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Abstract Prostaglandin E, (PGE,) and hypoxia-inducible
factor-1a (HIF-1a) affect many mechanisms that have been
involved in the pathogenesis of prostate cancer (PC). HIF-
1o, which is up-regulated by PGE,; in LNCaP cells and PC3
cells, has been shown to contribute to metastasis and
chemo-resistance of castrate-resistant PC (a lethal form of
PC) and to promote in PC cells migration, invasion, an-
giogenesis and chemoresistance. The selective blockade of
PGE,-EP2 signaling pathway in PC3 cells results in inhi-
bition of cancer cell proliferation and invasion. PGE,
affects many mechanisms that have been shown to play a
role in carcinogenesis such as proliferation, apoptosis, mi-
gration, invasion and angiogenesis. Recently, we have
found in PC3 cells that most of these PGE,-induced cancer-
related features are due to intracellular PGE, (iPGE,). Here,
we aimed to study in PC3 cells the role of iPGE,-intracel-
lular EP2 (iEP2)-HIF-1a signaling in several events linked
to PC progression using an experimental approach involv-
ing pharmacological inhibition of the prostaglandin uptake
transporter and EGFR and pharmacological and genetic
modulation of EP2 receptor and HIF-1o. We found that
iPGE, increases HIF-1a expression through iEP2-depen-
dent EGFR transactivation and that inhibition of any of the
axis iIEP2-EGFR-HIF-1a in cells treated with PGE, or EP2
agonist results in prevention of the increase in PC3 cell
proliferation, adhesion, migration, invasion and angio-
genesis in vitro. Of note, PGE, induced EP2 antagonist-

D4 Ana Belén Fernindez-Martinez
anab.fernandez@uabh.es;
anabelenfernandezmartinez @hotmail.com

Departamento de Biologia de Sistemas, Facultad de
Medicina, Universidad de Alcala, Alcala de Henares, 28871
Madrid, Spain

sensitive DNA synthesis in nuclei isolated from PC3 cells,
which indicates that they have functional EP2 receptors.
These results suggest that PGE,-EP2 dependent intracrine
mechanisms involving EGFR and HIF-1a play a role in PC.
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Abbreviations
BG Bromocresol green
EGFR Epidermal growth factor receptor

HIF-1a Hypoxia-inducible factor-1a

PGE, Prostaglandin E,

PGT Prostaglandin transporter

VEGF-A Vascular endothelial growth factor-A
HRE HIF-responsive element

PC Prostate cancer

Introduction

Prostaglandin E, (PGE,) is the predominant tumor pro-
moting prostaglandin, found at high levels in various tumor
types including colon, lung, breast and prostate cancer [1,
2]. PGE, affects many mechanisms that have been shown
to play a role in carcinogenesis such as proliferation,
apoptosis, migration, invasion and angiogenesis [3]. These
PGE, effects have been also particularly documented in
prostate cancer (PC) cells [4-6]. Furthermore, inhibition of
cyclooxygenase (and thereby of PGE, production) with
NSAIDs in experimental PC inhibits cell proliferation,
induce apoptosis, and decreases metastasis [7, 8].
Hypoxia-inducible factor-1oe (HIF-1a) plays a relevant
role among the mechanisms through which PGE,
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contributes to the development of PC: HIF-1a has been
shown to contribute to metastasis and chemo-resistance of
castrate-resistant PC and to promote in PC cells migration,
invasion, angiogenesis and chemoresistance [9, 10] and the
expression and activity of HIF-1a increases upon treatment
with PGE, in PC cells [11, 12]. Furthermore, treatment
with NSAIDs reduces the levels of HIF-1a in PC cells [13].
As a result, there is a decrease in the levels of vascular
endothelial growth factor (VEGF) [13], a HIF-regulated
protein and the major growth factor that regulates angio-
genesis and tumor growth [14].

PGE, mediates its effects via four distinct receptors
EP1-EP4, which belong to the family of G-protein coupled
receptors. EP receptors have been demonstrated to play a
role in human PC as well as in the proliferation, migration
and angiogenic ability of PC cells [4-6, 9, 10, 15-17]. The
current view on prostanoid signaling is that prostanoids,
once formed, are quickly released to the outside of cells—
by simple diffusion or active transport by the multidrug
resistance protein 4—and act as autocrine or paracrine
mediators in the vicinity of their sites of production to
maintain local homeostasis [18]. A prostaglandin uptake
transporter (PGT) that mediates the influx of prostaglandins
into the cells has been identified [19-22] and it has been
proposed to be involved in signal termination and
metabolic clearance of PGE, (and other prostaglandins)
by its selective uptake across the plasma membranes fol-
lowed by non-selective oxidation within the cell by
15-prostaglandin dehydrogenase (15-PGDH) [23]. How-
ever, recent studies [12, 24-29], have disclosed that
intracellular PGE, has biological effects, so that PGT (or
SLCO2A1) appears to provide at least one mechanism
whereby PGE, and other prostaglandins can be delivered to
an intracellular site of action. Accordingly, inhibition of
PGT with bromocresol green (BG) or bromosulfophthalein
results in prevention of PGE,-mediated effects [12, 28, 30].
In fact, we have previously found that PGE,-induced HIF-
1o up-regulation—that is mediated by the transactivation
of epidermal growth factor receptor (EGFR)—is prevented
by BG. This allowed us to identify the role of intracellular
PGE, and intracellular EP2 receptors in EGFR-dependent
increase in HIF-1a expression [30, 31].

There are no studies on the role of intracellular PGE, in
cancer, with the only exception of the reports of Lalier and
colleagues [26, 27, 32] on the induction of apoptosis
through activation of Bax in colon cancer cells and
glioblastoma cells. In addition, we have recently shown in
androgen-independent PC3 cells (a model of lethal cas-
trate-resistant PC) that BG prevents the stimulatory effects
of 16,16-PGE, (a PGE, analogue) on HIF-1a expression,
in vitro angiogenesis and cell proliferation, migration and
invasion [17]. This suggests that PGE, has to gain access
to the intracellular compartment as a prerequisite for
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stimulating important PC-related features. Therefore, PGT
might be an important player in PC and this view is rein-
forced by the presence of intracellular EP receptors in PC3
cells [17].

In the present work, we aimed to assess the role of
intracellular EP2 receptor in the stimulatory effects of
PGE; in cancer-related phenotypes in PC3 cells and the
participation of EGFR and HIF-1a in these effects.

Materials and methods
Reagents and antibodies

PGE,, BG, YC-1, AH6809, AG1478, PF-04419948 and
butaprost were purchased from Sigma (St. Louis, MO).
ONO-AE1-259-01 (prostanoid EP2 receptor agonist) was a
generous gift of Ono Pharmaceutical Co., Ltd. (Osaka,
Japan). Antibodies anti-EP1-4 (epitope regions against
C-terminal amino acids 380-402, 335-358, 308-327 and
459-488 for anti-EP1, anti-EP2, anti-EP3 and anti-EP4,
respectively) were from Cayman Chemical (Ann Arbor,
MI). The specificity of these antibodies has been previously
described [15, 33, 34]. Anti-HIF-1a antibody, nucleoporin
p62 and anti-BrdU were from BD Biosciences (Palo Alto,
CA), anti-annexin II and anti-phospho EGFR was from
Santa Cruz Biotechnology (Temecula, CA), anti-hsp60 was
from Cell Signaling (Danvers, MA, USA), anti-f-actin and
rabbit anti-mouse IgG peroxidase conjugate from Sigma
(St. Louis, MO); o-mouse-Alexa-Fluor® 488 and o-rabbit-
Alexa-Fluor®488 were from Invitrogen (Eugene, Oregon
USA).

Cell culture

The human prostate cancer cell line PC3 was from pur-
chased from American Type Culture Collection (Manassas,
VA). Cells were grown in sterile conditions and maintained
in RPMI-1640 medium supplemented with 10 % fetal
bovine serum (FBS) and 1 % penicillin/streptomycin/am-
photericin B from Life Technologies (Barcelona, Spain).
The culture was performed in a humidified 5 % CO, en-
vironment at 37 °C. After the cells reached 70-80 %
confluence, they were washed with phosphate buffered
saline (PBS), detached with 0.25 % trypsin/0.2 % EDTA
(ethylenediaminetetraacetic  acid), and seeded at
30,000-40,000 cells/cm?. The culture medium was chan-
ged every 3 days. In all experiments, cells were plated at
70-90 % confluence and 24 h later they were treated with
0.5 uM EP, agonist for different periods of time, 10 uM
AG1478, 1 uM AH6809, 1.9 uM PF-04419948, 10 uM
YC-1 were added 1 h before the treatment. Samples were
immediately analysed except samples for the determination



Intracellular EP2 prostanoid receptor promotes cancer...

3357

of the production of VEGF-A, which were stored at
—80 °C until analysed.

MTT assay

Cell proliferation was determined using a colorimetric
assay with MTT. The MTT assay measures the conver-
sion of MTT to insoluble formazan by dehydrogenase
enzymes of the intact mitochondria of living cells. Cells
were plated in 96-well plates (10* cells/well) and main-
tained in serum free RPMI-1640 for 24 h before being
treated as indicated in the “Results” section. Afterwards
cell proliferation was evaluated by measuring the con-
version of the tetrazolium salt MTT to formazan crystals.
Briefly, 0.1 mg/ml MTT was added to the cells and in-
cubated for 3 h at 37 °C. The medium was removed and
100 pl of dimethyl sulfoxide were added to dissolve the
formazan precipitates. The amount of formazan crystals
formed correlates directly with the number of viable cells.
The reaction product was quantified by measuring the
absorbance at 570 nm using an ELISA plate reader. Re-
sults were expressed as percentage of the control (control
equals 100 %).

Western blot analysis

PC3 cells were split into six-well plates at a density of
3 x 10’ cells/well and incubated for 24 h before treatment.
Afterwards immunoblotting was performed essentially as
described previously [12]. In short, cell lysates were pre-
pared and measured for protein content using the Bradford
assay. Approximately 30 pg of protein was electrophoresed
10 % SDS—polyacrylamide gel electrophoresis gels and
transferred to nitrocellulose membranes. Membranes were
incubated overnight at 4 °C with anti-HIF-1o antibody
(1:1000 dilution) or antiphospho-EGFR (1:500) and then
for 1 h at room temperature with the horseradish per-
oxidase-conjugated secondary antibody (1:4000 dilution).
To ensure equal loading of proteins, the membranes were
stripped and re-probed with anti-B-actin antibody. The
signals were detected with enhanced chemiumines-
cence reagent (Amersham Healthcare, Buckinghamshire,
England).

HRE reporter gene assay

Cells were split into six-well plates at a density of 3 x 10°
cells/well. 24 h before later, the cells were co-transfected
with 1 pg of p9HIF1-Luc firefly luciferase reporter plasmid
[it contains nine copies of the human HIF binding sequence
located between positions —958 and —951 of the 5’ human
VEGF gene promoter [35] and was generously gifted by
Dr. Manuel Ortiz de Landazuri, (Service of Immunology,

Hospital Princesa, Madrid, Spain)] and 1 pg renilla lu-
ciferase reporter as an internal control. Transfected cells
were next incubated with complete growth medium for
24 h. Finally, firefly luciferase was measured with a Lumat
LB9506 luminometer (Berthold Technologies, Herts, UK)
and normalized against renilla luciferase activity by using
the dual-luciferase reporter assay system (Promega,
Madison, WI).

Determination of VEGF secretion

PC3 cells were seeded in 24 well plates (5 x 10* cells/
well), grown for 24 h and treated as indicated in the
“Results” section. Then, the medium containing the se-
creted VEGF was removed and kept at —80 °C until
analyzed. Afterwards VEGF was measured essentially us-
ing the human VEGF DuoSet (R&D Systems, Minneapolis,
MN, USA) following the manufacturer’s protocol.

Nuclear isolation

Cells were washed three times with ice-cold PBS, gently
scraped, and pelleted at 500x g for 10 min. The cell pellet
was resuspended in 300 pl lysis buffer [10 mM Tris—HCl
(pH 7.4), 10 mM NaCl, 3 mM MgCl,, 100 pg/ml soybean
trypsin inhibitor, and 1 mM phenylmethylsulfonyl fluoride
(PMSF)], and homogenized (100 gentle strokes) with a
potter tissue grinders and then, centrifuged at 600xg for
10 min at 4 °C. The pellet was resuspended in 300 pl lysis
buffer with 0.1 % (v/v) NP-40, left on ice for 10 min and
pelleted thereafter at 600 x g for 10 min. Nuclear pellet was
resuspended in 20 mM HEPES/Tris (pH 7.0) containing 10
nM CaCl, and 300 mM sucrose and immunofluorescence
assay was performed. Validation of the purity of the nu-
clear fraction was determined by immunoblotting with
anti-annexin II (plasma membrane-specific protein), anti-
hsp60 (cytosol-specific protein) or anti-nucleoporin p62
(nuclear-specific protein).

Immunofluorescence analysis

PC3 cells or isolated nuclei were fixed with 2 %
paraformaldehyde for 10 min, permeabilized with 0.1 %
(v/v) Triton X-100 in PBS for 10 min, washed with PBS,
blocked with 4 % bovine serum albumin (BSA) for 1 h at
room temperature and incubated overnight at 4 °C with
anti-EP1-4 (1:500 dilution) antibodies. Cells or nuclei were
then incubated at 37 °C with o-rabbit-Alexa-Fluor® 488
(1:2000) for 1 h in the darkness. Coverslips were then
washed and mounted with ProLong Gold antifade reagent
with DAPI (Invitrogen Eugene, Oregon). Detection was
performed by confocal laser scan microscopy LEICA TCS-
SL (Heidelberg, Germany).
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Cell proliferation assay with 5'-Br-2'-deoxyuridine
(BrdU)

PC3 cells were placed in 24-well plates (15 x 10* cells/
well) and maintained in medium for 24 h. Cells were
pretreated with AH6809, AG1478, YC-1 or BG for 1 h
and then treated PGE, or EP2 agonist for 24 h. The cells
were pulsed with 10 uM BrdU, (BD Bioscience) during
the last 16 h of incubation. Afterwards, the cells were
washed with PBS and fixed with 2 % paraformaldehyde
for 15 min. Cells were washed with PBS and DNA was
partially denatured by incubation with 2 M HCIl for
20 min at room temperature and then, 2 min with 0.1 M
Na,B40,. Cells were washed three times with PBS con-
taining 0.05 % Tween-20 (pH 7.4) and 0.1 % BSA. Cells
were incubated for 1 h with anti-BrdU (1:50) monoclonal
antibody (BD Bioscience) and 1 h with o-mouse-Alexa-
Fluor® 488 in the dark (1:400). Detection was performed
by confocal laser scan microscopy LEICA TCS-SL (Hei-
delberg, Germany).

DNA synthesis reactions in vitro

Nuclei for replication reactions were supplemented as
previously described [36]. Briefly, isolated nuclei were
resuspended in 50 pl of a buffer which contained
40 mM K-HEPES (pH 7.8); 7 mM MgCl,; 3 mM ATP;
0.1 mM each of GTP, CTP, UTP; 0.1 mM each of dATP,
dGTP, and dCTP; 0.25 pM BrdU; 0.5 mM DTT; 40 mM
creatine phosphate; and 5 pg phosphocreatine kinase. The
mixes were pretreated with 10 uM AGI1478, 1 uM
AH6809, 10 pM YC-1 for 1 h and treated for 3 h with EP2
agonist or PGE, at 37 °C. The reaction was stopped with
500 w1 PBS and centrifuged to 600x g for 5 min. After that,
nuclei were seeded on polylysine-coated glass microscopy
slides and fixed with paraformaldehyde for 15 min. Then
BrdU incorporation into the nuclei was assessed as above
for whole cells (see “Cell proliferation assay with 5’-Br-2'-
deoxyuridine (BrdU)”).

Cell adhesion assay

The cell adhesion to collagen was evaluated as follows:
cultured cells were detached by trypsinization, resuspended
in serum-free RPMI-1640 medium (2.5 x 10° cells/ml)
and treated as stated in the “Results” section. Then cells
were plated in 96-well plates pre-coated with 0.1 ml of
0.0167 g/100 ml type-I collagen (Sigma, St. Louis, MO)
and incubated at 37 °C for up to 2 h. The non-adherent
cells were washed out with PBS, and the number of cells
that adhered to collagen was assessed by MTT assay. The
independent experiments were run in three times.
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Cell migration

Cell migration was determined using wound-healing assay.
PC3 cells were seeded in 24-well plates until confluent.
Cells were treated as indicated in the “Results” section.
Confluent cells were carefully wounded using sterile
pipette tips. Cell migration or wound repair was pho-
tographed (0, 4, 8 and 20 h) and measured vs time O h and
the narrowing of the wound by migrating cells was mon-
itored by measuring the width in microphotographs. Three
representative fields of each monolayer wound were cap-
tured using a Nikon Diaphot 300 inverted microscopy
camera (10x magnification) up to 20 h. Monolayer wound
areas of untreated samples were averaged and assigned a
value of 100.

Invasion assay

For the invasion assays, we used transwell polycarbonate
filters (8-um pore size, Corning Costar, Cambridge, UK),
which were coated with 50 pl of Matrigel Basement
Membrane Matrix (BD Biosciences Bedford, MA, 1:10
dilution with serum free media). Cells were harvested and
resuspended in serum-free RPMI-1640 medium at a con-
centration of 5 x 10> cells/ml. Cells in suspension were
treated as indicated in the “Results” section and then
0.2 ml of cell suspension and 0.6 ml medium were added
to the upper and lower chamber, respectively. Cells were
incubated for 24 h to allow them to colonize the lower
chamber. Migrated cells were fixed with methanol, stained
with Giemsa and counted in four different fields in a Nikon
inverted microscope.

Tube formation of HUVEC on Matrigel

The ability of PC3 cells to promote angiogenesis in vitro
was evaluated in a capillary tube formation assay using
HUVECs cultured on a synthetic basement membrane
matrix. PC3 cells were pre-treated with AH6809, AG1478,
YC-1 or BG and incubated with PGE,/EP2 agonist and
after 24 h, the extracellular medium was removed and kept
at —80 °C for tube formation assay.

The human umbilical vein endothelial cells (HUVECs:)
are capable of morphological differentiation into an exten-
sive network of capillary-like structures composed of highly
organized three-dimensional cords [37]. 96-well plates were
coated with a 40 pl layer of the synthetic basement mem-
brane substrate Matrigel (Collaborative Research, Bedford,
MA) at 10 mg/ml concentration and were incubated at
37 °C for 2 h to promote gelling. HUVECs cells were
purchased from ATCC and cultured in endothelial basal
medium supplemented with VEGF, EGF, FGF basic, IGF-1,
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L-glutamine, heparin sulfate, hydrocortisone and fetal
bovine serum (ATCC); and cells between passages 3 and 8
were seeded (at 7.5 x 10* cells in 100 pl of extracellular
PC3 medium) in each of the Matrigel-coated wells. Tubular
structures were photographed 6 h later.

Statistical analysis

Each experiment was repeated at least three times. The
results are expressed as the mean £ SD. They were sub-
jected to one way analysis of variance (ANOVA) following
by the Bonferroni’s test for multiple comparisons. The
level of significance was set at P < 0.05.

Results

Intracellular EP2 receptors mediate the increase
in the expression of HIF-1a in PC3 cells

upon treatment with PGE, through an EGFR-
dependent mechanism: role of EP2 receptor

in PGE,-induced HIF-1a up-regulation

We have previously found that PGE,-induced HIF-1a up-
regulation in PC3 cells is prevented by EP2 antagonist
AHG6809 [17]. Therefore, we first asked whether HIF-1a is
up-regulated by intracellular EP2 in PC3 cells. To this end,
we studied (1) the effect on PGE,-induced HIF-la up-
regulation of an EP2 antagonist (PF-04419948) and (2) the
effect of an EP2 agonist (ONO-AE1-259-01) on HIF-1a
expression, as well as its prevention by an EP2 antagonist
(AH6809) or PGT inhibitor BG. Figure 1a shows that EP2
agonist increased the expression of HIF-1a in PC3 cells
and that EP2 antagonist and BG prevented the increase.
EP2 antagonist also prevented PGE,-induced HIF-1a up-
regulation. Taken together, the results shown in Fig. la
indicate that EP2, and more specifically intracellular EP2,
is the EP receptor that mediates the up-regulation of HIF-
la by PGE,.

In PC3 cells, PGE, augments the phosphorylation of
EGFR, which is prevented by EP2 receptor antagonist
AH6809 [5]. EP2 also plays a relevant role in mediating the
increase in the production of VEGF-A in PGE,-treated PC3
cells [5]. Interestingly, we have previously found that PGE,
increases the expression of HIF-lo in human proximal
tubular HK-2 cells through EP-dependent transactivation of
EGFR [30] and it has been reported that EGF up-regulates
HIF-1a in PC3 cells. Taking into account this background,
we sought to determine the role of EGFR in intracellular
EP2-induced up-regulation of HIF-1a in PC3 cells, which
was confirmed by our experiments: as indicated in Fig. 1b,
treatment with EP2 agonist promoted the phosphorylation
of EGFR (the hallmark of its activation) and EP2-induced

up-regulation of HIF-1a in PC3 cells was prevented by the
inhibitor of EGFR activation AG1478.

We finally studied the effect of EP2 agonist on the ex-
pression of EP2 receptor in PC3 cells. As shown in Fig. Ic,
treatment with EP2 agonist determined a BG-sensitive in-
crease in EP2 receptor expression. This suggests that EP2
agonist might amplify the responsiveness of PC3 cells
through a positive feedback involving intracellular EP2-
mediated up-regulation of EP2 receptors.

Taken together, the results shown in Fig. 1 are in good
agreement with the view that intracellular EP2, acting
through transactivation of EGFR, plays a relevant role in
PGE;-induced increase in HIF-1a expression.

Intracellular EP2 receptors mediate the increase

in the proliferation of PC3 cells upon treatment
with PGE, through an AG1478-sensitive, HIF-1a-
dependent mechanism: role of nuclear EP receptors

Unchecked proliferation is a hallmark of cancer cells that
commonly exhibit increased proliferation when compared
to normal cells. EP2 receptors [4], and most likely intra-
cellular EP2 receptors [17], have been found to mediate the
enhancing effect of PGE, on PC3 growth which facilitates
PC progression. Here, we first sought to confirm the role of
EP2 receptor in our experimental setting. To this end, we
measured the mitochondrial reduction of MTT in cells
which were transfected with siRNA EP2 prior to being
treated with 1 uM PGE; or in cells which were treated with
EP2 agonists ONO-AE1-259-01 or butaprost. Our results
(Fig. 2a, upper panel) indicated that PGE,-induced PC3
cell proliferation was fully prevented by knocking-down
EP2 receptor, whereas treatment with EP2 agonists resulted
in increased cell proliferation. Finally, EP2 antagonist
AH6809 and PGT inhibitor BG prevented ONO-AE1-259-
01-induced PC3 cell proliferation (Fig. 2a, middle panel).
These results were reproduced when cell proliferation was
assessed through incorporation of BrdU into cellular DNA
(Fig. 2a, lower panel) and they prove that intracellular EP2
receptors play a relevant role in PGE,-induced PC3 cell
proliferation.

The cell nucleus might participate in the signal trans-
duction cascades triggered by intracellular PGE,. We
decided to investigate whether nuclei isolated from PC3
cells expressed EP receptors. Figure 2b, upper panel,
shows that this was the case indeed. Therefore, we hy-
pothesized that nuclear EP receptors might participate in
the synthesis of DNA required for PGE,-induced cell
proliferation. We tested this hypothesis through studying
the incorporation of BrdU to isolated nuclei which where
pre-treated or not with EP2 inhibitor AH6809 before being
treated with PGE,. Our results (Fig. 2b, lower panel)
indicated that the BrdU content increased in PGE,-treated
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Fig. 1 Role of EP2 receptor in PGE,-induced HIF-1o. up-regulation.
a Left treatment with PGE, results in increased HIF-1o expression
and its prevention by 1.9 pM EP2 antagonist PF04419948. PC3 cells
were pre-incubated for 1 h with 1 M PF04419948 and then, treated
for 8 h with 1 uM PGE,. Afterwards, HIF-1o. expression was
assessed by Western blot. Right expression of HIF-lo expression
increases upon treatment with EP2 receptor selective agonist ONO-
AE1-259-01. Preventive effect of AH6809, a selective antagonist of
EP2 receptors, and bromocresol green, an inhibitor of the PGT
transporter. PC3 cells were pre-incubated for 1 h with 1 uM EP2
antagonist AH6809 or with 50 uM PGT inhibitor bromocresol green
and then, incubated for 8 h with 0.5 uM EP2 agonist ONO-AE1-259-
01. Afterwards, HIF-1a expression was assessed by Western blot. All
experiments were repeated three times. b Left panel treatment with

nuclei in an AH6809-sensitive manner, which suggested
that nuclear EP receptors participate in mediating the effect
of intracellular PGE, on PC3 cell proliferation.

In another set of experiments, we examined the role of
EGFR transactivation and HIF-1o up-regulation in EP2
agonist-induced PC3 cell proliferation. As shown in Fig. 2c
(upper panel), AG1478 and YC-1 (respective inhibitors of
EGFR activation and HIF-1a activity), prevented the in-
crease in cell proliferation induced by EP2 agonist (of note
both agents diminished the incorporation of BrdU below
control values and, particularly, AG1478 blunted it). The
role of HIF-1a in EP2 agonist-induced PC3 cell prolif-
eration was further confirmed in further studies in PC3
cells transfected with siRNA HIF-la (Fig. 2c, lower
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EP2 receptor agonist results in increased EGFR tyrosine phosphory-
lation. PC3 cells were incubated for up to 30 min with a selective
agonist of EP2 receptor, 0.5 uM ONO-AE1-259-01 and tyrosine
phosphorylation of EGFR was assessed by Western blot analysis.
Right panel the inhibitor of the EGFR phosphorylation AG1478
prevents EP2 agonist-induced increase in EGFR tyrosine phosphory-
lation. PC3 cells were pre-treated with 1 pM AG1478 for 1 h and
incubated with 0.5 pM EP2 agonist for 8 h and phosphorylation of
EGFR was assessed by Western blot analysis. All experiments were
repeated three times. ¢ EP2 agonist determined a BG-sensitive
increase in EP2 receptor expression. PC3 cells were pretreated with
50 uM bromocresol green for 1 h and the treated with 0.5 uM EP2
agonist for 8 h and the expression and location of EP2 receptor was
assayed for immunocytochemistry

panel). These results suggest that EGFR and HIF-1a, either
as separate entities or (more likely) as linked components
of the EGFR-dependent pathway leading to increased
HIF-1a activity (Fig. 1b) upon activation of intracellular
EP2 receptors, mediate EP2 agonist-induced PC3 cell
proliferation.

Intracellular EP2 receptors mediate the loss in PC3
cell adhesion induced by PGE, through an AG1478-,
YC-1-sensitive mechanism

Cancer cell detachment is the initial event in metastases
formation of carcinomas. Tumor cells often show a de-
crease in cell-cell and/or cell-matrix adhesion in which



Intracellular EP2 prostanoid receptor promotes cancer...

3361

C))

MTT assay
0.D. (Arbitrary Units)
% Vs scramble

Scramble
PGE;
siRNAEP2

2004

-
o
e

% vs Control
-
o
o
1

MTT assay
O.D. (Arbitrary Lhits)

3

EP2agonist - * +
Bromocresolgreen - - *
AH6809 - - -

Merge

+ (DAPI+BrdU)

2

2

O.D. (Arbitrary Units)
8

% (BrdU-positive cells)

0
PGE2
EP2 agonist
Bromocresol green
AH6809

Vo
o+
Vo 4
Vo
0+

Fig. 2 Intracellular EP2 receptors, in an AG1478-, YC-1-sensitive
manner, mediate the increase in the proliferation of PC3 cells upon
treatment with PGE,. a Intracellular EP2 receptors mediate in PGE,-
induced proliferation of PC3 cells. PC3 cells were transfected with
EP2 siRNA or control siRNA (scramble) as indicated in section
“Materials and methods” and were treated with 1 pM PGE, agonist
for 24 h (upper panel left). Alternatively, PC3 cells were treated with
0.5 pM EP2 agonist ONO-AE1-259-01 or 1 pM alternative EP2
agonist butaprost for 24 h (upper panel right), and then -cell
proliferation was assessed by MTT assay as described in “Materials
and methods”. Other set of cells were pre-treated with 50 pM PGT
inhibitor bromocresol green or 1 pM EP2 antagonist AH6809 and
then cell proliferation was assessed by MTT assay (middle panel) or
BrdU incorporation assay (lower panel). b Nuclear EP receptors
participate in the synthesis of DNA required for PGE,-induced cell
proliferation. Upper panel nuclei of PC3 cells were isolated as
indicated in “Materials and methods” section (the inset shows the
purity of the nuclear fraction as assessed by immunoblotting with
annexin II, hsp60 or nucleoporin p62; which are, respectively plasma

HIF-1o may play a significant role. We have just shown
above that transactivation of EGFR by iEP2 receptor de-
termines the up-regulation of HIF-1o in PC3 cells (Fig. 1).
We have also previously found [17] that PGE, induces loss
of PC3 cell adhesion to collagen type I, which was most
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membrane-, cytosol- or nucleus-specific proteins) and the expression
of EP receptors was assayed by immunofluorescence assay. Lower
panel PGE, increased the DNA synthesis in isolated nuclei of PC3
cells. PC3 nuclei were isolated and pre-incubated with 1 pM EP2
antagonist AH6809 for 1 h and then, incubated with 1 uM PGE, for
3 h. The incorporation of BrdU was analysed by immunofluorescence
assay as indicated in section “Materials and methods”. ¢ EGFR
transactivation and HIF-1o participated in mediating the effect of
intracellular PGE, on PC3 cell proliferation. Upper panel cells were
pretreated with 1 uM EGFR inhibitor AG1478 or 10 uM HIF-1o
inhibitor YC-1 for 1 h and treated with 0.5 pM EP2 agonist ONO-
AE1-259-01 for 24 h. Cell proliferation was assayed by MTT assay
(left panel) or incorporation of BrdU (right panel). Lower panel PC3
cells were transfected with HIF-loo siRNA or control siRNA
(scramble) as indicated in section “Materials and methods” and
then, they were treated with 0.5 uM EP2 agonist ONO-AE1-259-01
for 24 h. Cell proliferation was assessed by MTT assay (left panel) or
incorporation of BrdU (right panel). All experiments were repeated
three times. Statistical analysis: *P < 0.01 vs all groups

likely due to iPGE, because the loss of cell adhesion was
prevented by PGT inhibitor BG. Therefore, we decided to
study the effect of the pharmacological inhibition of EP2
receptors, EGFR, HIF-1a and PGT on the attachment of
suspensions of PC3 cells over 120 min to an extracellular
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Fig. 2 continued

matrix of collagen type I upon treatment with EP2 agonist
ONO-AE1-259-01. As shown in Fig. 3, the values for op-
tical density in the MTT assay (adherent cells were
assessed by the MTT assay) increased steadily over the
time in control cells. Treatment with EP2 agonist resulted
in loss of cell adhesion, which was prevented by all the
pharmacological modulators used. These results indicated
that activation of iEP2 receptors results in EGFR-, HIF-1o-
dependent loss of PC3 cell adhesion. Worth to mentioning,
this is the first time (to the best of our knowledge) that HIF-
lo has been shown to have a critical role in cancer cell
adhesion to an extracellular matrix protein.

Intracellular EP2 receptors mediate the increase
in PC3 cell motility induced by PGE, through
an AG1478-sensitive, HIF-1a-dependent mechanism

The results shown in Fig. 3 suggested that intracellular EP2
activation, through inhibiting PC3 cell adhesion to the
extracellular matrix, might contribute to PC metastasis.
The migratory activity of PC cells also contributes to

@ Springer

metastasis and we have recently reported that intracellular
PGE, promotes PC3 cell migration [17]. It has also been
previously found that PGE,-induced PC3 cell migration is
prevented by EP2 receptor antagonist AH6809 [13].
Therefore, we studied the role of intracellular EP2 recep-
tors in PGE,-induced cell migration. To this end, we
performed a scratch wound healing assay in PC3 cells (1)
transfected with siRNA EP2 and then treated with PGE, or
(2) pre-treated with BG and then treated with EP2 agonist
ONO-AE1-259-01 (PGT inhibitor BG was used to explore
the role of intracellular EP2 receptors). Figure 4a shows
that PGE,-induced PC3 cell migration was substantially
reduced EP2 receptor knock-down and thatEP2 agonist
increased the migration of PC3 cells, in a BG-sensitive
manner, to a similar extent to that induced by PGE,. The
effect of ONO-AE1-259-01 was blunted by EP2 antagonist
AH6809. These results indicated that PGE,-induced tu-
mour cell motility is dependent on intracellular EP2
receptors.

HIF-10a, which is up-regulated by iPGE, in PC3 cells in
an EGFR-dependent manner (Fig. 1), has been previously
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reported to be a positive regulator of their migratory and
invasive activities [9, 10]. Therefore, HIF-1a might also
play a role in EP2-dependent PC3 cell migration. In order
to test this hypothesis, we first had to check that our ex-
perimental setting reproduces the regulation by HIF-1a of
the increase in tumour cell motility induced by PGE,. It
was confirmed because scratch wound healing assay in
HIF-1a0 knocked-down PC3 cells treated with PGE,
showed no differences with cells transfected with scram-
bled RNA regarding the migratory activity (Fig. 4b). To
confirm that HIF-1o mediates the EP2-dependent increase
in PC3 cell motility, we studied here the effect of HIF-1a
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inhibitor YC-1. In addition, we also examined the effect of
the inhibitor of EGFR activation AG1478 since it has been
previously shown that EGF increases PC3 cell migration
[6] and because the role of EGFR in iEP2-induced HIF-1o
up-regulation (Fig. 1). As shown in Fig. 4b, both inhibitors
prevented the increase in cell migration induced by EP2
agonist. These results suggest that EGFR and HIF-1a
mediate EP2 agonist-induced increase PC3 cell motility.
Worth to mentioning basal cell migration was substantially
diminished by AG1478, siRNA HIF-1a and YC-1, which
reflects the relevance of EGFR and HIF-1a in the basal
migratory activity of PC3 cells.
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Fig. 3 Intracellular EP2 receptors, in an 1 uM EGFR inhibitor
AG1478-, 10 pM HIF-1p inhibitor YC-1-sensitive manner, promote
PC3 cell adhesion. PC3 cells in suspension were pre-incubated for 1 h
with 50 uM PGT inhibitor bromocresol green, 1 pM EGFR in-
hibitor AG1478, 1 pM EP2 antagonist AH6809 or 10 uM HIF-1a
inhibitor YC-1 and treated with 0.5 pM EP2 agonist ONO-AE1-259-
01. Then cells were plated in collagen coated 96-well plates
(25 x 10% cells per well) and incubated for up to 120 min. The
number of adherent cells was assessed by the MTT assay. All
experiments were repeated three times. Statistical analysis: *P < 0.01
vs all groups

In summary, the results shown in Fig. 4 indicate that
PC3 cell migration induced by PGE, is mediated by in-
tracellular EP2 receptors and is dependent on HIF-1a and
EGFR.

Intracellular EP2 receptors mediate the increase
in PC3 cell invasion induced by PGE, through
an AG1478-sensitive, HIF-1a-dependent mechanism

The most threatening feature of malignancy in cancer is the
potential for invasion and metastases. PGE, has been re-
cently found to enhance cell invasion in PC cell lines [6]
and our previous results have shown that intracellular PGE,
promotes PC3 cell invasion [17]. In addition, EP2 receptor
mediates PGE,-induced PC3 cell invasion [4]. Given that
our present data indicate that intracellular EP2 receptor
mediates PGE,-induced PC3 cell proliferation, adhesion
and migration, we sought to explore the role of iEP2 in cell
invasion in a transwell assay. To this end PC3 were first (1)
transfected with siRNA EP2 and then treated with PGE, or
(2) pre-treated with BG and then treated with EP2 agonist
ONO-AE1-259-01 (PGT inhibitor BG was used to explore
the role of iEP2 receptors). Afterwards, cells were incu-
bated for 24 h to allow them to colonize the lower chamber
of the transwell insert pre-loaded with Matrigel. Our results
(Fig. 5a) indicated that knock-down of EP2 receptor ab-
rogated PGE,-induced PC3 cell invasion, that EP2 agonist
increased the migration of PC3 cells (in an AH6809-sen-
sitive manner) to a similar extent to that induced by PGE,
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and that PGT inhibitor BG prevented the effect of EP2
agonist. Taken together, these results indicated that iEP2
receptors mediate PGE,-induced PC3 cell invasion.

Next, we studied the role of HIF-1a and EGFR in iEP2-
dependent PC3 cell invasion following an experimental
approach identical to that described above for PC3 cell
motility. Accordingly, (1) we confirmed that our ex-
perimental setting reproduced the previously described [9,
10] regulation by HIF-1a of PGE,-induced PC3 increase in
cell invasion: transwell assay in HIF-lo knocked-down
PC3 cells treated with PGE, showed no differences with
cells transfected with scrambled RNA (Fig. 5b) and (2) we
studied, and confirmed, the inhibitory effect YC-1 and
AG1478 on EP2-increase in PC3 cell invasion (Fig. 5b)
and also found that the basal invasive activity was sub-
stantially diminished by AG1478, siRNA HIF-1a and YC-
1. These results indicate that HIF-1oo and EGFR play a
relevant role in both basal and EP2 agonist-induced in-
crease PC3 cell invasion.

Intracellular EP2 receptors mediate the increase
in VEGF-A production induced by PGE, in PC3
cells through AG1478-sensitive, HIF-1a-dependent
activation of the HRE in the promoter of the
VEGF-A gene

It has been previously shown in PC3 cells that PGE, in-
duces the secretion of HIF-1a-regulated angiogenic factor
VEGEF through EP2 [5, 16] and our previous results have
also shown that treatment of PC3 cells with 16,16-dime-
thyl-PGE, (a PGE, analogue) increases their production of
VEGF-A through intracellular PGE, [17]. Taking into ac-
count this background, we asked whether intracellular EP2
receptors, through HIF-1a-dependent pathways, mediates
the increase in the production of VEGF-A (as determined
by ELISA) by PGE,-treated PC3 cells.

We first studied its production in PC3 cells (1) trans-
fected with siRNA EP2 and then treated with PGE, or (2)
pre-treated with BG and then treated with EP2 agonist
ONO-AE1-259-01 (PGT inhibitor BG was used to explore
the role of intracellular EP2 receptors). Figure 6a shows
that PGE,-induced production of VEGF-A was substan-
tially reduced EP2 receptor knock-down, that EP2 agonist
increased the production of VEGF-A (in an AH6809-sen-
sitive manner and that PGT inhibitor BG prevented the
effect of EP2 agonist. Taken together, these results indi-
cated that iEP2 receptors mediate the increase in the
production of VEGF-A induced by PGE, in PC3 cells.

HIF-1a is up-regulated by iPGE, in PC3 cells through
iEP2 receptors (Fig. 1) and might contribute to PGE,-in-
duced increase in VEGF-A production because expression of
VEGF-A is regulated by HIF-1a [38]. We addressed this
issue through knocking-down HIF-1a in PC3 cells. In these
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Fig. 4 Intracellular EP2 receptors, in an EGFR inhibitor AG1478-
sensitive manner, promote HIF-la-dependent PC3 cell motility.
a PGE,-induced tumour cell motility is dependent on intracellular
EP2 receptors. PC3 cells were transfected with EP2 siRNA or control
siRNA (scramble) as indicated in section “Materials and methods”
and were seeded in 24-well plates until confluent (upper panel) and
treated with or without 1 pM PGE, (upper panel). Other set of cells
was cultured in 24-well plates until confluent and then were pre-
treated with 50 uM PGT inhibitor bromocresol green or 1 pM EP2
antagonist AH6809. Afterwards, PC3 cells were incubated with or
without a selective 0.5 pM EP2 agonist ONO-AE1-259-01 (lower
panel). Confluent cells were carefully wounded using sterile pipette

conditions, there was no increase in the production of VEGF-
A in PGE,-treated PC3 cells (Fig. 6b). The same was true
when cells were pre-incubated with HIF-1a inhibitor YC-1
or with EGFR antagonist AG1478 (Fig. 6b), which inhibits
the EP2-dependent increase in HIF-1a, as it was shown in

AH6809+
EP2 agonist

Bromocresol green+
EP2 agonist

tips. Cell migration or wound repair was photographed (0, 4, 8 and
20 h) and measured vs time O h. All experiments were repeated three
times and a representative photograph is shown. Statistical analysis:
*P < 0.01 vs control. b EGFR and HIF-1a mediate EP2 agonist-
induced increase PC3 cell motility. Cells were pretreated with 1 uM
EGFR inhibitor AG1478 or 10 uM HIF-1a YC-1 for 1 h and treated
with 0.5 uM EP2 ONO-AE1-259-01 agonist and cell motility was
measured as a. Inset PC3 cells were transfected with HIF-1o siRNA
or control siRNA (scramble), were seeded in 24-well plates until
confluent and treated with or without 1 pM PGE,. Cell motility was
analysed as a

Fig. 1b. Therefore, HIF-10, in an AG1478-sensitive manner,
mediates the iEP2-dependent increase in the production of
VEGF-A upon treatment of PC3 cells with PGE,.

HIF stimulates transcriptionally the expression of
VEGF-A [38], through its binding to hypoxia-responsive

@ Springer



3366

A. B. Fernandez-Martinez, J. Lucio-Cazafa

1001 *
c
O pr—
g 80- ) Illlm
U) e
£ 604
®
2
ko] 40 4 A
C -
3
g 27
R
0
Scramble + + - -
PGE, + N +
siHIF-10. - +
=191 =3 control
2 EP2 agonist
R 100 & AG1470+EP2 agonist
§’ YC-1+EP2 agonist *
3
o
ge}
[
3
O
<
x

EP2 agonist

Control

Fig. 4 continued

elements (HRE) in the VEGF-A gene [36]. Therefore, the
mechanism involved in the increase of the production of
VEGF-A by PGE,-treated PC3 cells should also increase
the activity of HRE. We sought to confirm this prediction
in PC3 cells that were transiently transfected with p9HIF1-
Luc (a plasmid which contained part of the human HIF
binding sequence of the 5" human VEGF gene promoter).
As expected, treatment EP2 agonist resulted in a BG-,
AH6809-, AG1478- and YC-1- sensitive increase in lu-
ciferase activity (Fig. 6¢). PGE,; also induced an AH6809-
sensitive increase in luciferase activity (Fig. 6c, inset).
Taken together, the results shown in Fig. 6a—c, indicate
that intracellular EP2 receptors mediate the increase in
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VEGF-A production induced by PGE, in PC3 cells. The
mechanism most likely requires transactivation of EGFR
by iEP2 leading to HIF-lo-dependent activation of the
HRE in the promoter of the VEGF-A gene.

Intracellular EP2 receptors mediate the increase
in vitro angiogenesis induced by PGE, in PC3 cells
through an AG1478-, HIF-1a-dependent mechanism

It has been previously shown in PC3 cells that EP2 receptor
is involved in matrigel angiogenesis induced by PC3 cells
treated with PGE, [5]. Our previous results have also
shown that treatment of PC3 cells with 16,16-dimethyl-
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Fig. 5 Intracellular EP2 receptors, in an EGFR inhibitor AG1478-,
HIF-1a inhibitor YC-1-sensitive manner, mediate the increase of PC3
cells invasion upon treatment with PGE,. a Intracellular EP2
receptors mediate PGE,-induced PC3 cell invasion. Cells in suspen-
sion (5 x 10° cells/ml) were transfected with EP2 siRNA or scramble
and treated with 1 pM PGE, (upper panel). Other set of cells
was treated for 1 h with 50 uM PGT inhibitor bromocresol green or
1 pM PGE, antagonist AH6809 and incubated with 0.5 uM EP2
agonist ONO-AE1-259-01 (lower panel). Then cells were seeded into
transwell inserts which had been previously coated with Matrigel
basement membrane matrix and invasive activity was assessed as

PGE, promotes endothelial tube formation (an assay for
angiogenesis) in these cells through intracellular PGE,
[17]. Given that our present data indicate that the iEP2/
EGFR/HIF-1a pathway mediates PGE,-induced PC3 cell
proliferation, adhesion, migration and production of an-
giogenic factor VEGF-A, we sought to explore its role in
angiogenesis. To this end PC3 cells were pre-treated with
AH6809, AG1478, YC-1 or BG and incubated with EP2
agonist for 24 h. Then, extracellular medium was removed
and used for capillary tube formation by HUVECs. Our
results (Fig. 7) indicated that treatment of PC3 cells with
EP2 agonist resulted in a BG-, AH6809-, AG1478- and
YC-1-sensitive tube formation by HUVECs. PGE, also
induced an AH6809-sensitive increase in capillary tube
formation (Fig. 7 inset).

These results indicated that iEP2 receptors mediate
PGE;-induced in vitro angiogenesis and that HIF-1o and
EGEFR play a relevant role in this effect.
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indicated in “Materials and methods”. All experiments were repeated
three times and a representative photograph (x 10 magnification) is
shown. Statistical analysis: *P < 0.01 vs scramble/control. b HIF-1a
and EGFR play a relevant role in both basal and EP2 agonist-induced
increase PC3 cell invasion. Cells were pretreated with 1 pM EP2
antagonist AG1478 or 10 pM HIF-1o inhibitor YC-1 for 1 h and
treated with 0.5 pM EP2 agonist ONO-AE1-259-01 and invasive
activity was measured as a. Inset PC3 cells were transfected with
HIF-1o. siRNA or control siRNA (scramble) and treated with or
without 1 pM PGE,. Invasive activity was analysed as a

Discussion

Prostate cancer (PC) is the second most common cancer in
men worldwide and continues to impose a significant dis-
ease burden and a growing healthcare problem. However,
our understanding of the mechanisms that contribute to the
development of PC is still limited [40]. Epidemiological,
histopathological, and molecular pathological studies have
been providing emerging evidence implicating inflamma-
tion in the pathogenesis of PC [41-45]. In the present
study, we investigated the involvement of intracellular EP2
receptors (iEP2) in mediating the tumor-promoting effects
of PGE, in androgen-independent PC3 cells. We found that
iEP2 receptors—through EGFR transactivation- mediate
important effects of PGE, on PC3 cells, such are the in-
crease in cell proliferation, adhesion, migration, invasion
and angiogenesis in vitro. These effects were absolutely
dependent on HIF-1a, whose role in PC has been
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previously recognized. Therefore, intracrine signaling
through the iEP2/EGFR/HIF-1a axis provides a mechan-
ism contributing to the pro-tumorigenic effects of PGE,
and have important implications regarding PC progression
and therapy.

The regulation of PGT in cancer has been scarcely
studied. The current view on the biological role of PGT is
that it mediates uptake of secreted prostaglandins, enabling
their oxidative inactivation by cytoplasmic 15-PGDH.
Therefore, the relevance of PGT, in the few studies aimed
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at elucidating its role in cancer, has been exclusively linked
to the catabolism of prostaglandins: like 15-PGDH, down-
regulation of PGT has been reported in both human
colorectal tumours and in pre-malignant adenomas in
APC™"* mice, and this was suggested to result, at least in
part, from epigenetic silencing [46]. As a corollary, down-
regulation or inhibition of PGT, in addition to 15-PGDH,
would constitute a very effective means of increasing local
levels of pro-tumorigenic PGE,, as impaired PGT-medi-
ated prostaglandin import would be expected to directly
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Fig. 6 Intracellular EP2 receptors mediate the increase in VEGF-A
production induced by PGE, in PC3 cells through HIF-1a-dependent
activation of the HRE in the promoter of the VEGF-A gene. a iEP2
receptors mediate the increase in the production of VEGF-A induced
by PGE, in PC3 cells. Cells were transfected with EP2 siRNA or
scramble and treated with 1 uM PGE, for 24 h (left panel). Other set
of cells were treated for 1 h with 50 pM bromocresol green or 1 uM
AH6809 and incubated with 0.5 mM EP2 agonist ONO-AE1-259-
01 for 24 h (right panel). The extracellular medium was collected to
analysed the VEGF-A levels by ELISA assay.*P < 0.01 vs all groups.
b HIF-1a, in an EGFR inhibitor AG1478-sensitive manner, mediates
the iEP2-dependent increase in the production of VEGF-A upon
treatment of PC3 cells with PGE,. Cells were pretreated with 1 uM
EGFR inhibitor AG1478 or 10 pM HIF-1a inhibitor YC-1 for 1 h and
treated with 0.5 uM EP2 agonist ONO-AE1-259-01 and VEGF

[ N ]

production was measured as a. Inset PC3 cells were transfected with
HIF-1a siRNA or control siRNA (scramble) and treated with or
without 1 pM PGE,. VEGF levels were analysed as a, ¢ EP2 agonist-
induced increased activity of a hypoxia-responsive element (HRE)-
driven reporter construct is abolished by an inhibitor of the PGT
transporter, an inhibitor of the EGFR phosphorylation and a selective
antagonist of EP2 receptor. PC3 cells were transiently transfected with
the plasmid as described in section “Materials and methods”. Then,
cells were pre-incubated with 50 pM PGT inhibitor bromocresol
green, 1 pM EGFR inhibitor AG1478 or 1 uM EP2 antagonist
AH6809 for 1 h and incubated with 1 uM PGE, (left panel) or
0.5 uM EP2 agonist ONO-AE1-259-01 (center and right panel) for
4 h and luciferase activity in cell lysates was measured and expressed
as Relative Luminescence Units (RLU/s). All experiments were
repeated three times. Statistical analysis: *P < 0.01 vs all groups

@ Springer



3370

A. B. Fernandez-Martinez, J. Lucio-Cazafa

Control

Bromocresol
green

Bromocresol green+
EP2 agonist

AG1478

AG1478+
EP2 agonist

Fig. 7 Conditioned media collected from EP2 agonist treated PC3
cells increases tube formation by HUVECs in a bromocresol green-,
AG1478-, AH6809- and YC-1-dependent manner. HUVECs cells
were seeded on Matrigel-coated wells and cultured in conditioned
media collected from PC3 cells after pre-treatment with 50 pM PGT

increase extracellular prostaglandin concentrations avail-
able to interact with cell surface receptors during [47].
While this hypothesis may be true in the context of col-
orectal tumours, our current results suggest that
therapeutics targeting PGT in PC might result in dimin-
ished cancer progression.

It is assumed that prostaglandin E, (PGE,) exerts its
biological effects from the extracellular medium through
activation of G-protein coupled receptors (GPCR) EP re-
ceptors located at the cell membrane [48]. Our current
results challenge this view and open the possibility that, in
PC, signal cascades that proceed entirely in the intracel-
lular compartment might be responsible for several pro-
tumorigenic effects of PGE, that are assumed to be due to
cell membrane EP receptors. In sharp contrast with cell
membrane EP2 receptors, whose activation results in in-
creased production of cAMP [49, 50], we have previously
shown in proximal tubular HK-2 cells that intracellular
EP2 signaling was dependent on EGFR (which agrees with
our present results in PC3 cells), but independent of cAMP
[51]. These results indicate that the signal cascades
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inhibitor bromocresol green, 1 ptM EGFR inhibitor AG1478, 1 uM
EP2 antagonist AH6809 or 10 uM HIF-1o inhibitor YC-1, and
incubated with 0.5 pM EP2 agonist ONO-AE1-259-01 for 24 h.
Representative photographs of tube-like structures were showed

activated by intracellular EP receptors are not necessarily
the same which are activated by plasma membrane EP
receptors. In fact, it has been proposed that the distinct
localization of EP receptors and other GPCR may dictate
different signaling pathways for the same receptor [29].
Inhibitor of PGT bromocresol prevents the transport of
PGE; to the inside of PC3 cells [17] and proximal tubular
HK2 cells [12, 30, 51]. In addition, our current results in
PC3 cells with BG and our previous results in HK2 cells
[51] are in good agreement with the view that the EP2
agonists used in those studies are also substrates for PGT.
The fact that EP2 receptor antagonist AH6809 prevents the
BG-sensitive effects of EP2 agonists indicate that AH6809
reaches the intracellular compartment, thereby inhibiting
iEP2-dependent effects. Therefore, AH6809 might also be
substrate for PGT, although further experiment should be
performed to confirm it. More importantly, our studies
open the possibility that perhaps other EP agonists and
antagonists may also be transported to the inside the cell
and activate intracellular EP receptors. If the researchers
are unaware of this possibility, they will probably assign to
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cell membrane EPs the results of experiments with EP
agonists and antagonists. Therefore, the actual extension to
which intracellular EP receptors may have contributed to
PGE, effects attributed to cell membrane EP receptors
remains to be determined.

PGE, and EGF independently propagate, through their
respective membrane receptors, signals regulating impor-
tant cell functions. However, growing evidence indicates
that the epithelial tumorigenic drive is largely sustained by
the close interplay of the prostanoid with the EGF system,
resulting in the activation of EGFR. In our study, the issue
of PGE,/EGFR transactivation (i.e. whether the prostanoid
conveys its tumorigenic potential by promoting the phos-
phorylation of the EGFR) appears straightforward for PC3
cells: treatment with EP2 agonist promoted the phospho-
rylation of EGFR (the hallmark of its activation) and the
blockade of EGFR phosphorylation by AG1478 obliterated
the EP2-dependent up-regulation of HIF-1a expression and
the increase in PC3 cell proliferation, adhesion, migration,
invasion and angiogenesis in vitro. The phenomenon of
EGFR tyrosine kinase transactivation by PGE,-activated
EP2 receptors in PC3 cells has also been previously de-
scribed for transducing angiogenic signals in PC3 cells [5].

Transactivation of plasma membrane EGFR by PGE,-
activated EP receptors is a particular case of activation of
EGFR by plasma membrane G-protein coupled receptors
(GPCR) [52-55]. However, our results (Fig. 1) suggest that
EGFR might be also transactivated by intracellular EP re-
ceptors. The cell nucleus is particularly important in this
context: recent studies have disclosed that the nuclear en-
velope plays a major role in signal transduction cascades:
functional EP receptors can be localized at the nuclear
membranes of a variety of cell types and tissues [12, 24,
25, 28]. The same is true for phospholipase A,, cyclo-
oxygenases and prostaglandin E synthase [56]. Thus the
cell nucleus has to be considered as a possible intracellular
location for PGE, production and for the initiation of signal
transduction cascades dependent on EP receptors. EGFR
has been detected only in two subcellular locations, the
nucleus and the mitochondrion [57] and we have recently
described that isolated nuclei from proximal tubular cells
express EGFR and EP receptors and that treatment with
PGE; results in transactivation of EGFR by EP2 receptors
[51]. Furthermore, the signaling pathway activated upon
the transactivation of nuclear EGFR was the same which
was found to be responsible for the increase in HIF-1a
expression following intracellular EP2-dependent EGFR
transactivation in whole proximal tubular cells [51]. In-
terestingly, we show here that EP2 receptors in nuclei
isolated from PC3 cells mediate the effect of PGE, on the
incorporation of BrdU (Fig. 2), which suggests that nuclear
EP receptors may contribute to convey the effect of

intracellular PGE, on PC3 cell proliferation. This does not
exclude that non-nuclear iEP2 receptors may also mediate
PGE,-induced PC3 cell proliferation. Whether transacti-
vation of EGFR by EP2 mediates the increase in the
incorporation of BrdU to PGE,-treated nuclei is an inter-
esting possibility that remains to be investigated. It should
be kept in mind that most iEP2 receptor immunofluores-
cence did not co-localize with DAPI nuclear staining in
PC3 cells (Fig. 1c). Therefore, it is very likely the par-
ticipation of non-nuclear iEP2 receptors in the EP2 agonist-
induced cancer-related phenotypes in PC3 cells.

In a recent study, EP2 and EP4 were overexpressed in
areas of PC in 85 % specimens analyzed, whereas EP3
expression was reduced in all specimens and EP1 showed
no specific differential expression pattern [15]. In another
study, expression of EP2 and EP4 in areas of PC was
significantly higher than in non-tumour glands (although
there was no correlation with the clinicopathological fea-
tures) and expression of EP2 correlated positively with
cancer cell proliferation [34]. The studies in cell lines
derived from PC also have highlighted the pathogenic
relevance of EP2 receptors: in PC3 cells and other PC cell
lines, EP2 receptor activation has been found to mediate
the enhancing effects of PGE, on the expression of HIF-1a
[17], cell growth [4, 5, 15, 17, 58], migration [5], invasion
[4, 15], production of angiogenic factor VEGF-A [5, 45]
and angiogenesis [5]. These results are in good agreement
with the important role of EP2 in tumour development,
which have been recently reviewed [59]. However, it is
likely that the contribution of EP receptors to the patho-
genesis is not restricted to EP2 as suggested by several
studies. For instance, immunopositivity for EP1 in PC
tissue was significantly greater than in non-tumour glands
and correlated positively with the Gleason score and cancer
proliferation [34]. Another studies have suggested that EP3
might have tumor-suppressive properties [15] or have in-
volved EP4 receptors in mediating the effects of PGE, on
PC3 cell migration and PC3 cell-induced angiogenesis
in vitro [5, 6]. Clearly, characterization of EP receptors in
tumor cells is only at its beginning, and the precise role of
each EP receptor in the pathogenesis of PC has yet to be
elucidated. In this context, our present results in PC3 cells,
which demonstrate that important PGE,-induced cancer-
related effects are mediated by iEP2, bring thereby an
additional level of complexity in the highly complex role
played by PGE, in PC.

In summary, the results shown here indicate that a
number of pro-tumorigenic effects of PGE, in androgen-
independent PC3 cells are mediated through iEP2 recep-
tors, which requires the internalization of PGE, through
PGT. Therefore, therapeutics targeting iEP2 and/or PGT
might be promising against prostate cancers.

@ Springer



3372

A. B. Fernandez-Martinez, J. Lucio-Cazafa

Acknowledgments

We are grateful to Ono Pharmaceutical Co.,

Ltd. for kindly providing us with the EP agonists. This work was
supported by Grant SAF2011-26838 from the Spanish Ministerio de
Ciencia e Innovacion. Ana Belén Fernandez Martinez is the recipient
of a postdoctoral fellowship from the Spanish Ministerio de Ciencia e
Innovacion.

Conflicts of interest

There are no conflicts of interest to disclose.

References

10.

12.

13.

14.

15.

. Badawi AF (2000) The role of prostaglandin synthesis in prostate

cancer. BJU Int 85:451-462

. Wang D, Dubois RN (2010) Eicosanoids and cancer. Nat Rev

Cancer 10:181-193

. Greenhough A, Smartt HJ, Moore AE, Roberts HR, Williams AC,

Paraskeva C, Kaidi A (2009) The COX-2/PGE2 pathway: key
roles in the hallmarks of cancer and adaptation to the tumour
microenvironment. Carcinogenesis 30:377-386

. Jiang J, Dingledine R (2013) Role of prostaglandin receptor EP2

in the regulations of cancer cell proliferation, invasion, and in-
flammation. J Pharmacol Exp Ther 344:360-367

. Jain S, Chakraborty G, Raja R, Kale S, Kundu GC (2008)

Prostaglandin E2 regulates tumor angiogenesis in prostate cancer.
Cancer Res 68:7750-7759

. Vo BT, Morton D, Komaragiri S, Millena AC, Leath C, Khan SA

(2013) TGF-p effects on prostate cancer cell migration and in-
vasion are mediated by PGE2 through activation of PI3K/AKT/
mTOR pathway. Endocrinology 154:1768-1779

. Hussain T, Gupta S, Mukhtar H (2003) Cyclooxygenase-2 and

prostate carcinogenesis. Cancer Lett 191:125-135

. Ferndndez-Martinez AB, Bajo AM, Valdehita A, Isabel Arenas

M, Sanchez-Chapado M, Carmena MJ, Prieto JC (2009) Multi-
functional role of VIP in prostate cancer progression in a
xenograft model: suppression by curcumin and COX-2 inhibitor
NS-398. Peptides 30:2357-2364

. Dai Y, Bae K, Siemann DW (2011) Impact of hypoxia on the

metastatic potential of human prostate cancer cells. Int J Radiat
Oncol Biol Phys 81:521-528

Ranasinghe WK, Xiao L, Kovac S, Chang M, Michiels C, Bolton
D, Shulkes A, Baldwin GS, Patel O (2013) The role of hypoxia-
inducible factor la in determining the properties of castrate-re-
sistant prostate cancers. PLoS One 8:e54251

. Liu XH, Kirschenbaum A, Lu M, Yao S, Klausner A, Preston C,

Holland JF, Levine AC (2002) Prostaglandin E(2) stimulates
prostatic intraepithelial neoplasia cell growth through activation
of the interleukin-6/GP130/STAT-3 signaling pathway. Biochem
Biophys Res Commun 290:249-255

Fernandez-Martinez AB, Jiménez MI, Manzano VM, Lucio-
Cazafia FJ (2012) Intracrine prostaglandin E(2) signalling reg-
ulates hypoxia-inducible factor-lo expression through retinoic
acid receptor-f. Int J Biochem Cell Biol 44:2185-2193
Palayoor ST, Tofilon PJ, Coleman CN (2003) Ibuprofen-medi-
ated reduction of hypoxia-inducible factors HIF-lalpha and
HIF-2alpha in prostate cancer cells. Clin Cancer Res
9:3150-3157

Fernandez-Martinez AB, Jiménez MI, Hernandez IS, Garcia-
Bermejo ML, Manzano VM, Fraile EA, de Lucio-Cazana FJ
(2011) Mutual regulation of hypoxic and retinoic acid related
signalling in tubular proximal cells. Int J Biochem Cell Biol
43:1198-1207

Huang HF, Shu P, Murphy TF, Aisner S, Fitzhugh VA, Jordan
ML (2013) Significance of divergent expression of prostaglandin

@ Springer

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

EP4 and EP3 receptors in human prostate cancer. Mol Cancer Res
11:427-439

Wang X, Klein RD (2007) Prostaglandin E2 induces vascular
endothelial growth factor secretion in prostate cancer cells
through EP2 receptor-mediated cAMP pathway. Mol Carcinog
46:912-923

Madrigal A, Lucio Cazafia FJ, Fernandez-Martinez AB (2015)
Intracellular Prostaglandin E2 strengthens cancer-related pheno-
types in PC3 cells. Int J Biochem Cell Biol 59:52-61

Legler DF, Bruckner M, Uetz-von Allmen E, Krause P (2010)
Prostaglandin E2 at new glance: novel insights in functional di-
versity offer therapeutic chances. Int J Biochem Cell Biol
42:198-201

Schuster VL (2002) Prostaglandin transport. Prostaglandins Other
Lipid Mediat 68—69:633-647

Kanai N, Lu R, Satriano JA, Bao Y, Wolkoff AW, Schuster VL
(1995) Identification and characterization of a prostaglandin
transporter. Science 268:866—-869

Lu R, Kanai N, Bao Y, Schuster VL (1996) Cloning, in vitro
expression, and tissue distribution of a human prostaglandin
transporter cONA(hPGT). J Clin Invest 98:1142-1149

Bao Y, Pucci ML, Chan BS, Lu R, Ito S, Schuster VL (2002)
Prostaglandin transporter PGT is expressed in cell types that
synthesize and release prostanoids. Am J Physiol Renal Physiol
282:F1103-F1110

Nomura T, Lu R, Pucci ML, Schuster VL (2004) The two-step
model of prostaglandin signal termination: in vitro reconstitution
with the prostaglandin transporter and prostaglandin 15 dehy-
drogenase. Mol Pharmacol 65:973-978

Bhattacharya M, Peri KG, Almazan G, Ribeiro-da-Silva A, Shi-
chi H, Durocher Y, Abramovitz M, Hou X, Varma DR, Chemtob
S (1998) Nuclear localization of prostaglandin E2 receptors. Proc
Natl Acad Sci USA 95:15792-15797

Bhattacharya M, Peri K, Ribeiro-da-Silva A, Almazan G, Shichi
H, Hou X, Varma DR, Chemtob S (1999) Localization of func-
tional prostaglandin E2 receptors EP3 and EP4 in the nuclear
envelope. J Biol Chem 274:15719-15724

Lalier L, Cartron PF, Olivier C, Logé C, Bougras G, Robert JM,
Oliver L, Vallette FM (2011) Prostaglandins antagonistically
control Bax activation during apoptosis. Cell Death Differ
18:528-537

Lalier L, Pedelaborde F, Braud C, Menanteau J, Vallette FM,
Olivier C (2011) Increase in intracellular PGE2 induces apoptosis
in Bax-expressing colon cancer cell. BMC Cancer 11:153
Gobeil F, Dumont I, Marrache AM, Vazquez-Tello A, Bernier
SG, Abran D, Hou X, Beauchamp MH, Quiniou C, Bouayad A,
Choufani S, Bhattacharya M, Molotchnikoff S, Ribeiro-Da-Silva
A, Varma DR, Bkaily G, Chemtob S (2002) Regulation of eNOS
expression in brain endothelial cells by perinuclear EP(3) re-
ceptors. Circ Res 90:682-689

Zhu T, Gobeil F, Vazquez-Tello A, Leduc M, Rihakova L,
Bossolasco M, Bkaily G, Peri K, Varma DR, Orvoine R,
Chemtob S (2006) Intracrine signaling through lipid mediators
and their cognate nuclear G-protein-coupled receptors: a para-
digm based on PGE2, PAF, and LPA1 receptors. Can J Physiol
Pharmacol 84:377-391

Fernandez-Martinez AB, Lucio Cazaia FJ (1833) Epidermal
growth factor receptor transactivation by intracellular
prostaglandin E2-activated prostaglandin E2 receptors. Role in
retinoic acid receptor-f up-regulation. Biochim Biophys Acta
2013:2029-2038

Fernandez-Martinez AB, Lucio Cazafia FJ (1843) Prostaglandin
E2 induces retinoic acid receptor-f up-regulation through MSKI1.
Biochim Biophys Acta 2014:1997-2004

Lalier L, Cartron PF, Pedelaborde F, Olivier C, Loussouarn D,
Martin SA, Meflah K, Menanteau J, Vallette FM (2007) Increase



Intracellular EP2 prostanoid receptor promotes cancer...

3373

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

in PGE2 biosynthesis induces a Bax dependent apoptosis corre-
lated to patients’ survival in glioblastoma multiforme. Oncogene
26:4999-5009

Rasmuson A, Kock A, Fuskevag OM, et al (2012) Autocrine
prostaglandin E2 signaling promotes tumor cell survival and
proliferation in childhood neuroblastoma. Castresana JS. PLoS
One 7:¢29331

Miyata Y, Kanda S, Maruta S, Matsuo T, Sakai H, Hayashi T,
Kanetake H (2006) Relationship between prostaglandin E2 re-
ceptors and clinicopathologic features in human prostate cancer
tissue. Urology 68:1360-1365

Aragonés J, Jones DR, Martin S, San Juan MA, Alfranca A, Vidal
F, Vara A, Mérida I, Landazuri MO (2001) Evidence for the
involvement of diacylglycerol kinase in the activation of hy-
poxia-inducible transcription factor 1 by low oxygen tension.
J Biol Chem 276:10548-10555

Krude T, Jackman M, Pines J, Laskey RA (1997) Cyclin/Cdk
dependent initiation of DNA replication in a human cell-free
system. Cell 88:109-119

Montesano R, Orci L, Vassalli P (1983) In vitro rapid organiza-
tion of endothelial cells into capillary-like networks is promoted
by collagen matrices. J Cell Biol 97:1648-1652

Forsythe JA, Jiang BH, Iyer NV, Agani F, Leung SW, Koos RD,
Semenza GL (1996) Activation of vascular endothelial growth
factor gene transcription by hypoxia-inducible factor 1. Mol Cell
Biol 16:4604-4613

Lando D, Peet DJ, Whelan DA, Gorman JJ, Whitelaw ML (2002)
Asparagine hydroxylation of the HIF transactivation domain a
hypoxic switch. Science 295:858-861

Ellem SJ, Risbridger GP (2007) Treating prostate cancer: a ra-
tionale for targeting local oestrogens. Nat Rev Cancer 7:621-627
Palapattu GS, Sutcliffe S, Bastian PJ, Platz EA, De Marzo AM,
Isaacs WB, Nelson WG (2005) Prostate carcinogenesis and in-
flammation: emerging insights. Carcinogenesis 26:1170-1181
De Marzo AM, DeWeese TL, Platz EA, Meeker AK, Nakayama
M, Epstein JI, Isaacs WB, Nelson WG (2004) Pathological and
molecular mechanisms of prostate carcinogenesis: implications
for diagnosis, detection, prevention, and treatment. J Cell Bio-
chem 91:459-477

Nelson WG, De Marzo AM, Isaacs WB (2003) Prostate cancer.
N Engl J Med 349:366-381

Platz EA, De Marzo AM (2004) Epidemiology of inflammation
and prostate cancer. J Urol 171:536-S40

Lucia MS, Torkko KC (2004) Inflammation as a target for
prostate cancer chemoprevention: pathological and laboratory
rationale. J Urol 171:S30-S34 (discussion S35)

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Holla VR, Backlund MG, Yang P, Newman RA, DuBois RN
(2008) Regulation of prostaglandin transporters in colorectal
neoplasia. Cancer Prev Res (Phila) 1:93-99

Smartt HJ, Greenhough A, Orddfiez-Moran P, Al-Kharusi M,
Collard TJ, Mariadason JM, Huelsken J, Williams AC, Paraskeva
C (2012) PB-catenin negatively regulates expression of the
prostaglandin transporter PGT in the normal intestinal epithelium
and colorectal tumour cells: a role in the chemopreventive effi-
cacy of aspirin? Br J Cancer 107:1514-1517

Sugimoto Y, Narumiya S (2007) Prostaglandin E receptors. J Biol
Chem 282:11613-11617

Fujino H, Regan JW (2003) Prostanoid receptors and phos-
phatidylinositol 3-kinase: a pathway to cancer? Trends Pharmacol
Sci 24:335-340

Regan JW (2003) EP2 and EP4 prostanoid receptor signaling.
Life Sci 74:143-153

Fernandez-Martinez AB, Lucio Cazaiia FJ (2014) Transactivation
of EGFR by Prostaglandin E2 receptors: a nuclear story? CMLS.
(In press)

Liebmann C (2011) EGF receptor activation by GPCRs: an uni-
versal pathway reveals different versions. Mol Cell Endocrinol
331:222-231

Fischer OM, Hart S, Gschwind A, Ullrich A (2003) EGFR signal
transactivation in cancer cells. Biochem Soc Trans 31:1203-1208
Wetzker R, Béhmer FD (2003) Transactivation joins multiple
tracks to the ERK/MAPK cascade. Nat Rev Mol Cell Biol
4:651-657

Gschwind A, Zwick E, Prenzel N, Leserer M, Ullrich A (2001)
Cell communication networks: epidermal growth factor receptor
transactivation as the paradigm for interreceptor signal trans-
mission. Oncogene 20:1594-1600

Helliwell RJ, Berry EB, O’Carroll SJ, Mitchell MD (2004) Nu-
clear prostaglandin receptors: role in pregnancy and parturition?
Prostaglandins LeukotEssent Fatty Acids 70:149-165

Han W, Lo HW (2012) Landscape of EGFR signaling network in
human cancers: biology and therapeutic response in relation to
receptor subcellular locations. Cancer Lett 318:124-134
Kashiwagi E, Shiota M, Yokomizo A, Inokuchi J, Uchiumi T,
Naito S (2014) EP2 signaling mediates suppressive effects of
celecoxib on androgen receptor expression and cell proliferation
in prostate cancer. Prostate Cancer Prostatic Dis 17:10-17

Jiang J, Dingledine R (2013) Prostaglandin receptor EP2 in the
crosshairs of anti-inflammation, anti-cancer, and neuroprotection.
Trends Pharmacol Sci 34:413-423

@ Springer



	Intracellular EP2 prostanoid receptor promotes cancer-related phenotypes in PC3 cells
	Abstract
	Introduction
	Materials and methods
	Reagents and antibodies
	Cell culture
	MTT assay
	Western blot analysis
	HRE reporter gene assay
	Determination of VEGF secretion
	Nuclear isolation
	Immunofluorescence analysis
	Cell proliferation assay with 5vprime-Br-2vprime-deoxyuridine (BrdU)
	DNA synthesis reactions in vitro
	Cell adhesion assay
	Cell migration
	Invasion assay
	Tube formation of HUVEC on Matrigel
	Statistical analysis

	Results
	Intracellular EP2 receptors mediate the increase in the expression of HIF-1 alpha in PC3 cells upon treatment with PGE2 through an EGFR-dependent mechanism: role of EP2 receptor in PGE2-induced HIF-1 alpha up-regulation
	Intracellular EP2 receptors mediate the increase in the proliferation of PC3 cells upon treatment with PGE2 through an AG1478-sensitive, HIF-1 alpha -dependent mechanism: role of nuclear EP receptors
	Intracellular EP2 receptors mediate the loss in PC3 cell adhesion induced by PGE2 through an AG1478-, YC-1-sensitive mechanism
	Intracellular EP2 receptors mediate the increase in PC3 cell motility induced by PGE2 through an AG1478-sensitive, HIF-1 alpha -dependent mechanism
	Intracellular EP2 receptors mediate the increase in PC3 cell invasion induced by PGE2 through an AG1478-sensitive, HIF-1 alpha -dependent mechanism
	Intracellular EP2 receptors mediate the increase in VEGF-A production induced by PGE2 in PC3 cells through AG1478-sensitive, HIF-1 alpha -dependent activation of the HRE in the promoter of the VEGF-A gene
	Intracellular EP2 receptors mediate the increase in vitro angiogenesis induced by PGE2 in PC3 cells through an AG1478-, HIF-1 alpha -dependent mechanism

	Discussion
	Acknowledgments
	References




