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2Dipartimento di Medicina Interna, Università di Firenz, Italy
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We previously demonstrated that expression of androgen
receptor (AR) by transfection of the androgen-independent
prostate cancer cell line PC3 decreases invasion and adhesion
of these cells (PC3-AR) through modulation of �6�4 integrin
expression. The treatment with androgens further reduced
invasion of the cells without modifying �6�4 expression, sug-
gesting an interference with the invasion process by andro-
gens. Here, we investigated EGF-mediated signal transduc-
tion processes that lead to invasion in PC3-AR cells. We show
that EGF-induced EGFR autotransphosphorylation is re-
duced in PC3-AR cells compared to PC3 cells transfected
only with the vector (PC3-Neo). EGF-stimulated PI3K activ-
ity, a key signaling pathway for invasion of these cells, and
EGF-PI3K interaction are also decreased in PC3-AR cells and
further reduced by treatment with androgen. Finally, we
show that EGFR internalization process was reduced in
PC3-AR and LNCaP cells compared to PC3-Neo. Investiga-
tions on the location of AR in PC3-AR transfected cells were
also conducted. Immunoconfocal microscopy and coimmino-
precipitation studies demonstrated the presence of an inter-
action between EGFR and AR at membrane level in PC3-AR
and LNCaP cells. In conclusion, our results suggest that the
expression of AR by transfection in PC3 cells confers a less-
malignant phenotype by interfering with EGFR signaling
leading to invasion through a mechanism involving an inter-
action between AR and EGFR.
© 2004 Wiley-Liss, Inc.
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Prostate Cancer (PC) is one of the most common cancer and the
second leading cause of death in American men.1 Since prostate
cancer cell growth is enhanced by androgens, in the advanced
stages of the disease, androgen ablation therapy represents a valu-
able tool for the treatment of these patients. However the devel-
opment in most patients after few years of treatment of androgen-
independent clones, characterized by higher invasiveness and
metastatic properties, has focused attention on the molecular
mechanisms that lead to loss of androgen-dependence as well as on
the pathways that are regulated by androgens in these cells besides
proliferation. Indeed, although androgens are the major stimulus
for proliferation of prostate cancer cells, maintenance of androgen-
sensitivity appears to keep a more differentiated and less malignant
phenotype of these cells. The ability to produce tumors in nude
mice, for instance, is higher in androgen-insensitive cell lines
(such as PC3 and DU145) with respect to androgen sensitive
(LNCaP).2 In this light, the role of androgens in the regulation of
the pathways involved in invasion and metastasis represents a
major task in studies on prostate cancer biology.3 As a result, some
androgen-regulated genes involved in signaling pathways that lead
to invasion have been recently identified4–6 and their role in
decreasing invasion ability of androgen-sensitive prostate cancer
cells indicated. Migration and invasion of cancer cells is regulated
by multiple pathways that employ various growth factor and their
receptors, integrins and cytoskeletal elements. A key role is played
by the EGF receptor (EGFR), which, following interaction with
the integrin �6�4, promotes cell migration through activation of
PI3K and other downstream pathways.7,8

In a previous study, we demonstrated that the expression of andro-
gen receptor in PC3 cells by transfection with a full-length human
androgen receptor expression vector (PC3-AR) determined a decrease
in the expression of the integrin �6�4 and in the ability of these cells
to invade Matrigel in response to EGF.6 The treatment with the
synthetic androgen R1881 determined a further decrease of the inva-
sion ability of these cells, without however modifying the surface
expression of �6�46 and prospecting an effect of the androgen on
EGF-mediated signaling related to invasion.

In our present study, we investigated EGF-activated signaling in
PC3-Neo and -AR cells. We report that EGF-mediated EGFR
autotransphosphorylation and PI3K activation is reduced in
PC3-AR cells. In addition, we demonstrate colocalization and
coimmunoprecipitation of AR and EGFR in PC3-AR and LNCaP
cells, indicating an interaction between the 2 receptors.

MATERIAL AND METHODS

Antibodies and chemicals
Rabbit polyclonal anti-androgen receptor antibody (N-20) was

obtained from Santa Cruz Biotechnology (Santa Cruz, CA); rabbit
polyclonal anti-androgen receptor antibody (Pa1-110) was ob-
tained from Affinity BioReagents, Inc. (Golden, CO). Rabbit Ab
(�4 cyto) was generously provided by Prof. F. Giancotti (Memo-
rial Sloan-Kettering Cancer Center, New York, NY). Mouse MAb
Ab2 (anti EGFR) and mouse MAb Ab1 (anti EGFR) were from
Oncogene (Cambridge, England). Rat MAb anti-�4 (439-9B) was
provided by Dr. R. Falcioni (Molecular Oncogenesis Laboratory,
Regina Elena Cancer Institute, Rome, Italy) and mouse anti-human
integrin �4 monoclonal antibody was obtained from Chemicon
International, Inc. (Temecula, CA). Antiphosphtyrosine PY20 an-
tibody was obtained from ICN (Costa Mesa, CA); antiphosphty-
rosine PY99 antibody was purchased from Santa Cruz Biotech-
nology (Santa Cruz, CA). Mouse monoclonal anti PI 3-kinase
p110 (D-4) and anti EGFR (1005) was from Santa Cruz Biotech-
nology. Rabbit polyclonal anti-phospho-AKT (Ser473) antibody
and mouse monoclonal anti-AKT antibodies were from Cell Sig-
naling Technology (Beverly, MA). Recombinant human epidermal
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growth factor (EGF) was obtained from Pepro Tech EC (London,
England). Matrigel was from Collaborative Biomedical Products
(Bedford, MA). The tyrosine kinase inhibitor ZD1839 (“Iressa”)
was a generous gift from Astrazeneca (London, England). The
antibiotic Geneticin (G418), PD 098059 [2-(2�-amino-3�-methoxy-
phenyl)-oxanaphthalen-4-one] and LY294002 were obtained from
Calbiochem (San Diego, CA). Laminin-1 and other not specified
reagents were from Sigma Chemical Co. (St. Louis, MO).

Cell culture and transfection
PC3 cell line was obtained from American Tissue Culture

Collection (Bethesda, MD) and maintained in HAM-F12 Coon
supplemented with 10% FBS, 1% penicillin/streptomycin and 1%
glutamine. Before stimulation with androgens, cells were kept for
24 hr in serum- and phenol red-free medium. PC3 cells were
transfected with human full length androgen receptor construct
(p5HbhAR) or vector alone (PC3-NEO cells) by electroporation
and selected in the presence of 0.5 mg/ml geneticin (G418) as
described previously.6 To obtain stable colonies, individual clones
were isolated by limiting dilution and tested for the presence of the
androgen receptor both by Northern and Western analysis.6

Flow cytometry analysis
Cell surface EGFR expression was evaluated by flow cytometry

performed as described.6,9 Cells were grown on Petri dish until
confluence, washed with PBS, detached with 0.1% trypsin-EDTA and
resuspended in PBS supplemented with 1 mM CaCl2 and 1 mM
MgCl2. After the indicated treatments, cells were incubated for 30
min at 4°C with the monoclonal anti-EGFR antibody Ab1, or non-
specific IgG as control, washed 3 times with PBS and further incu-
bated with FITC-conjugated goat anti-mouse secondary antibody
(1:200) for 30 min. In some experiments, cells were labeled with
FITC-conjugated EGF (Molecular Probes, Eugene, OR). After wash-
ing 3 times, cells were fixed with 3% paraformaldehyde in PBS. FITC
green fluorescence was detected at 515–555 nm using a FL-1 detector
of a FACScan flow cytometer (Becton Dickinson, Mountain View,
CA) equipped with a 15 mW argon-ion laser for excitation. Debris
were gated out by establishing a region around the population of
interest on the Forward Scatter vs. Side Scatter dot plot. For each
sample, 10,000 events in the region of interest were recorded at a flow
rate of 200–300 cells/sec. Data were processed with analysis software
LYSYS II (Becton Dickinson).

Immunoprecipitation and western blot analysis
Protein extraction and Western blot analysis were performed as

previously described.6,10 Immunoprecipitation was performed as
previously described10 with few modifications. Briefly, cells were
scraped in PBS supplemented with 1 mM Na3VO4, centrifuged
and resuspended in lysis buffer (20 mM Tris, pH 7.4, 150 mM
NaCl, 0.25% NP-40, 0.2% Triton-X and 1 mM Na3VO4, 1 mM
PMSF). After protein measurement, aliquots of cell lysates con-
taining equal amount of proteins (500 �g) were incubated for 1 hr
with 30 �l of Protein A (or Protein G)-Sepharose for preclearing.
Precleared lysates were then incubated for 1 hr using 5 �g of
specific antibodies on ice followed by overnight incubation at 4°C
with 30 �l of Protein A (or Protein G)-Sepharose. The immuno-
beads were washed 3 times in lysis buffer and then resuspended in
10 �l of 2� reducing sample buffer, boiled and loaded onto 8%
polyacrylamide-bisacrylamide gels. After SDS-PAGE, proteins
were transferred to nitrocellulose membranes. The membranes
were blocked overnight at 4°C in 5% BSA-TTBS (0.1% Tween-
20, 20 mM Tris and 150 mM NaCl). After washing in TTBS, the
membranes were incubated for 2 hr with the different primary
antibodies, followed by incubation with peroxidase-conjugated
relative secondary antibodies. Finally, probed proteins were re-
vealed by enhanced-chemiluminescence system (BM, Roche). Af-
ter the first blotting with peroxidase-conjugated secondary anti-
bodies, nitrocellulose membranes were stripped at 50°C for 30 min
in stripping buffer (100 mM 2�-mercaptoethanol, 2% sodium
dodecyl sulphate and 62.5 mM Tris-HCl, pH 6.7) and reprobed
with specific primary antibodies.

Invasion assay
Invasion assays were performed as described previously6,9 ac-

cording to Albini et al.11 using the Boyden chambers equipped
with 8 �m porosity polyvinylpyrrolidone-free polycarbonate fil-
ters. A thin layer of Matrigel solution (50 �g/ml) was overlaid on
the upper surface of the filter and allowed to gel by incubating the
filters at 37°C for 30 min. Cell ability to invade the substrate was
assessed by using epidermal growth factor (EGF). EGF (100 ng/ml
in DMEM) was added to the bottom well of the Boyden chambers;
105 cells were added to the top of the chambers and incubated for
24 hr at 37°C. Migrated cells were quantitated by counting cells
with a Zeiss microscope (Oberkochen, Germany) equipped with
brightfield optics (�40 magnification). Results are expressed as
the number of migrated cells per high-power field.

PI3 kinase assay
Cells were pretreated for 24 hr with R1881 (1 nM) or vehicle alone

(DMSO), detached with 0.05% trypsin-EDTA, blocked with trypsin-
inhibitor and plated on laminin-1 (20 �g/ml) coated dishes for 2
hours. Cells were then stimulated with EGF (50 ng/ml 15 min),
scraped in PBS supplemented with 1 mM Na3VO4, centrifuged and
extracted with lysis buffer (20 mM Tris, pH 7.4, 137 mM NaCl, 1 mM
CaCl2, 1 mM MgCl2, 1% NP-40, 1 mM Na3VO4 and 1 mM PMSF).
PI3K activity was measured as described previously.12,13 After mea-
surement of proteins, the aliquots of cell extracts containing equiva-
lent amount of proteins (500 �g) were incubated for 1 hr with 50 �l
of Protein G-Sepharose for preclearing. Precleared lysates were then
incubated with an anti-phosphotyrosine MAb (PY99) from Santa
Cruz Biotechnology (Santa Cruz, CA) overnight at 4°C with 50 �l of
Protein G-Sepharose as described above. The Sepharose beads were
washed 2 times with lysis buffer and twice with a 10 mM Tris-HCl
(pH 7.4) containing 0.1 mM EGTA and 5 Mm LiCl. After removal of
the last wash, the beads were suspended in kinase buffer (10 mM
Tris-HCl, 150 mM NaCl and 5 mM EDTA) containing 20 �g of
L-�-phosphatidylinositol (Sigma Chemical Co.) 25 mM MgCl2 and
10 �Ci of [�32P]ATP and incubated for 20 min at room temperature.
The reaction was stopped by the addition of 60 �l of 6 M HCl and 160
�l of a mixture of chloroform and methanol (1:1). Lipids were then
resolved by thin layer chromatography plates (TLC silica gel 60)
(Merck, Darmstadt, Germany) in chloroform, methanol, water and
ammonium hydroxide (60:47:11.3:2). Dried TLC sheets were devel-
oped by autoradiography. Quantifications of the bands was performed
using a Kodak image analysis system.

Indirect immunofluorescence microscopy
Glass slides were coated with 20 �g/ml of laminin-1 for 2 hr at

37°C and were then blocked with PBS containing 1% heat-inactivated
bovine serum albumin (BSA) at 4°C overnight. Cells were plated
(1�106 cells) on the matrix-coated glass slides and allowed to adhere
for 2 hr in a humidified atmosphere with 5% CO2 at 37°C. The cells
were then stimulated with EGF (50 ng/ml 15 min) and subsequently
fixed with 2% paraformaldehyde. In case of staining with anti-AR
antibodies the cells were permeabilized with 0.1% triton-X in PBS.
After fixation, the cells were rinsed in PBS and incubated in a
blocking solution containing 1% albumin and 5% goat serum in PBS
for 30 min. Primary antibodies in blocking solution were added in
combination to the fixed cells and incubated at room temperature for
30 min. After washing in PBS, the immunoreactivity was revealed
using FITC-conjugated or Texas Red- or Rhodamine-conjugated anti
rat, anti-mouse, or anti-rabbit secondary antibodies (minimal cross
reaction inter-species) in blocking buffer (1:50), used separately or in
combination to stain the cells for 30 min. Negative controls were
performed by substituting the primary antibodies with the blocking
buffer. The immunostained cells were rinsed with PBS and mounted
in a mixture (8:2) of glycerol and PBS (pH 8.5). The cells were
observed under a laser scanning confocal microscopy (Bio-Rad MRC
1024 ES, Hercules, CA) equipped with a Krypton/Argon laser source
15 nm. A series of optical sections (512�512 pixels) were taken
through the depth of the cells with a thickness of 1 �M at intervals of
0.8 �M by using a Nikon 60� 1.4 oil immersion objective. Each
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section was signal-averaged during acquisition to improve image
quality, using the Kalman averaging option (5 scan), and the entire
series was projected as a single composite image by superimposition.
To reduce bleed-through effects dual channel scanning of red and
green signals were recorded separately and saved in 2 different files.

Statistical analysis
Statistical analysis was performed with ANOVA and Student’s

t-test for unpaired and, when applicable, for paired data.

RESULTS

EGFR autotransphosphorylation in response to EGF is reduced
in PC3-AR cells

Western blot analysis of integrin �4 in PC3-Neo and -AR total
cell lysates (Fig. 1a �4 panel) and following integrin �4 immu-

noprecipitation (Fig. 1a, lower panel) confirms the reduced expres-
sion of the protein in AR positive PC3 cells (Fig. 1).6 In addition,
both experiments demonstrate that �4 protein expression is not
regulated by androgen treatment (R1881, 1 nM, 3 days of treat-
ment) in PC3-AR cells (Fig. 1a �4 and lower panels), confirming
previous results obtained by FACScan analysis.6 The expression of
EGFR is similar in the 2 cell lines and is not modified by treatment
with R1881 (Fig. 1a, EGFR panel) as also confirmed by FACScan
analysis of surface expression of the protein in PC3-AR cells
compared to PC3-Neo (not shown; see also Fig. 7). Stripping and
reprobing of the blot in Fig. 1a (�4 panel) with an anti-phospho-
tyrosine antibody (PY20) demonstrates a different pattern of ty-
rosine phosphorylated protein bands in the 2 cell lines (Fig. 1a,
PY20 panel). In particular, although EGF treatment (50 nM, 5 min)
induces an increase in tyrosine phosphorylation in a protein band

FIGURE 1 – (a) Western blot analysis of inte-
grin �4 and EGFR expression in total lysates of
PC3-Neo and PC3-AR cells in basal conditions
(c) and following stimulation with the synthetic
androgen R1881 (R1, 1 nM, 3 days), EGF (50
ng/ml, 5 min) or the 2 agonists together (E�R).
The blot was first probed for �4 integrin,
stripped and reprobed with anti-EGFR and fi-
nally with anti-phosphotyrosine PY20 antibody.
In the lower panel, Western blot analysis of
integrin �4 following immunoprecipitation of
the integrin from the lysates of the 2 cell lines in
the same conditions as indicated for (a) is
shown. Both blots are representative of at least
3 different experiments. (b) Western blot anal-
ysis of EGFR tyrosine phosphorylation follow-
ing treatments as described for (a), in PC3-Neo
and PC3-AR cell lysates immunoprecipitated
with anti-EGFR antibody. Cells lysates were
immunoprecipitated (IP) using an anti-EGFR
antibody (Ab-1), run by SDS-PAGE and immu-
noblotted (IB) with anti-phosphotyrosine
(PY20, upper panel), and anti-EGFR (Ab-2,
lower panel) antibodies. IgG: negative controls
(immunoprecipitated with control IgG). C �
control conditions. Representative of 3 similar
experiments. (c) Densitometric analysis of ty-
rosine phosphorylation of EGFR (reported as
the ratio between EGFR tyrosine phosphory-
lated band/EGFR band) in response to EGF in
presence or absence of R1881 of 4 different
immunoprecipitation experiments in PC3-Neo
and PC3-AR cells. *p	0.005 vs. the same treat-
ment in PC3-Neo cells. #p	0.05 vs. EGF in
PC3-AR cells
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of about 180 kDa, comigrating with EGFR, in both cell lines (Fig.
1a, PY20 panel), such increase appears to be reduced in PC3-AR
cells, in particular in the presence of R1881. To confirm that the
observed increase of tyrosine phosphorylation in the 180 kDa
protein band in response to EGF corresponds to autotransphospho-
rylation of the EGFR, the latter was immunoprecipitated in both
cell lines. As shown in Figure 1b (PY20 panel), EGF induces
autotransphosphorylation of EGFR is reduced in PC3-AR cells
compared to PC3-Neo and treatment with R1881 (10 nM, 3 days)
further reduces it (Fig. 1b; see also Fig. 3). Densitometric analysis
of the ratio between EGFR tyrosine phosphorylated band and
EGFR band from 4 different experiments performed by immuno-
precipitation in the 2 cell lines is reported in Figure 1c. These
results confirm reduced EGFR autotransphosphorylation in
PC3-AR cells in the presence of R1881 and respect to PC3-Neo.
Overall, these data suggest that the presence of an active androgen
receptor interferes with EGFR signaling in PC3 cells.

The androgen receptor co-localizes and co-immunoprecipitates
with the EGFR in PC3-AR cells

Emerging evidence indicates that besides its classical location at
the nuclear level, the AR may be targeted at the membrane, where

interactions with proteins involved in growth factor signaling, such
as src kinase family members,14 caveolin-115 and PI3K16 have
been demonstrated. We investigated the localization of AR in our
cell line by confocal laser microscopy in PC3-AR cells stained for
both AR and EGFR. As shown in Figure 2 the AR (in red, middle
panels) localizes both to the nucleus and the cytoplasm of PC3-AR
cells, although after stimulation with R1881, increased location to
the nuclei was evident. The presence of some nuclear staining in
PC3-AR also in control conditions is in agreement with results
obtained by other authors in PC3 cells transfected with AR.17

Interestingly, a striking colocalization (in yellow, right panels) of
the AR with the EGFR (in green, left panels) at plasma membrane
level was present. In response to EGF, colocalization between the
EGFR and the AR was also evident at the level of intracellular
granules, possibly reflecting internalization vesicles of the
EGFR-AR complex. When cells are stimulated with EGF in the
presence of R1881, the pattern of colocalization between the 2
proteins appears to be different compared to EGF alone since
much less vesicles are present (Fig. 2). Similar results were ob-
tained in the another PC3-AR clone (not shown). No staining for
AR was present in PC3-Neo cells (Fig. 2, lower panels). To

FIGURE 2 – Confocal microscopy analysis of localization of the androgen receptor (AR) and EGFR in PC3-AR cells. PC3-AR cells were
pretreated or not with the synthetic androgen R1881 (1 nM, 3 days), plated on laminin-1 for 2 hr and then stimulated with EGF (50 ng/ml) or
vehicle (C) for 15 min. Cells were permeabilized and processed for double staining with rabbit polyclonal anti-AR (N-20) (red) and anti-EGFR
(Ab-1) (green) antibodies. Yellow depicts colocalization of the 2 antibodies. Lower panel, PC3-Neo cells were plated on laminin-1 for 2 hr and
then were processed for double staining with anti-AR (N-20) (red) and anti-EGFR (Ab-1) (green) antibodies. Representative of 3 similar
experiments.
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demonstrate that the colocalization between the AR and EGFR
observed in PC3-AR cells is due to an association of the 2
molecules, coimmunoprecipitation studies using both anti-EGFR

and anti-AR antibodies were conducted. As shown in Figre 3a
after immunoprecipitation with an antibody against EGFR, a band
at 110 kDa was detected by immunoblot analysis with an anti-AR
antibody in PC3-AR cells. A tyrosine phosphorylated band corre-
sponding to EGFR was also detected (Fig. 3a). Similarly, follow-
ing immunoprecipitation of AR in PC3-AR cells, EGFR was
detected by immunoblotting (Fig. 3b). Interestingly, EGF induced
tyrosine phosphorylation of EGFR was reduced in PC3-AR cells in
both experimental conditions (Fig. 3a,b), in particular in the pres-
ence of R1881 (see also Fig. 1b). Coimmunoprecipitation between
the EGFR and AR was also detected in the cell line LNCaP, which
physiologically express the AR (Fig. 3c). As shown in the figure,
following immunoprecipitation of EGFR, a band corresponding to
AR was found. Stripping and re-probing of the blot with an
anti-phosphotyrosine antibody demonstrated that the treatment
with R1881 determined a decrease in EGFR autotransphosphory-
lation also in this cell line (Fig. 3c), in agreement with results
obtained in PC3-AR cells (Fig. 3a,b). In the lanes treated with EGF
a decrease in co-immunoprecipitated AR protein was observed
(Fig. 3c). This results, consistently found in LNCaP cells, is
difficult to explain. One possibility is that in this cell line the
receptor may somehow escape from interaction with AR following
treatment with EGF. Overall, results shown in Figures 2 and 3
indicate that an interaction between EGFR and AR occurs in andro-
gen-sensitive prostate carcinoma cells and that this interaction may be
involved in determining a decreased signaling ability of EGFR (this
manuscript) and the decreased invasive ability of these cells.6,18

EGF-induced activation of PI3K is reduced in PC3-AR cells
As mentioned above, EGF promotes the activation of distinct

signaling pathways in cancer cells, including PI3K,7 which finally
leads to cell migration and invasion. To evaluate whether PI3K
activation is involved in Matrigel invasion of PC3-Neo cells,
invasion assays were performed in the absence or presence of the
PI3K inhibitor LY294002 (80 �M). As shown in Figure 4, EGF-
induced invasion through Matrigel was inhibited by pretreatment
(30 min) with LY294002, indicating that the activation of PI3K
pathway is essential for EGF-dependent invasion. Matrigel inva-
sion in response to EGF was also suppressed by ZD1839 (also
known as “gefitinib” and “Iressa”, 10 �M), a tyrosine kinase

FIGURE 3 – (a) Western blot analysis of EGFR and AR, EGFR
tyrosine phosphorylation in response to EGF (50 ng/ml, 5 min) in the
presence or absence of the synthetic androgen R1881 (R1, 1 nM, 3
days) in PC3-Neo and PC3-AR cell lysates immunoprecipitated with
anti-EGFR antibody. Cells lysates were immunoprecipitated (IP) using
an anti-EGFR antibody (Ab-1), run by SDS-PAGE and immunoblotted
(IB) with anti-AR (N-20) (upper panel), anti-EGFR (Ab-2) (middle
panel), anti-phosphotyrosine antibody (PY20, lower panel) antibodies.
IgG: negative controls (immunoprecipitated with control IgG). C�
control conditions. Representative of three similar experiments. (b)
Western blot analysis of EGFR and AR, EGFR tyrosine phosphory-
lation after treatments as described for (a) in PC3-AR cell lysates
immunoprecipitated with anti-AR antibody. PC3-AR cells lysates
were immunoprecipitated (IP) using an anti-AR antibody (Pa1-110)
and blotted (IB) with an anti-phosphotyrosine (PY20, upper panel) and
anti-EGFR (Ab-2, lower panel) antibody. Representative of 2 similar
experiments. (c) Western blot analysis of EGFR and AR, EGFR
tyrosine phosphorylation in response to EGF (50 ng/ml, 5 min) in the
presence or absence of the synthetic androgen R1881 (R1, 1 nM, 3
days) in LNCaP cell lysates immunoprecipitated with anti-EGFR
antibody. LNCaP cells lysates were immunoprecipitated (IP) using an
anti-EGFR antibody (Ab-1) and blotted (IB) with an anti-EGFR (Ab-2,
upper panel), anti-phosphotyrosine (PY20, middle panel) and anti-AR
(N-20) (lower panel). Representative of 2 similar experiments.

FIGURE 4 – Effect of different kinase inhibitors on Matrigel invasion
of PC3-Neo cells. Matrigel was diluted in DMEM (50 mg/ml) and
overlaid on the upper surface of the polycarbonate filter. EGF (100
ng/ml) or DMEM were added to the bottom wells of the boyden
chambers. Cells (105), untreated or treated with the PI3K inhibitor
LY294002 (80 mM, LY), the MAPK cascade inhibitor PD098059 (50
mM, PD) and the EGFR tyrosine kinase inhibitor ZD1839 (“Iressa”)
(10 mM) were added to the top of the wells of the chambers and then
incubated for 24 hr at 37°C. The cells that reached the lower surface
were quantitated by light microscopy. Values are expressed as
mean
SEM of the indicated number of experiments. **p	0.05 vs.
control (C), °p	0.05 vs. EGF
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inhibitor selective for EGFR19 (Fig. 4). On the contrary, we found
that PD098059 (50 �M, 30 min) an inhibitor of MAPK signaling
cascade20 did not affect Matrigel invasion in response to EGF (Fig.
4), indicating that this pathway is not involved in EGF-mediated
invasion in PC3 cells. To investigate whether PI3K activity was
altered in PC3-AR cells, cell lysates from PC3-Neo and PC3-AR
cells, stimulated or not with EGF (50 ng/ml), were immunopre-
cipitated with an anti-phosphotyrosine antibody to recruit the
activated fraction of PI3K and assayed for their ability to phos-
phorylate L-�-phosphatidylinositol. As shown in Figure 5, both
basal and EGF-stimulated PI3K activity are reduced in PC3-AR
cells with respect to PC3-Neo. Pretreatment with R1881 deter-
mined a decrease of EGF-stimulated PI3K activity in PC3-AR
cells, whereas it was ineffective in PC3-Neo cells. Figure 5, lower
panel, reports mean
SEM values of PI3K activity (measured by
quantification of the bands) of 4 different experiments. This result
suggests that in the presence of an AR, PI3K activity of PC3 cells
is reduced, in line with recent results that demonstrate that losing
dependence or sensitivity from androgens, such as in LNCaP cells
in high passages21 or following androgen deprivation,22 leads to
higher activity of PI3K respect to cells expressing a more differenti-
ated phenotype (LNCaP at early passages or androgen-sensitive).

In carcinoma cells, constitutive activation of PI3K is often found.23

PI3K is activated by the interaction of the p85 subunit with phosphor-
ylated tyrosine residues on activated growth factor receptors including
the EGFR.24 To study whether the reduced basal and EGF-stimulated
PI3K activity in PC3-AR cells is due to an impairment of PI3K-EGFR
interaction, we immunpreciptated PI3K from PC3-Neo and -AR cells
using an anti-p110 PI3K antibody and evaluated coimmunoprecipi-
tation with EGFR in both cell lines. As shown in Figure 6a, although
p110 PI3K expression was similar in the 2 cell lines, the fraction of
EGFR coimmunoprecipitating with PI3K was much higher in PC3-
Neo cells, suggesting an impairment of EGFR-PI3K interaction in the
presence of the AR. In addition, when the blot was probed using an
anti-phosphotyrosine antibody, a phosphorylated protein band at 180
kDa molecular weight, comigrating with EGFR, was detected only in
PC3-Neo cells (Fig. 6a). However, treatment with EGF does not
appear to modify either tyrosine phosphorylation of this band or
EGFR-PI3K interaction (Fig. 6a). This result was constantly repro-
duced in 3 different experiments.

To confirm that PI3K activation is reduced in PC3-AR cells, we
performed Western blot analysis of total lysates from PC3-Neo
and PC3-AR cells using anti-phosphoserine AKT antibodies. As

FIGURE 5 – Phosphatidylinositol-3 kinase (PI3K) activity in response to EGF and R1881 in PC3-Neo and PC3-AR cells. (upper panel)
PC3-Neo and PC3-AR cells, pretreated or not with R1881 (R1, 1 nM, 24 hr), were plated on laminin-1 for 2 hr and then stimulated with EGF
(50 ng/ml). Cell lysates were immunoprecipitated with an anti-phosphotyrosine antibody (PY99) and PI3K activity measured as described in
Material and Methods. (lower panel) Mean
SEM values of PI3K activity (arbitrary units) in 3 different experiments.
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shown in Figure 6b (upper panel) treatment with EGF induces
AKT phosphorylation in PC3-Neo but not in PC3-AR cells,
whereas AKT expression was similar in both cell lines (Fig. 6b
lower panel), confirming reduced activation of the PI3K/AKT
pathway in PC3-AR cells. The lower mobility of AKT band in the
lanes treated with EGF in PC3-Neo cells may reflect a shift due to
increased phosphorylation (Fig. 6b upper panel).

EGFR internalization is altered in PC3-AR cells
Following EGF treatment, EGFR is rapidly downregulated from

the cell surface undergoing a process of internalization/endocyto-
sis.25 As shown in Figure 4, in PC3-AR cells, EGFR is located at
the level of discrete vesicles, probably reflecting internalization of
the receptor. However, the presence of these vesicles was reduced
when treatment with EGF was performed in the presence of R1881
(Fig. 2), suggesting an impairment of the process of EGFR inter-
nalization. To further investigate EGFR internalization process in
our cell model, we performed FASCan analysis of surface EGFR
expression following treatment with EGF (50 ng/ml, 15 min incu-
bation) in the presence or absence of R1881 (1 nM) in PC3-Neo
and -AR cells. As shown in Figure 7a, when PC3-Neo cells were
incubated with EGF at 37°C, a significant decrease in cell surface
expression of the receptor was detected, as evidenced by the shift
of the positive peak to the left. In PC3-AR cells the shift of the
peak to the left was dramatically reduced, indicating decreased
internalization. Treatment with R1881 (1 nM) further reduced
EGFR internalization induced by EGF in PC3-AR cells but did not

affect receptor internalization in PC3-Neo cells (Fig. 7a). Mean
(n�2) percentage of cells expressing EGFR on the surface respect
to control in the 2 cell lines in the different conditions are reported
in Figure 7b. Similar results were obtained by using FITC-conju-
gated EGF to label surface EGFR (data not shown). In analogy
with results obtained in PC3-AR cells, EGFR internalization was
found to be reduced also in LNCaP cells when compared to
PC3-Neo cells. Indeed, following EGF treatment, surface EGFR
expression in LNCaP cells was reduced only of 25% (not shown), a
value similar to the 22% decrease observed in PC3-AR cell (Fig. 7b).

DISCUSSION

Increasing evidence demonstrates that androgen-responsive
prostate cancer cells are characterized by reduced growth, adhe-
sion, invasion, migration and colony-forming abilities,2,6,17,26 sug-
gesting that maintenance of an AR-sensitive phenotype reduces the
malignant potential of these cells. In addition, the presence of a
functional AR in PC3 cells confers sensitization to anticancer
therapy.26 Similarly, in another hormone-dependent cancer, such
as breast cancer, the presence of estrogen receptors maintains a
less invasive phenotype of the cells even in the absence of li-

FIGURE 6 – (a) Western blot analysis of p110 PI3K subunit, EGFR
and tyrosine phosphorylation in response to EGF (50 ng/ml, 5 min) in
the presence or absence of the synthetic androgen R1881 (R1, 1 nM,
3 days) in PC3-Neo and PC3-AR cell lysates immunoprecipitated with
anti-p110 PI3K antibody. Cells lysates were immunoprecipitated (IP)
using an anti-p110 antibody, run by SDS-PAGE and immunoblotted
(IB) with anti-p110 PI3K (upper panel), anti-EGFR (Ab-2) (middle
panel), anti-phosphotyrosine antibody (PY20, lower panel) antibodies.
Representative of three similar experiments. (b) Western blot analysis
of AKT phosphorylation, in response to EGF (50 ng/ml, 5 min) in the
presence or absence of the synthetic androgen R1881 (R1, 1 nM, 3
days) in PC3-Neo and PC3-AR cell total lysates. The blot was first
probed with anti p-ser AKT antibody followed by stripping and
reprobing with anti-AKT antibody. C� control. Representative of 3
similar experiments.

FIGURE 7 – Effect of R1881 on internalization of EGFR in PC3-Neo
and PC3-AR6 cells. (a) PC3-Neo and PC3-AR cells were left un-
treated (C) or incubated with R1881 (1 nM, 3 days). Cells were then
incubated with EGF (50 ng/ml) or vehicle for 20 min at 37°C to allow
internalization of the EGFR, placed on ice and processed for detection
of EGFR expression (solid histograms) by flow cytometry analysis as
described in Material and Methods. Nonspecific fluorescence (open
histograms shown in the control panels) was assessed by omitting
incubation with the primary antibody. (b) Average (n�2) percentage
cells expressing EGFR on the surface respect to control in PC3-Neo
and PC3-ARcells in the different experimental conditions.

84 BONACCORSI ET AL.



gands.27–29 Previous results from our6 and other groups30 demon-
strated that, at least in part, decreased in vitro Matrigel invasion of
androgen-sensitive PC cells18 is due to decreased expression of
surface integrins. Other studies performed in androgen-indepen-
dent and -dependent PC cell models in vitro, demonstrated regu-
lation, by androgens, of several other genes involved in modulat-
ing invasion ability of these cells, including prostin-1,31 urokinase-
type palsminogen activator32 and neutral endopeptidase (NEP).5
Here we show that EGF-mediated autotransphosphorylation of
EGFR and downstream PI3K/AKT pathway activation are also
reduced in androgen-sensitive cell lines. In addition, we demon-
strate the occurrence of an interaction between the AR and the
EGFR at the membrane level in the same cell lines. The reduced
autotransphosphorylation of EGFR in androgen-responsive
PC3-AR cells respect to unresponsive cells is in line with previ-
ously published results that show an inverse correlation between
phosphotyrosine levels of ErbB-2, an EGFR mutant, and androgen
responsiveness of prostate cancer cells.33

Recent data demonstrate that the AR may interact with mem-
brane proteins that activate signaling pathways such as ERKs and
PI3K.14,16,34 These mechanisms of androgen receptor signaling are
believed to represent alternative pathways for stimulation of pros-
tate carcinoma cell growth. Our data demonstrate that in PC3-AR
cells the AR colocalizes with the EGFR at the membrane level
through an interaction of the 2 proteins as demonstrated by coim-
munoprecipitation studies performed in the 2 androgen-sensitive
cell lines PC3-AR and LNCaP. Further studies are needed to
evaluate the site and the mechanisms that determine the associa-
tion between AR and EGFR in prostate carcinoma cells. Recently,
the AR has been shown to associate with src kinase family mem-
bers14 and caveolin-115 in PC cell lines. More recently, an asso-
ciation with the signaling protein calmodulin has been also shown
in LNCaP cells.35 In the case of src, the interaction is due to a
proline-rich region in the AR,14 whereas in the case of caveolin-1
both the NH2-terminal and ligand-binding domains of the AR are
involved.15 Both src and caveolin-1 are capable of interacting with
EGFR and are involved EGF-stimulated signaling.36–38 It is thus
possible that EGFR-AR interaction detected in our study is medi-
ated by these proteins. Of interest, the interaction between caveo-
lin-1 and EGFR results in inhibition of ERK activation, lamelli-
podia formation and cell migration of mammary carcinoma cells39

and caveolin-1 expression inhibit invasiveness in the same cells.40

The occurrence of a possible interaction between AR and caveo-
lin-1 and the formation of a complex among AR, caveolin and
EGFR is currently under investigation in our Lab. We prospect a
scenario where interaction between AR and EGFR provokes a
disruption of the mechanisms leading to autotransphosphorylation
of the receptor and PI3K activation in response to EGF leading to
decreased invasion of these cells. It is possible that the interaction
between the 2 proteins may occur at sites that are fundamental for
interaction with other downstream signaling molecules such as
PI3K. On the other hand, our coimmunoprecipitation studies with
anti-PI3K antibodies suggest that EGFR-PI3K interaction is dis-
rupted in PC3-AR cells, possibly explaining the lower activity of
the enzyme in PC3-AR cells. Decreased PI3K activation may be
thus responsible for the described lower aggressive behavior of
PC3-AR, LNCaP and other androgen-sensitive cell lines.2,6,17,25,41

In agreement with our data that shows reduced PI3K/AKT activa-
tion in androgen-sensitive PC3 cells, recent results from different
groups demonstrate that losing dependence or sensitivity from
androgens, such as in LNCaP cells in high passages21 or following
androgen deprivation22 leads to higher activation of PI3K/AKT

respect to cells expressing a more differentiated phenotype (LN-
CaP at early passages or androgen-sensitive).

Our data on EGFR internalization demonstrate that a consider-
able amount of EGFR remains on the surface after treatment with
EGF in PC3-AR cells compared to PC3-Neo, indicating a disrup-
tion of the endocytotic process in our cells. The internalization of
EGFR is further decreased by treatment with R1881. The molec-
ular mechanism responsible for reduced internalization of EGFR
in androgen-sensitive cells is obscure. Recently it has been shown
that EGFR signaling intensity determines the rate of internalization
of the receptor.42 In particular, Schmidt et al.42 showed that if
autotransphosphorylation of EGFR is reduced below a threshold, a
reduction of internalization and downregulation of the receptor
occurs. We show here that EGFR autotransphosphorylation is
reduced in PC3-AR cells and therefore it is possible that also
internalization is consequently reduced. Although internalization
by endocytosis has been assumed to be a mechanism to attenuate
the signaling in response to the growth factor, increasing evidence
demonstrates that a correct endocytotic pathway is important for
EGFR signaling by controlling the specificity of the response.36,37

Several studies have shown that internalized EGFR are enzymat-
ically active, are still phosphorylated and maintain association with
many adaptor proteins.43–45 In addition, it has been recently shown
that interaction with some adaptor proteins, such as eps8, a protein
involved in cytoskeletal reorganization and actin remodeling,46

occurs only at endosomal level.46 Furthermore, blocking of EGFR
endocytosis by using a dynamin mutant results in downregulation
of ERK and PI3K activation in response to EGF47 and insulin.48

Whether EGFR-AR interaction may be responsible for decreased
EGFR signaling and internalization remains to be addressed; how-
ever, it is possible that such interaction disrupts the ability of the
receptor to autophosphorylate by attenuating its intrinsic tyrosine
kinase activity, determining as a consequence a reduction of in-
ternalization and PI3K activation.

It must be mentioned that AR expression is found in a high
percentage androgen-independent PC tumors, although increased
DNA methylation of the AR promoter is found in the latter respect
to androgen-dependent tumors (for review, see reference 49).
However, although these results indicate that expression of AR
protein is not frequently lost, it is possible that the function of the
receptor or the pathways that are regulated by it are altered in
androgen-independent PC. On the other hand, bypassing the AR
via other cellular pathways has been indicated as one of the
possible mechanisms of transition to androgen-independence.50

In conclusion, androgens and AR contribute to confer a less
malignant phenotype of androgen-sensitive prostate tumors, by
reducing the expression of �6�4 as demonstrated previously,6 and
by interfering with EGFR-�6�4 interaction and signaling leading
to invasion through an interaction between AR and EGFR.

ACKNOWLEDGEMENTS

We thank Prof. F. Giancotti (Sloan-Kettering Institute for Can-
cer Research, New York, NY) and Dr. R. Falcioni (Regina Elena
Cancer Institute, Rome, Italy) for the generous gifts of anti-�4
antibodies. We also thank Prof. M. Serio (Endocrine Unit, Uni-
versity of Florence), Dr. M. Luconi (Andrology Unit, University of
Florence) and Dr. Agnese Mariotti (Sloan-Kettering Institute for
Cancer Research, New York, NY) for helpful suggestions. Dr. D.
Nosi (Department of Anatomy, University of Florence) took care
of image processing. “Iressa” is a trademark of the AstraZeneca
group of companies.

REFERENCES

1. Amanatullah DF, Reutens A T, Zafonte BT, Fu M, Mani S, Pestell
RJ. Cell-cycle dysregulation and the molecular mechanisms of pros-
tate cancer. Frontiers Biosci 2000;5:d372–90.

2. Witkowski CM, Rabinovitz I, Nagle RB, Affinito KS, Cress AE.
Characterization of integrin subunits, cellular adhesion and tumorgenicity of

four human prostate cell lines. J Cancer Res Clin Oncol 1993;119:637–
44.

3. Baldi E, Bonaccorsi L, Forti G. Androgen receptor: good guy or bad
guy in prostate cancer invasion? Endocrinology 2003;144:1653–5.

4. Manos EJ, Kim ML, Kassis J, Chang PY, Wells A, Jones DA.

85EGFR SIGNALING IN ANDROGEN-SENSITIVE PROSTATE CANCER CELLS



Dolichol-phosphate-mannose-3 (DPM3)/prostin-1 is a novel phospho-
lipase C-gamma regulated gene negatively associated with prostate
tumor invasion. Oncogene 2001;20:2781–90.

5. Sumitomo M, Shen R, Walburg M, Dai J, Geng Y, Navarro D, Boileau
G, Papandreou CN, Giancotti FG, Knudsen B, Nanus DM. Neutral
endopeptidase inhibits prostate cancer cell migration by blocking focal
adhesion kinase signaling. J Clin Invest 2000;106:1399–407.

6. Bonaccorsi L, Carloni V, Muratori M, Salvadori A, Giannini A, Carini
M, Serio M, Forti G, Baldi E. Androgen receptor expression in
prostate carcinoma cells suppresses alpha6beta4 integrin-mediated
invasive phenotype. Endocrinology 2000;141:3172–82.

7. Mercurio AM, Rabinovitz I, Shaw LM. The alpha 6 beta 4 integrin
and epithelial cell migration. Curr Opin Cell Biol 2001;13:541–5.

8. Shaw LM, Rabinovitz I, Wang HH, Toker A, Mercurio AM. Activa-
tion of phosphoinositide 3-OH kinase by the alpha6beta4 integrin
promotes carcinoma invasion. Cell 1997;91:949–60.

9. Carloni V, Romanelli RG, Mercurio AM, Pinzani M, Laffi G, Co-
trozzi G, Gentilini P. Knockout of alpha6 beta1-integrin expression
reverses the transformed phenotype of hepatocarcinoma cells. Gas-
troenterology 1998;115:433–42.

10. Bonaccorsi L, Luconi M, Maggi M, Muratori M, Forti G, Serio M,
Baldi E. Protein tyrosine kinase, mitogen-activated protein kinase and
protein kinase C are involved in the mitogenic signaling of platelet-
activating factor (PAF) in HEC-1A cells. Biochim Biophys Acta
1997;1355:155–66.

11. Albini A, Iwamoto Y, Kleinman HK, Martin GR, Aaronson SA,
Kozlowski JM, McEwan RN. A rapid in vitro assay for quantitating
the invasive potential of tumor cells. Cancer Res 1987;47:3239–45.

12. Carloni V, Defranco RM, Caligiuri A, Gentilini A, Sciammetta SC,
Baldi E, Lottini B, Gentilini P, Pinzani M. Cell adhesion regulates
platelet-derived growth factor-induced MAP kinase and PI-3 kinase
activation in stellate cells. Hepatology 2002;36:582–91.

13. Luconi M, Carloni V, Marra F, Ferruzzi P, Forti G, Baldi E. Increased
phosphorylation of AKAP by inhibition of phosphatidylinositol 3-ki-
nase enhances human sperm motility through tail recruitment of
protein kinase A. J Cell Sci 2004, in press.

14. Migliaccio A, Castoria G, Di Domenico M, de Falco A, Bilancio A,
Lombardi M, Barone MV, Ametrano D, Zannini MS, Abbondanza C,
Auricchio F. Steroid-induced androgen receptor-oestradiol receptor
beta-Src complex triggers prostate cancer cell proliferation. EMBO J
2000;19:5406–17.

15. Lu ML, Schneider MC, Zheng Y, Zhang X, Richie JP. Caveolin-1
interacts with androgen receptor. A positive modulator of androgen
receptor mediated transactivation. J Biol Chem 2001;276:13442–51.

16. Simoncini T, Hafezi-Moghadam A, Brazil DP, Ley K, Chin WW,
Liao JK. Interaction of oestrogen receptor with the regulatory subunit
of phosphatidylinositol-3-OH kinase. Nature 2000;407:538–41.

17. Rimler A, Culig Z, Lupowitz Z, Zisapel N. Nuclear exclusion of the
androgen receptor by melatonin. J Steroid Biochem Mol Biol 2002;
81:77–84.

18. Cinar B, Koeneman KS, Edlund M, Prins GS, Zhau HE, Chung LW.
Androgen receptor mediates the reduced tumor growth, enhanced
androgen responsiveness, and selected target gene transactivation in a
human prostate cancer cell line. Cancer Res 2001;61:7310–7.

19. Moasser MM, Basso A, Averbuch SD, Rosen N. The tyrosine kinase
inhibitor ZD1839 (“Iressa”) inhibits HER2-driven signaling and sup-
presses the growth of HER2-overexpressing tumor cells. Cancer Res
2001;61:7184–8.

20. Alessi DR, Cuenda A, Cohen P, Dudley DT, Saltiel AR. PD 098059
is a specific inhibitor of the activation of mitogen-activated protein
kinase kinase in vitro and in vivo. J Biol. Chem. 1995;270:27489–94.

21. Lin HK, Hu YC, Yang L, Altuwaijri S, Chen YT, Kang HY, Chang C.
Suppression Versus induction of androgen receptor functions by the
phosphatidylinositol 3-kinase/AKT pathway in prostate cancer LNCaP
cells with different passage numbers. J Biol Chem 2003;278:50902–50907.

22. Murillo H, Huang H, Schmidt LJ, Smith DI, Tindall DJ. Role of PI3K
signaling in survival and progression of LNCaP prostate cancer cells
to the androgen refractory state. Endocrinology 2001;142:4795–805

23. Chang F, Lee JT, Navolanic PM, Steelman LS, Shelton JG, Blalock
WL, Franklin RA, McCubrey JA. Involvement of PI3K/Akt pathway
in cell cycle progression, apoptosis, and neoplastic transformation: a
target for cancer chemotherapy. Leukemia 2003 Mar;17:590–603.

24. Wheeler M, Domin J. Recruitment of the class II phosphoinositide
3-kinase C2beta to the epidermal growth factor receptor: role of
Grb2.Mol Cell Biol 2001;21:6660–7.

25. Wiley HS. Trafficking of the ErbB receptors and its influence on
signaling. Exp Cell Res 2003;284:78–88.

26. Davis R, Jia D, Cinar B, Sikka SC, Moparty K, Zhau HE, Chung LW,
Agrawal KC, Abdel-Mageed AB. Functional androgen receptor con-
fers sensitization of androgen-independent prostate cancer cells to
anticancer therapy via caspase activation. Biochem Biophys Res
Commun 2003;309:937–45.

27. Garcia M, Derocq D, Freiss G, Rochefort H. Activation of estrogen

receptor transfected into a receptor-negative breast cancer cell line
decreases the metastatic and invasive potential of the cells. Proc Natl
Acad Sci U S A 1992;89:11538–42.

28. Platet N, Cunat S, Chalbos D, Rochefort H, Garcia M. Unliganded and
liganded estrogen receptors protect against cancer invasion via differ-
ent mechanisms. Mol Endocrinol 2000;14:999–1009.

29. Lazennec G, Bresson D, Lucas A, Chauveau C, Vignon F. ER beta
inhibits proliferation and invasion of breast cancer cells. Endocrinol-
ogy 2001;142:4120–30.

30. Evangelou A, Letarte M, Marks A, Brown TJ. Androgen modulation
of adhesion and antiadhesion molecules in PC-3 prostate cancer cells
expressing androgen receptor. Endocrinology 2002;143:3897–904.

31. Manos EJ, Kim ML, Kassis J, Chang PY, Wells A, Jones DA.
Dolichol-phosphate-mannose-3 (DPM3)/prostin-1 is a novel phospho-
lipase C-gamma regulated gene negatively associated with prostate
tumor invasion. Oncogene 2001;20:2781–90.

32. Evans CP, Stapp EC, Dall’Era MA, Juarez J, Yang JC. Regulation of
u-PA gene expression in human prostate cancer. Int J Cancer 2001;
94:390–5.

33. Meng TC, Lee MS, Lin MF. Interaction between protein tyrosine
phosphatase and protein tyrosine kinase is involved in androgen-
promoted growth of human prostate cancer cells. Oncogene 2000;19:
2664–77.

34. Peterziel H, Mink S, Schonert A, Becker M, Klocker H, Cato AC.
Rapid signalling by androgen receptor in prostate cancer cells. On-
cogene 1999;18:6322–9.

35. Cifuentes E, Mataraza JM, Yoshida BA, Menon M, Sacks DB, Bar-
rack ER, Reddy GP. Physical and functional interaction of androgen
receptor with calmodulin in prostate cancer cells. Proc Natl Acad Sci
U S A 2004;101:464–9.

36. Mariotti A, Kedeshian PA, Dans M, Curatola AM, Gagnoux-Palacios L,
Giancotti FG. EGF-R signaling through Fyn kinase disrupts the function
of integrin alpha6beta4 at hemidesmosomes: role in epithelial cell mi-
gration and carcinoma invasion. J Cell Biol 2001;155:447–58.

37. Couet J, Sargiacomo M, Lisanti MP. Interaction of a receptor tyrosine
kinase, EGF-R, with caveolins: caveolin binding negatively regulates
tyrosine and serine/threonine kinase activities. J Biol Chem 1997;272:
30429–38.

38. Park WY, Cho KA, Park JS, Kim DI, Park SC. Attenuation of EGF
signaling in senescent cells by caveolin. Ann N Y Acad Sci 2001;
928:79–84.

39. Zhang W, Razani B, Altschuler Y, Bouzahzah B, Mostov KE, Pestell
RG, Lisanti MP. Caveolin-1 inhibits epidermal growth factor-stimu-
lated lamellipod extension and cell migration in metastatic mammary
adenocarcinoma cells (MTLn3). Transformation suppressor effects of
adenovirus-mediated gene delivery of caveolin-1. J Biol Chem 2000;
275:20717–25.

40. Fiucci G, Ravid D, Reich R, Liscovitch M. Caveolin-1 inhibits an-
chorage-independent growth, anoikis and invasiveness in MCF-7 hu-
man breast cancer cells. Oncogene 2002;21:2365–75.

41. Heisler LE, Evangelou A, Lew AM, Trachtenberg J, Elsholtz HP,
Brown TJ. Androgen-dependent cell cycle arrest and apoptotic death
in PC-3 prostatic cell cultures expressing a full-length human andro-
gen receptor. Mol Cell Endocrinol 1997;126:59–73.

42. Schmidt MH, Furnari FB, Cavenee WK, Bogler O. Epidermal growth
factor receptor signaling intensity determines intracellular protein
interactions, ubiquitination, and internalization. Proc Natl Acad Sci U
S A 2003;100:6505–10.

43. Burke P, Schooler K, Wiley HS. 2001 Regulation of epidermal growth
factor receptor signaling by endocytosis and intracellular trafficking.
Mol Biol Cell 12:1897–910.

44. Wang Z, Tung PS, Moran MF. 1996 Association of p120 ras GAP with
endocytic components and colocalization with epidermal growth factor
(EGF) receptor in response to EGF stimulation. Cell Growth Diff 7:123–33.

45. Di Guglielmo GM, Baass PC, Ou WJ, Posner BI, Bergeron JJ. 1994
Compartmentalization of SHC, GRB2 and mSOS, and hyperphospho-
rylation of Raf-1 by EGF but not insulin in liver parenchyma. EMBO
J 13:4269–77.

46. Scita G, Tenca P, Areces LB, Tocchetti A, Frittoli E, Giardina G,
Ponzanelli I, Sini P, Innocenti M, Di Fiore PP. 2001 An effector
region in Eps8 is responsible for the activation of the Rac-specific
GEF activity of Sos-1 and for the proper localization of the Rac-based
actin-polymerizing machine. J Cell Biol 154:1031–44.

47. Vieira AV, Lamaze C, Schmid SL. 1996 Control of EGF receptor
signaling by clathrin-mediated endocytosis. Science 274:2086–9.

48. Ceresa BP, Kao AW, Santeler SR, Pessin JE. 1998 Inhibition of
clathrin-mediated endocytosis selectively attenuates specific insulin
receptor signal transduction pathways. Mol Cell Biol 18:3862–70.

49. Suzuki H, Ueda T, Ichikawa T, Ito H. Androgen receptor involvement in
the progression of prostate cancer. Endocr Relat Cancer 2003;10:209–16.

50. Grossmann ME, Huang H, Tindall DJ. Androgen receptor signal-
ing in androgen-refractory prostate cancer. J Natl Cancer Inst
2001;93:1687–97.

86 BONACCORSI ET AL.


