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Abstract. The PDGF pathway is essential in tumor angio-
genesis. Although the expression of the PDGF receptors has
been excessively studied on breast cancer cells, few studies
exist on PDGFR expression on the tumor endothelial cells.
In the present study, it is investigated whether endothelial
PDGF receptors' expression is altered in breast cancer.
Endothelial PDGFRa and 3 expression was initially studied
under the influence of tumor conditioned medium derived
from a breast cancer cell line. Following tissue culture
experiments the endothelial expression of both receptors was
studied on formalin-fixed paraffin-embedded tissue sections of
normal breast and breast cancer specimens. The tissue culture
experiment revealed a possible up-regulation of endothelial
PDGFRSB by breast cancer environment. Immunohisto-
chemistry verified the result since 69.7% of the breast cancer
sections were positive for PDGFRB compared to 43.3% of
normal breast sections (p<0.05). No statistical difference was
revealed by studying PDGFRa expression. In conclusion, our
findings support the thesis of possible anti-PDGFRSf anti-
angiogenic therapy, in cases of endothelial PDGFRB-expressing
breast cancer.

Introduction

In order for a primary tumor to exceed a certain size, the
establishment of a vascular network is a clear necessity (1).
This network is formed as the result of the tumor effect upon
adjacent (2) or circulating endothelial cells (3). Under the
influence of a tumor-derived microenvironment, endothelial
cells proliferate and organize to neo-capillaries, supplying the
tumor site with nutrients and oxygen. Furthermore, these
capillaries offer a direct route, via the bloodstream, for the
primary tumor to disseminate (4).
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Angiogenesis has been studied in many different tumor
models and its role in cancer progression is well established
(4). However, the theory of the ‘angiogenic switch’ supports
the thesis that the net result as far as angiogenesis is concerned,
depends on the balance between angiogenic and antiangio-
genic factors (5). Taking under consideration the fact that
neoplasms behave differently, referring to the factors that
they may secrete, it becomes clear that endothelial cells
involved in angiogenesis, respond to a message that possibly
features the primary tumor site and histotypic origin.

In breast cancer, several factors have been identified as
promoters or inhibitors of angiogenesis, most common of
which are the VEGF family, the FGF family, the PDGF
family and the relevant receptors (6). Many studies have been
performed correlating these factors and their receptors with
clinical features such as tumor grade and overall survival.
Among these factors and their receptors, the PDGF/PDGFR
pathway has become of interest, especially due to the existence
of the commercially available inhibitor imatinib (7). Although
this pathway is well-studied in breast cancer cells (8,9), only
a single report exists describing PDGFR expression in breast
cancer endothelial cells (10).

We studied the expression of PDGF receptors o and 3 on
endothelial cells grown in a breast cancer environment.
Moreover, using archival material we have studied whether
these findings are verified in human breast cancer tissues.
The main aim was to prove a possible PDGFR up-regulation,
a fact that would provide evidence for further evaluation of
the role of imatinib and other PDGFR inhibitors, in breast
cancer.

Materials and methods

Cell lines. The EA.hy 926 endothelial cell line (11) was
grown in Dulbecco's modified Eagle's medium (DMEM)
with high glucose concentration (4500 mg/l) supplemented
with gluttamax-I, 10% fetal bovine serum (FBS) and penicillin/
streptomycin. The MDA MB-468 breast cancer cell line was
cultured in DMEM with low glucose concentration (1500 mg/1)
supplemented with gluttamax-I, 10% FBS and penicillin/
streptomycin. Both cell lines were maintained in a 5% CO,
atmosphere, in a humidified incubator. All tissue culture media
were purchased from Invitrogen, Scotland, UK and the tissue
culture plasticware were from Costar, USA.
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Table 1. Main features of the antibodies used in this study.
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Antibody/source Antigen retrieval Dilution Incubation time Detection system

CD31, Dako, Denmark MWws 1/25 1h Super Sensitive™ link-label
detection system, Biogenex, USA

PDGFRa, Neomarkers, USA Saponine® 1/40 ON Anti-polyvalent ultra vision
detection system, Lab Vision, USA

PDGFRSB, Santa Cruz, USA Saponine® 1/40 ON Same as PDGFRa

AMW (350W for 5 min) in 0.01 M citrate buffer, pH 6.2, incubation 30 min in room temperature and repetition. *Saponine (50 mg/100 ml
dH,0) for 30 min in room temperature, followed by washing with dH,0.

Tumor conditioned medium (TCM) preparation. The MDA
MB 468 cell line was cultured in the medium mentioned
above. After confluence had been reached, the cells were
washed with phosphate buffer saline (PBS) and the medium
was replaced with FBS-free DMEM with a high glucose con-
centration. Culture was maintained for 48 h. The TCM was
then collected, cleared by centrifugation and stored in aliquots
at -80°C. Each aliquot was thawed once prior to use.

EA.hy 926 endothelial cell line culture in tumor environment.
The EA.hy 926 endothelial cells were grown on negatively
charged SuperFrost Plus slides as previously described (12).
After confluence had been reached the culture medium was
removed, followed by a PBS wash. Then the cells were left
to grow in TCM for 24 h. Endothelial cells grown in FBS-
free medium served as controls. The slides were collected
and the cells were fixed in 4% paraformaldehyde in PBS for
10 min. Slides were stored immersed in 70% ethanol, until
immunostained.

Patients. Thirty-three cases of breast cancer and 30 cases of
normal breast tissue were randomly chosen from the archives
of the Laboratory of Pathology of the University Hospital of
Heraklion, Crete, Greece. All tissues had been fixed in 4%
buffered formalin and embedded in paraffin according to
the normal schedule used in the laboratory. From each block,
3-um-thick sections were cut, mounted on SuperFrost Plus
slides and dried at 50°C for 1 h. The sections were deparaf-
finized in xylene and rehydrated through graded concentrations
of ethanol to distilled water.

Immunocytochemistry and immunohistochemistry. Both cell
and tissue samples were processed in one batch in order to
avoid differences in staining due to the technique. Following
antigen retrieval, the Ea.hy 926 cells were stained for PDGFRa
and PDGFRS, while tissue samples were stained as well for
CD31. Immunodetection of the PDGF receptors was performed
using the anti-polyvalent ultra vision detection system (Lab
Vision, Fremont, CA, USA), while CD31 was detected by
using the Super Sensitive™ link-label IHC detection system
(BioGenex, San Ramon, CA, USA), according to the manu-
facturers' protocols. Details regarding antigen retrieval and
primary antibodies are presented in Table I. Finally, the slides
were washed with deionized water, counterstained for 30 sec
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Figure 1. Microvascular density distribution among breast cancer and
normal breast specimens. It is clear that angiogenic activity is increased in
breast cancer.

with Papanicolaou la Harris hematoxylin (Merck KGaA
64271, Germany), and cover-slipped with glycergel (USA).

Microvascular density (MVD). Microvascular density was
measured as previously described (13). Briefly, the Chalkey
count was applied by two independent observers, counting as
vessel any CD31 positively-stained endothelial cell. Counting
was performed on a hot-spot recognized by consensus.

Statistical analysis. For analyzing differences in expression
between normal and tumor tissue samples, the > test was
applied. In order to discriminate significant differences in
microvascular density between tissues expressing PDGF
receptors and tissues that do not express PDGF receptors,
the Mann Whitney test was applied. An observation with
p<0.05 was considered statistically significant.

Results

Breast cancer is featured by increased angiogenic rate. The
effect of the TCM from the MDA MB-468 cell line on the
EA hy 926 endothelial cells has been previously reported by
our group (14). For angiogenesis to be quantified in paraffin-
embedded tissue sections, the well-accepted Chalkey count
method was applied. As shown in Fig. 1 the mean micro-
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Figure 2. Immunocytochemistry results of PDGFRa and PDGFRS staining,
on the EA hy 926 endothelial cells grown in the presence or in the absence
of tumor conditioned medium (A). Endothelial PDGFRS is up-regulated by
TCM. Immunohistochemistry results among typical cases of normal breast
and breast cancer specimens using anti-PDGFRa (B) and anti-PDGFRS (C).
The arrows indicate positively stained endothelial cells.

vascular density value for the normal breast tissues was
1.16+0.15, while the respective value for breast cancer
tissues was 3.33+0.27. The difference was significant
(p<0.05, Mann-Whitney test).

Breast cancer cells induce PDGFRf3 but not PDGFRa
expression in the adjacent endothelial cells. As shown in Fig. 2
when the EA hy 926 endothelial cells are grown in TCM from
the MDA MB 468 breast cancer cell line, they exhibit positive
reactivity for PDGFRB. On the contrary, no reactivity is
detected for PDGFRa. Immunohistochemistry for both endo-
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Figure 3. Microvascular density distribution among endothelial PDGF
receptor-expressing (p) and PDGF receptor non-expressing tissues (n).
PDGFRB-expressing tissues are presented with higher angiogenic activity
(Mann Whitney U = 312.00, p=0.015). No significant MVD difference was
found between PDGFRa-expressing and non-expressing breast tissues
(Mann Whitney U = 225.00, p=0.273).

thelial PDGF receptors revealed a significant difference
(x>=4.45, p=0.03) between normal breast and breast cancer
tissue samples with positive PDGFRS staining (Table II). On
the other hand, nearly all samples expressed PDGFRa and
thus, no significant difference was found between normal
breast and breast cancer tissue samples (Yates y2=1.33,
p=0.24) (Table II).

In order to examine which receptor is related to angio-
genesis in breast tissues, the specimens where categorized
based on the endothelial expression or not of each receptor.
The breast tissues (Fig. 3) expressing PDGFRS present a
significantly increased (Mann-Whitney test, p<0.05) angio-
genic activity (mean MVD value: 2.66+0.26), compared to
PDGFRHB non-expressing breast tissues (mean MVD value:
1.81+£0.31). On the contrary, no significant difference (Mann-
Whitney test, p>0.05) was revealed by comparing PDGFRa
expressing breast tissues (mean MVD value: 2.21+0.23) and
PDGFRa non-expressing breast tissues (mean MVD value:
2.72+0.46).

Discussion
Tumor angiogenesis is an essential process for a primary

tumor to grow and disseminate. Angiogenesis is achieved via
signal transduction through many different pathways, one of
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Table II. Results of the immunohistochemical study probing endothelial PDGFRa and PDGFRSB.#

Endothelial Endothelial Endothelial Endothelial

PDGFRa (+) PDGFRa (-) PDGFRS (+) PDGFRS (-)
Normal breast samples (n=30) 27 (90.00%) 3 (10.00%) 13 (43.33%) 17 (56.67%)
Breast cancer samples (n=33) 25 (75.76%) 8 (24.24%) 23 (69.70%) 10 (30.30%)
P (after proper y test) 0.24 (>0.05) 0.03 (<0.05)

“There is a significant difference in the expression of endothelial PDGFRR between breast cancer and normal tissue samples.

which is the PDGF/PDGFR pathway (15). PDGF receptors
have been described to play a critical role in tumor
progression as part of the group of receptors expressed on the
membrane of tumor cells (16). Especially in breast cancer,
PDGF receptors are recognized in cases of carcinomas with
aggressive behaviour (17). Although well studied in breast
cancer tumor cells, the PDGFR expression has not been
extensively studied on the tumor stroma-associated endo-
thelial cells. It is reported that PDGF receptors are expressed
in stromatic cells in cases of both normal or cancer tissue (10),
without referring to the endothelial cells that are activated to
form new capillaries. A more recent approach describes
PDGFRS to be expressed by endothelial cells grown in a bone
metastasis breast cancer model (18). The present study is the
first to describe endothelial PDGFRS up-regulation, as a
consequence of breast cancer cell induction. This finding
could be of possible future clinical importance, especially
nowadays that several tyrosine kinase inhibitors are tested
as inhibitors of both tumor progression and/or tumor angio-
genesis.

Additionally, the tissue culture experiment demonstrated
that PDGFRa up-regulation was unlikely to happen due to
breast cancer cell induction, since neither in the presence nor
in the absence of TCM did the EA.hy 926 endothelial cells
express PDGFRa. However, the immunohistochemical
results where not absolutely consistent with the tissue culture
experiment, since nearly all samples expressed PDGFRa.
This disagreement could be explained by the fact that the in
vitro experiment represents merely a single case. Thus, the
fact that the EA.hy 926 cells did not express PDGFRa may
represent one of the rare cases occurred in the immuno-
histochemical study.

Endothelial PDGFRS expression has not been correlated
so far with any clinical feature of breast cancer. Although
PDGFRS is reported to be expressed by tumor vasculature in
breast cancer metastasis to bone tissue, there is no study
investigating endothelial PDGFRS expression to the primary
site. Moreover, no correlation with progression of the disease
or the overall survival has been made. Our study is the first to
correlate endothelial PDGFRS with increased angiogenesis in
breast tissues (Fig. 3). Nevertheless, the number of samples
is small and needs expansion to extrapolate the findings to
the general population.

The quantification of the angiogenic activity was
performed by applying the Chalkey count method. This
method is considered one of the most reliable in calculating

an approximation of a cellular population among a micro-
scopic field of view, and it is based on a random surface
distribution. Therefore, when applied on a hot-spot, the
Chalkey count succeeds in calculating in a reproducible way
the ratio of the positively stained cells.

Our finding could be of importance if PDGFRf was used as
a target of molecular interventions, with the aim of inhibiting
breast cancer angiogenesis and therefore disease progression
(19). It has been shown by our group and others, that
endothelial cell growth rate may be reduced or even inhibited
in the presence of imatinib, a well-studied PDGFR inhibitor
(20). By selecting patients whose primary tumor expresses
endothelial PDGFRS, angiogenesis inhibition could possibly
be achieved, ensuring at least down-staging of the disease.

The verification of imatinib or other anti-PDGFR0 agents
as efficient angiogenic inhibitors, demands a properly
designed trial, taking under consideration PDGFRf expression.
Although imatinib is reported to succeed in second level
clinical trials as a single-agent therapeutic regimen against
metastatic breast cancer (21), this discrimination of cases to
endothelial PDGFRB positive or negative has not been
described so far. It is anticipated that the therapeutic outcome
of inhibiting PDGFRB with imatinib (or other inhibitors),
would be maximized in the cases that express PDGFRS.

Finally, the mechanism by which PDGFRS is up-regulated
in tumor vasculature is to be studied in the future. Recent
data support the thesis that FGF-2 up-regulates PDGFRS
expression in a murine model, thus enhancing angiogenesis
(22). Moreover, hypoxia is reported to trigger PDGFRS
expression in the context of activating pathways that will
eventually lead to expression of survival/antiapoptotic genes
(23). Both observations may hold also in breast cancer, since
members of the FGF superfamily are definitely secreted by
breast cancer cells (24) and intra-tumor hypoxia is a proven
condition in breast cancer (25). Experiments towards this
direction may involve FGF neutralizing antibodies in endo-
thelial cell culture and immunohistochemistry staining
regarding expression of FGF on breast cancer cells. Correlation
between endothelial PDGFRS and HIF-1a staining could also
be studied to verify a connection between hypoxia and
endothelial PDGFRS expression.

In conclusion, we have demonstrated that the tumor
endothelial cells in breast cancer may express PDGFRS,
possibly via induction by breast cancer cells. This finding may
support further studies in proving PDGFRS inhibitors useful
as chemotherapeutic agents against breast cancer.
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