anti-angiogenic therapy (14). TEC were reported
to possess distinct and unique phenotypes (15) and to be
able to acquire resistance to drugs (16). In addition, we
previously demonstrated that TEC derived from human renal
carcinomas are different from normal vessels at the
molecular and functional levels (17). It has been shown that
TEC derived from different tumors are genetically unstable
(18) challenging the established concept that TEC are
susceptible to chemotherapeutic therapy due to their genetic
stability. However, functional studies on cultured TEC are
limited to human renal carcinoma-derived TEC (17) and
murine lung carcinoma-derived TEC (19). The aim of the
present study was to establish and characterize at a functional
level TEC obtained from human breast carcinomas.

Materials and methods

Reagents and antibodies. ECAF, DMEM, PBS tablets, bovine
serum albumin fraction V (tested for not more than 1 ng endo-
toxin per mg) were purchased from Sigma Chemical Company
(St. Louis, MO). EBM complete medium was obtained from
Cambrex Bioscience (Baltimore, MD), fetal calf serum
(FCS) and RPMI were from EuroClone Ltd. (Wetherby West
Yorkshire, UK). All the antibodies were against human
antigens. Anti-ICAM-1, anti-av3 and 81 mAbs were from
B&D Pharmingen (San Jose, CA), FITC-labeled anti-CD105
mAb was from Serotec (Raleigh, NC), PE-labeled anti-
CD146 mAb was from Cabru (Milan, Italy), PE-labeled anti-
KDR, anti-vascular endothelial growth factor-receptor
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Table I. Expression of endothelial markers by six different clones of B-TEC.

B-TEC/A B-TEC/B B-TEC/C B-TEC/E B-TEC/F B-TEC/G
Mean fluorescence intensity\% positive cells
CD105 90\872 13\832 45\802 AYA 84\90° 13\612
CD31 3\3 S5\152 10\102 6\227 5\48a 68
MUC18 90\982 119\972 61\90° 38\932 87\96° 45\922
CD44 72\982 83\972 76\932 75\922 86\91° 54\46°
KDR 332 6\132 VWA S5\4 6\16° 3\6
VEGFR3 10\512 14\442 10\13¢ 11\152 80\382 14\482
B1 41\912 110\932 45\76¢ 97\992 58\90¢ ND
ICAM ND 97\89° 145\98¢ TO\98# 61\88¢ ND

2p<0.001 versus isotypic control, as evaluated using the Kolmogorov-Smirnov statistical analysis. Marker expression was evaluated by
FACS analysis and results expressed as mean fluorescence intensity and as percentage of positive cells. Results are the mean of three

different experiments. ND, not done.

(VEGF-R)-3 mAbs were from RD System (Minneapolis, MN).
The anti-vascular endothelial cadherin was kindly provided
by Professor G. Tarone (University of Torino, Italy). FITC-
labeled anti-CD31 was purchased from Euroclone and FITC-
labeled anti-CD44 was obtained from Sigma Chemical
Company. Secondary PE-labeled anti-rat IgG was from Caltag
Laboratories (Burlingame, CA); secondary PE-labeled anti-
mouse IgG was purchased by Dako (Milan). Polyclonal Ab
against human von Willebrand factor (VWF) was obtained
from Santa Cruz Biotechnology (Santa Cruz, CA). Vincristine,
doxorubicin, cell dissociation solution, trypsin-EDTA solution
(10X) and collagenase IV were obtained from Sigma. Gelatin
for coating of dishes was from Difco Laboratories (Detroit,
USA).

Endothelial cell lines. Tumor-derived endothelial cells were
obtained from breast carcinomas (three ductal and a tubulo-
lobular infiltrating breast carcinomas) or from normal
surrounding breast tissue. Specimens were finely minced with
scissors and then digested by incubation for 1 h at 37°C in
DMEM containing collagenase IV (Sigma). After washings
in medium plus 10% FCS, the cell suspension was forced
through a graded series of meshes to separate the cell com-
ponents from stroma and aggregates. Endothelial cells were
isolated from cells suspension using anti-CD105 Ab coupled
to magnetic beads, by magnetic cell-sorting using the MACS
system (Miltenyi Biotech, Auburn, CA). Cells were grown in
complete EBM medium (Cambrex) supplemented with 10%
FCS, 50 U/ml penicillin, and 50 pg/ml streptomycin as
previously described (17). HMEC were obtained from derma
using anti-CD31 Ab coupled to magnetic beads, by magnetic
cell-sorting using the MACS system (Miltenyi Biotech), as
previously described (20).

Cell-cloning was performed by the limiting dilution
technique and single cells were deposited in 96-well plates in
the presence of culture medium.

Immunofluorescence studies. For cytofluorimetric analysis,
cells were detached from plates with a non-enzymatic cell
dissociation solution (Sigma), washed in PBS containing 2%
heat-inactivated human serum and incubated for another 15 min
with whole heat-inactivated human serum to block remaining
non-specific sites. Cells were then incubated for 30 min at 4°C
with the appropriate Ab or with the irrelevant control in PBS
containing 2% heat-inactivated human serum. Where
needed, cells were stained by the addition of PE-conjugated
goat anti-mouse or goat anti-rabbit Abs, and incubated for
further 30 min at 4°C. Cells were analysed on a FACS
(Becton Dickinson, Mountain View, CA). Cells (10000) were
analysed in each experimental point.

Immunofluorescence was also performed on paraffin-
embedded sections after antigen retrieval with three cycles of
15 sec microwave treatment. The sections were washed in PBS
and incubated with the Abs for 2 h at room temperature. When
needed a second step, FITC or PE conjugated Ab was added
for 30 min at room temperature. Control experiments included
incubation with isotypic control mouse IgG. Three non-
sequential sections were examined for each specimen.

Assessment of apoptosis. Apoptosis was evaluated using the
TUNEL assay (ApopTag Oncor, Gaithersburg, MD). After
treatment with vincristine or doxorubicin for 24 h, cells were
suspended in PBS, fixed in 1% paraformaldehyde in PBS
pH 7.4 for 15 min at 4°C, and then in pre-cooled ethanol-acetic
acid 2:1 for 5 min at -20°C. Cells were treated with terminal
deoxynucleotidyl transferase enzyme and incubated in a
humidified chamber at 37°C for 1 h, and then with FITC-
conjugated anti-digoxigenin for 30 min at room temperature.
After washings, samples were mounted in medium containing
1 ug/ml of propidium iodide and the cells analysed by immuno-
fluorescence. Results are expressed as percentage of green
fluorescence emitting cells (apoptotic cells) versus red
fluorescence emitting cells (total cells).
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Figure 1. Characterization of B-TEC. Panels A-H: Representative flow cytometric analysis of B-TEC-01 cells showing expression (dark line) of the
endothelial markers CD105 (A), CD31 (B), Muc-18 (C), CD44 (D), KDR (E), ICAM (F), avB3 (G), VEGFR3 (H). The grey area is the isotypic control.
Panel I: micrograph representative of vVWF expression. Panel J: micrograph representative of vascular endothelial-cadherin (I and J: original magnification:
x400). Four B-TEC cell preparations (01-04) were analysed with similar results.

In vitro cell migration. Cell migration of quiescent adherent
B-TEC (10° cell/well in RPMI plus 0.25% BSA) was studied
over 12 h period under a Nikon Diaphot-inverted microscope
with a 10X phase-contrast objective, as previously described
(21). Cells were kept in an attached, hermetically sealed plexi-
glass Nikon NP-2 incubator at 37°C. Cell migration was
recorded using a JVC-1CCD video camera. Image analysis
was performed with a Microlmage analysis system (Cast
Imaging srl, Venice, Italy) and an IBM-compatible system
equipped with a video card (Targa 2000, Truevision, Santa
Clara, CA). Image analysis was performed by digital saving of
images at 30 min interval. Migration tracks were generated
by marking the position of nucleus of individual cells on each
image. The net migratory speed ‘velocity straight line” was
calculated by the Microlmage software based on the straight
line distance between the starting and ending points divided
by the time of observation. Migration of at least 30 cells was
analyzed for each experimental condition. Values are given as
mean = SD. Cell division did not start to any significant degree
during the experiments.

Tube formation. In vitro formation of tubular structures was
studied on growth factor-reduced Matrigel in a 24-well plate.

Cells (3x10* cells/well) were seeded onto Matrigel-coated wells
in RPMI medium containing 0.25% BSA and 0 or 5% FCS.
Cells were periodically observed with a Nikon inverted micro-
scope and experimental results recorded. Image analysis was
performed with the Microlmage analysis system (Cast
Imaging srl).

Results

Endothelial cells were purified by breast carcinomas using
magnetic beads coupled to endoglin (CD105). CD105 was
chosen because previous investigations with histochemical
staining showed overexpression of this marker in blood vessels
at the site of neovascularization in mammary tumors (22).
Immunohistochemical evaluation of the tumor tissue showed
that this marker was expressed by vascular structures and not
by the tumor cells (not shown). Four cell preparations of breast-
TEC (B-TEC 01-04) were obtained from different tumors.
FACS analysis showed CD105 expression in 92+3.4% of
immunosorted cells obtained from the tumor. The immuno-
sorted cells were characterized by cytofluorimetric analysis on
the basis of positive expression of a panel of endothelial
markers (10), such as CD105, CD31, Muc-18 (CD146),
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Figure 2. Apoptosis resistance, motility and tubulogenesis of B-TEC clones in respect to normal HMEC. Panel A and B: Increased apoptosis of normal
HMEC (white column) in respect to 2 different clones of B-TEC (clones A and F; dark and hatched columns, respectively) and to B-TECO1 cell line (gray
columns) after incubation with different doses of vincristine (A) or doxorubicin (B) for 24 h. Apoptosis was detected as TUNEL assay. Data are the mean +
SD of six different experiments performed in duplicate. Panel C: Increased random cell motility of two different clones of B-TEC (clones B and G, m and e,
respectively) in respect to HMEC (a). Motility was measured by time-lapse analysis (Material and methods). Results are expressed as mean + SD of three
separate experiments. Panel D: In vitro angiogenesis of B-TEC clones. B-TEC and normal HMEC (3x10* cells/well) were plated on growth factor-reduced
Matrigel in RPMI containing 5% FCS and observed at different times. An increase in tube formation was observed in different clones of B-TEC (clones A, C
and F; dark, hatched and gray columns respectively) in respect to HMEC (white columns). Data are expressed as the mean + SEM of the tube lengths
evaluated in five different fields at magnification x20 in duplicate wells of three different experiments. ANOVA with Dunnet's multicomparison test was

performed between B-TEC clones versus HMEC ("p<0.05).

CD44 and VEGFR2 (KDR) (Fig. 1A-E) and by expression of
vWF (Fig. 1I) but not cytokeratin (not shown) by immuno-
fluorescence on permeabilized cells. B-TEC also expressed the
adhesion molecules ICAM-I and avB3 (Fig. 1F and G) and
B1 integrin (not shown) (23). In addition, B-TEC expressed
vascular endothelial-cadherin (Fig. 1J) and the VEGFR-3, the
lymphatic-associated VEGF receptor, which is also expressed
by renal TEC (17) and by vascular tumors (24,25) (Fig. 1H).
To dispel the possibility that contaminating tumor cells may
influence our results, we cloned the B-TECO1 cell line by
limited dilution and we obtained and characterized six different
clones. All these clones confirmed the same pattern of endo-
thelial marker expression as the progenitor B-TECO1 cell line
(Table I). The level of expression of endothelial markers was
tested every five-six culture passages and remained constant
during cell culture.

To determine the behavior of B-TEC, cell resistance to
apoptosis, migration and organization onto Matrigel of B-TEC
lines and clones was compared with that of normal HMEC
derived from derma. At variance of normal HMEC, B-TEC did
not show senescence in culture and were able to grow for
>50 passages. In addition, B-TEC cell lines and clones showed

a higher resistance to apoptosis induced by the chemothera-
peutic drugs vincristine and doxorubicin as compared to
HMEC (Fig. 2A and B). Furthermore, B-TEC showed an
increased spontaneous random motility in respect to HMEC,
as detected by time-lapse cinematography (Fig. 2C).

As HMEC, B-TEC showed the ability to make tubes when
plated onto Matrigel with serum. At 6 h, under the condition
of low level of serum (RPMI and 5% FCS), B-TEC clones
showed enhanced formation of tubes in respect to HMEC.
Similar results were obtained with B-TEC lines (not shown).
This difference was also evident after 24 or 48 h (Figs. 2D
and 3). At variance to HMEC, that undergo apoptosis when
plated onto Matrigel in the absence of serum (17), B-TEC
were able to form tubes also in 0% serum. In addition, the
structures formed by B-TEC cell lines and clones persisted
several days without serum (Fig. 3).

Discussion
In the present study we isolated, cloned and characterized the

phenotypic and functional properties of endothelial cells
derived from breast carcinomas. These cells did not undergo
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Figure 3. Tube formation of B-TEC/E in the absence of serum. Representative
micrograph of the tubes formed by B-TECO1/E in the absence of serum and
maintained up to seven days (A). HMEC did not form tubes in the absence
of serum (B). Magnification of x150.

normal cell senescence in culture and showed increased
apoptosis resistance, motility and pro-angiogenic properties.

Tumor angiogenesis is a critical process in the development
and progression of cancer and it is currently regarded as a
potential therapeutic target. This therapeutic approach is
based on the concept that endothelial cells are genetically
stable and therefore they should not develop drug resistance.
However, it has become clear from preliminary trials that a
number of anti-angiogenic drugs or strategies can lose their
activity over time (26,27). Several potential mechanisms have
been evocated, such as the great redundancy of tumor-secreted
angiogenic growth factors and the anti-apoptotic properties of
TEC dependent either on direct tumor-endothelial cell inter-
action or on epigenetic changes occurring after persistent cell
activation (28). Recently, it has been reported that tumor
endothelium has, at the molecular level, distinct characteristics
from normal endothelial cells (15) and may be resistant to
apoptosis (14,29). In addition, it has been shown that human
TEC from melanoma and liposarcoma are resistant to apoptosis
induced by etoposide (18) and that human TEC from renal
carcinoma are resistant to vincristine (17). In the present study,
we report that human TEC derived from breast carcinoma
exhibited altered survival and showed resistance to apoptosis
induced by vincristine or doxorubicin. These data suggest that
the reported drug resistance of TEC is not a tumor type limited
characteristic, but rather is a more general phenomenon.

We also found that B-TEC displayed an enhanced motility
in respect to normal HMEC. In addition, B-TEC, at variance to
normal endothelial cells, were able to organize, in the absence
of serum, in capillary-like structures on Matrigel that persisted
up to one week. These functional characteristics of B-TEC
may be relevant for tumor angiogenesis and may indicate an
increased pro-angiogenic activity of these cells.

Moreover, these characteristics of B-TEC were maintained
in cell culture over time and were independent of the
contamination by tumor cells as they were present in clones
derived from a single cell. These data suggest that B-TEC
underwent a persistent change in the normal endothelial
phenotype. This could be due to genetic mutations, as
suggested by the reported genetic instability of TEC (18) or
to viral oncogenes, as indicated by data on HHV-8-infected
endothelial cells in Kaposi's sarcoma (30). In addition, a multi-
step process involving mutations of both the epithelial and
the mesenchymal compartment has been described in breast
carcinoma (28), suggesting a possible reciprocal interaction
between tumor and surrounding cells. Alternatively, it can
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be speculated that TEC may originate from endothelial
precursors, known to display an enhanced angiogenic potential
(31). Finally, it has been proposed that tumor cells in breast
carcinomas may dedifferentiate and participate in tumor angio-
genesis by vascular mimicry (32).

In conclusion, the results of the present study show that
endothelial cells derived from breast carcinoma maintained a
pro-angiogenic phenotype and displayed resistance to apoptosis
independent of the presence of tumor cells. Moreover, our
data provide a rationale for the observed drug resistance of
TEC and suggest that TEC might be more appropriate for
screening antiangiogenic drugs than normal endothelial cells.
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