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Abstract
Angiogenesis inhibition is an important therapeutic strategy for advanced stage prostate cancer. Previous work from our
laboratory showed that sustained stimulation of Rap1 by 8-pCPT-2’-O-Me-cAMP (8CPT) via activation of Epac, a Rap1 GEF, or
by expression of a constitutively active Rap1 mutant (cRap1) suppresses endothelial cell chemotaxis and subsequent
angiogenesis. When we tested this model in the context of a prostate tumor xenograft, we found that 8CPT had no
significant effect on prostate tumor growth alone. However, in cells harboring cRap1, 8CPT dramatically inhibited not only
prostate tumor growth but also VEGF expression and angiogenesis within the tumor microenvironment. Subsequent
analysis of the mechanism revealed that, in prostate tumor epithelial cells, 8CPT acted via stimulation of PKA rather than
Epac/Rap1. PKA antagonizes Rap1 and hypoxic induction of 1a protein expression, VEGF production and, ultimately,
angiogenesis. Together these findings provide evidence for a novel interplay between Rap1, Epac, and PKA that regulates
tumor-stromal induction of angiogenesis.
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adhesion and cell-cell junctions, functions that are important for
tubular structure formation. The cAMP derivative 8CPT-2MecAMP (8CPT) is a potent agonist of Epac, a guanine nucleotide
exchange factor for Rap1, and a weak agonist of PKA [18,19].
Previous work from our laboratory showed that, in primary
human microvascular endothelial cells, prolonged stimulation of
Rap1 either by Epac activation following 8CPT treatment or by
expression of constitutively activated Rap1 A63E (cRap1) inhibits
chemotaxis and angiogenesis [8,9]. Thus, angiogenesis can also be
inhibited in endothelial cells, when Rap1 is subject to prolonged
stimulation by drugs or mutation. Together these studies suggest
that the degree of Rap1 activation is critical to the angiogenic
process.
PKA has also been linked to angiogenesis as both a positive and
negative regulator [20,21,22,23,24,25,26]. Increased activity of
PKA promotes endothelial tube formation, thus promoting
angiogenesis [27]. Conversely, PKA activation causes the phosphorylation of the transcriptional repressor Id1 [28] and disrupts
its nucleo-cytoplasmic shuttling, thus inhibiting angiogenesis [29].
In addition, either over-expression of the catalytic subunit of PKA
or pharmacological activation of PKA induces the death of
endothelial cells by apoptosis, suppressing angiogenesis [22,23].
Altogether these results indicate that angiogenesis results from a
balance of pro-and anti-angiogenic factors including Rap1 and
PKA, and either extreme will have deleterious effects.

Introduction
Prostate cancer is the second leading cause of cancer-related
death in men in the United States [1]. The high morbidity and
mortality associated with the onset of hormone-refractory,
metastatic prostate cancer mandates the need for innovative
treatment regimens to improve the prognosis of this disease.
Several strategies have been used to target angiogenesis in prostate
cancer including blockade of pro-angiogenic factors like vascular
endothelial growth factor (VEGF) via monoclonal antibodies or
small molecule inhibitors targeting downstream signaling effector
pathways like the VEGF receptor tyrosine kinase pathway [2,3,4].
However, the major shortcoming to this approach is the significant
number of pro-angiogenic factors, apart from VEGF, that can
induce angiogenesis and thereby evade these agents. An alternative to inhibiting one or more of the pro-angiogenic factors is to
identify signaling molecules that function to regulate angiogenesis
[5].
Several studies have implicated Rap1 as a mediator of
angiogenesis [5,6,7,8,9,10,11]. Defective angiogenesis and hematopoiesis were observed in mice lacking Rap1a or Rap1b, and a
mechanism involving integrins and VEGF receptors in endothelial
cells was recently reported [12,13,14,15,16,17,18]. Thus, loss of
Rap1 inhibits angiogenesis during development, consistent with
the role Rap1 plays in cell signaling, integrin-mediated cell
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were obtained from American Tissue Culture Collection (Manassas, Virginia), maintained at 37uC in a humidified atmosphere of
5% CO2 in Mediatech RPMI 1640 medium with 10% fetal bovine
serum, 50 mg/mL penicillin and 50 U/mL streptomycin. All
media and growth reagents were purchased from Gibco BRL
(Grand Island, NY). Cells were incubated for 24 h with serum-free
media prior to each treatment. Cells were treated overnight with
10 mM 8CPT or 10 mM 6Bz-cAMP dissolved in PBS or PBS alone
as a control medium. Cells were further treated for 6 h (unless
otherwise stated) with 10 mM CoCl2 to mimic hypoxic conditions
or with SDF-1a at 200 ng/ml for 20 min. Cells were pretreated
with the PKA inhibitors H-89 (10 mM) for 30 minutes before
CoCl2 treatment. Antibodies to Epac and tubulin were obtained
from Santa Cruz Biotechnology (Santa Cruz, CA). Mouse anti–
human CD31 and rabbit anti-human VEGF were purchased from
Abcam (Cambridge, MA). SDF-1a was obtained from R&D
systems (Minneapolis, MN) and H-89 was purchased from Sigma-

The aim of this study was to determine whether Rap1 regulates
angiogenesis in prostate tumors. Our results suggest that constitutive Rap1 activation in human prostate tumor cells promotes
hypoxic induction of VEGF and angiogenesis, and PKA
antagonizes this effect. Furthermore, our studies suggest that
8CPT treatment can inhibit angiogenesis via two different
mechanisms involving PKA activation in prostate tumor cells, as
shown here, and Epac/Rap1 activation in endothelial cells [8].

Materials and Methods
Prostate Cancer Cell Lines, Treatments, Antibodies,
Plasmids, and Reagents
Epac
activator
8-(4-chlorophenylthio)-2-O-methyl-cAMP
(8CPT) and PKA activator N6-Benzoyladenosine- 39, 59- cyclic
monophosphate (6-Bz-cAMP) were purchased from BIOLOG Life
Sciences Institute (Bremen, Germany). LNCaP cells and PC3 cells,

Figure 1. Effect of constitutive Rap1 expression (cRap1) and/or 8CPT treatment on PC3 xenograft growth. (A and B) Left Panel: Tumor
volume (expressed in mm3) of human PC3 and PC3-cRap1 xenografts treated as indicated was measured as described in Methods. Day 0 represents
the first day of treatment; *p,0.05, n = 7 for each group. Right Panel: Images of a representative tumor from each treatment group at the end of the
experiment (Day 28). (C) Tumor volume (expressed in mm3) of human PC3 and PC3-cRap1 xenografts treated as indicated was measured as in A;
*p,0.05, n = 7 for each group. (D) Tumors from panel C were weighed at the end of the experiment (Day 28) and expressed in grams; *p,0.05;
(n = 7).
doi:10.1371/journal.pone.0049893.g001
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Figure 2. Effect of 8CPT treatment on angiogenesis and tumor growth in PC3 and PC3-cRap1 xenografts. (A and B) CD31 and VEGF
immunoreactivity in PC3 and PC3-cRap1 tumors. Immunostaining was measured as described in Methods. Right Panels: Representative
photomicrographs. Left Panels: Quantification of immunohistochemical staining of tumor slices; *p,0.05; n = 7; a.u. = arbitrary units. (C) Tumor
volume (expressed in mm3) of human PC3-cRap1 xenografts. PC3-cRap1 cells were injected as xenografts at Day 0 and allowed to grow for 10 days
before a osmotic minipump containing the treatments was implanted for constant infusion (Day 10, pump). Tumors treated as indicated were
measured as described in Methods; *p,0.05; n = 8 for each group. (D) Tumor weight of human PC3-cRap1 xenografts. Tumors from panel C were
weighed at the end of the experiment (Day 38) and expressed in grams; *p,0.05; (n = 8).
doi:10.1371/journal.pone.0049893.g002

access food and water, hind limb mobility, normal breathing,
normal ambulation, and social behavior were evaluated. If an
animal appeared to be ill it was monitored for 24 hours and then
anesthetized with isoflurane and sacrificed by gaseous agent
followed by cervical dislocation. Animals were also euthanized on
the recommendation of the veterinarian or clinical staff. All
procedures were performed under ketamine/xylazine anesthesia,
and all efforts were made to minimize suffering.

Aldrich (St Louis, MO), myristoylated PKI was from Invitrogen
(Grand Island, NY), and antibodies to VASP or phosphoVASP
were from Cell Signaling (Boston, MA).

Ethics Statement
All procedures involving mice complied with the policies of the
University of Chicago Institutional Animal Care and Use
Committee (IACUC) and were approved by IACUC under the
protocol #1196. Mice were housed in the Vivarium in the Gordon
Center for Integrative Science at the University of Chicago in
dedicated rooms with ventilated cage with HEPA-filtered air (12hour light/dark cycle). Mice had full access to water and food.
Mice were monitored daily by the research staff. The ability to
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Xenograft Model of Human Prostate Cancer
Male athymic mice (15–20 g, 4–6 weeks of age, National
Cancer Institute, Frederick, MD) were inoculated subcutaneously
in the lower left flank with 1 6106 PC3 (PC3-GFP) or PC3-cRap1
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(PC3-cRap1A63E-GFP) prostate cancer cells suspended in 200 mL
of PBS. The mice were randomized for treatment with either PBS
or 2.5 mmol 8CPT, or 2.5 mmol H-89. For this purpose, mice were
anesthetized as described above and osmotic minipumps (Alzet
model 2004, Durect Corp, Cupertino, CA) were inserted
subcutaneously to infuse either PBS, 8CPT or H-89 for 28 days.
At the end of the treatment the animals were euthanized, tumors
were removed, weighted and processed for immunohistochemistry. Tumor volume was measured using the formula 21/2 6 l 6
w2 every other day, where l = length and w = width.

photographed with a video image analysis system (Scion, Inc.,
Frederick, MD). An automated cell imaging system was used to
quantify VEGF immunohistochemical staining. Capillary density
was calculated by counting vessels immunostained with CD31+.
At least 6 random fields were counted in a representative section.
Values are represented as means plus or minus SEM.

VEGF ELISA
Cells (56104) were plated in 24-well plates. When cells were 70–
80% confluent, they were treated as described above. Medium was
collected from the wells and VEGF levels were determined as per
manufacturer’s instructions for Human VEGF ELISA Development kits (PeproTech, Rocky Hill, NJ).

Immunohistochemistry
Mouse tumors were fixed with 4% paraformaldehyde for 24 h
and incubated in 70% ethanol for 48 h prior to paraffin
embedding. The embedded tumors were cut into five micron
thick sections and stained with hematoxylin and eosin to
determine morphology. Sections of tumors infused with 8CPT,
H-89 or PBS were immunostained for VEGF, CD31 or Ki67
using the labeled streptavidin-biotin method to measure cell
angiogenesis or proliferation. Stained sections were visualized and

RNA Isolation and Reverse Transcription/Real-time
Polymerase Chain Reaction
RNA was isolated from the cells using QIAshredder and
RNeasyR Minikit from Qiagen Biosciences and was subjected to
RT-PCR using high capacity cDNA reverse-transcriptase kit
(Applied Biosystems, Carlsbad, CA). Quantitative real-time
polymerase chain reaction (qPCR) was carried out using Gene
Expression Assays from Applied Biosystems and 2X master mix
from Applied Biosystems or ABGene on an Applied Biosystems
7300 in a StepOne Plus Real-Time PCR System. The results were
quantified as Ct values, where Ct is defined as the threshold cycle
of PCR at which amplified product is first detected, and defined as
relative gene expression (the ratio of target/control). All reactions
were performed in triplicate and normalized to GAPDH (Applied
Biosystems, Carlsabad, CA).

Preparation of Nuclear Extracts and Western Blotting
Sub-confluent PC3 and PC3-cRap1 cells were lysed in cold
nuclear buffer (10 mM HEPES, pH 7.9, 1.5 mM MgCl2, 0.5 mM
DTT, and 5% glycerol), containing complete protease inhibitors
(EMD Chemicals, Paulsboro, NJ). The preparation was centrifuged at 10,000 g for 15 min. The pellet was resuspended in 50 ml
of high salt buffer (10 mM HEPES, pH 7.9, 400 mM NaCl,
0.1 mM EDTA, 0.5 mM DTT, and 5% glycerol) and incubated
on ice for 20 min. After centrifugation at 14,000 g for 20 min, the
supernatant was collected and taken as the nuclear fraction and
stored at 280uC. Nuclear proteins (50 mg/well) from control and
8CPT treated cells under hypoxia-like conditions were separated
by 7.5% SDS-polyacrylamide gel electrophoresis and transferred
to nitrocellulose membranes (Amersham Pharmacia, Piscataway,
NJ). The membranes were incubated with primary antibody
overnight (HIF-1a, 1:500; Novus Biologicals, Inc., Littleton, CO)
followed by 1 h incubation with secondary anti-mouse antibody,
coupled to horseradish peroxidase (1:2500; Sigma, St. Louis, MO).
Chemiluminescent reagents were used to visualize the immunoreactive bands. a-tubulin (1:3000; Santa Cruz Biotechnology,
Santa Cruz, CA) served as the loading control.

siRNA Transfection
Epac siRNAs (ON-TARGETPlus siRNA, Dharmacon) at
100 nM were transfected into PC3 cells by electroporation (223
v for 23 msec). Cells were analysed 48 hrs after transfection.

Figure 3. Effect of 8CPT treatment on HIF-1a and VEGF in PC3
and PC3-cRap1 cells under hypoxic-like conditions. (A) VEGF
levels were measured by ELISA in PC3 and PC3-cRap1 cells under
hypoxic-like conditions (CoCl2) as described in Methods; *p,0.05,
(n = 3). (B) Immunoblot analysis of nuclear extracts from PC3 and PC3cRap1 cells treated as indicated. HIF-1a protein levels were determined
by immunoblotting with specific antibody; (C) Analysis of VEGF mRNA
levels by qPCR in PC3 and PC3-cRap1 cells treated as indicated. Data
were normalized to GAPDH levels; *p,0.05 (n = 3).
doi:10.1371/journal.pone.0049893.g003
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Rap1 Activity Assay
Rap1-GTP levels were measured using a Rap1 Activation Assay
Kit (Cell Biolabs, San Diego, CA) following the manufacturer’s
protocol.
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Neither constitutively expressed Rap1 (PC3-cRap1+PBS) nor
8CPT treatment alone (PC3+8CPT) significantly altered tumor
growth in PC3 xenografts (Fig. 1A, 1C). However, 8CPT
dramatically reduced tumor growth in PC3-cRap1 xenografts
(Fig. 1B, 1C). Analysis of tumor weights confirmed a .50%
decrease in tumors from PC3-cRap1 mice treated with 8CPT
(Fig. 1D). Both activated Rap1 and 8CPT treatment were
required for this effect, since no change in tumors was observed
in 8CPT-treated PC3 xenografts or PBS-treated Rap1 xenografts.

Statistical Analysis
Data were analyzed using GraphPad Prism v5 (GraphPad
Software, Inc.). Data are given as mean 6 SE and compared by ttest, Wilcoxon test and one- or two-way ANOVA, as appropriate,
followed by the relevant post-hoc t-test to determine p-values. A pvalue of ,0.05 was considered significant.

Results
8CPT Inhibits Xenograft Growth of Prostate Cells
Expressing Activated Rap1

8CPT Inhibits Angiogenesis in PC3-cRap1 Xenografts

To determine the effect of activated Rap1 on prostate tumor
growth, we injected athymic mice with PC3 cells expressing
constitutively activated Rap1A63E (PC3-cRap1) or treated with
the cAMP derivative 8CPT. For 8CPT delivery, the animals were
treated subcutaneously with either PBS or 8CPT using an osmotic
mini-pump. 8CPT was administered at a dose of 2.5 mmol over 28
days, based on a previous pilot study showing that this infusion
rate was well tolerated by the mice. During the infusion period, the
animals maintained normal food and water consumption and
showed no evidence of reduced motor function. No gross
pathologic abnormalities were observed in major organs, indicating a lack of toxic effects at the 8CPT dose given. The first day of
infusion was designated as Day 0, and the animals were sacrificed
after 28 days of treatment.

To monitor the effect of 8CPT on angiogenesis in the
prostate tumors, formalin-fixed tumor slices were immunostained with antibodies to CD31 and VEGF, an endothelial cell
marker and a proangiogenic factor, respectively. Intra-tumor
blood vessels (CD31+) were identified by vessel morphology and
counted (Fig. 2A). Tumors from the PC3 group of animals
infused with PBS or 8CPT had similar numbers of blood vessels
and levels of VEGF immunoreactivity (Fig. 2A, 2B). The overall
VEGF immunoreactivity in the PC3-cRap1 mouse tumors was
increased relative to the PC3 mouse tumors without significantly
affecting capillary density. Surprisingly, treatment with 8CPT,
when compared to PBS, dramatically reduced both the vessel
density and the VEGF immunoreactivity in PC3-cRap1 tumors.

Figure 4. Effect of SDF-1a on secreted VEGF in prostate cancer cells under hypoxic-like conditions. Cells were treated as indicated and
VEGF levels were measured by ELISA as described in Methods. (A and B) PC3 or PC3-cRap1 cells; *p,0.05, n = 3. (C and D) LNCaP or LNCaP-cRap1
cells; *p,0.05, n = 2.
doi:10.1371/journal.pone.0049893.g004
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Figure 5. Effect of PKA inhibitor and PKA activator on secreted VEGF in PC3-cRap1 and LNCaP-Rap1 cells under hypoxic-like
conditions. Cells were treated as indicated, and VEGF levels were measured by ELISA as described in Methods. (A) Reversal of 8CPT effects by H-89
in PC3-cRap1 cells; *p,0.05, n = 3. (B) Reversal of 6BzcAMP (6Bn) effects by H-89 in PC3-cRap1 cells; *p,0.05, n = 3. (C) Reversal of 8CPT effects by H89 in PC3-cRap1cells; *p,0.05, n = 3.
doi:10.1371/journal.pone.0049893.g005

before treatment with 8CPT via osmotic mini pumps (Fig. 2C).
Similar to the previous regimen, 8CPT treatment of pre-existing
tumors caused more than 43% reduction in tumor weight when
compared to PBS infused animals (Fig. 2D). Analysis of tumor
cell proliferation by immunostaining with Ki67 antibody showed
only a modest decrease following 8CPT treatment, suggesting
that the reduction in cell number is also due to cell loss (Fig.
S1). However, apoptosis alone is unlikely to be responsible, since
TUNEL staining did not show a significant difference (data not
shown). The results indicate that 8CPT not only acts to prevent
tumor growth but also reduces continued growth of pre-formed
tumors.

These results indicate that constitutively active Rap1 induces
VEGF production, and 8CPT antagonizes this effect. Furthermore, 8CPT reduces blood vessel formation, which may
contribute to the inhibition of prostate tumor growth in these
mice.

8CPT Reduces Continued Growth of Pre-formed Prostate
Tumors Expressing Rap1
In our initial experiments (Fig. 1), we injected PC3-cRap1
cells and treated with 8CPT on the same day (Day 0) to
prevent tumor growth. To determine whether 8CPT could also
block ongoing tumor cell growth, we injected PC3-cRap1 cells
into mice and allowed them to grow into a palpable tumor
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Figure 6. Effect of PKA inhibitor on tumor growth and angiogenesis in PC3-cRap1 xenografts. (A and B) The PKA inhibitor, H-89
(2.5 mmol), reversed tumor growth inhibition and tumor weight reduction mediated by 8CPT in PC3-cRap1 xenografts. PC3-cRap1 tumors from mice
infused with PBS, 8CPT, or H-89 were measured and tumor volume determined as described in Methods; * p,0.05; n = 8 for each treatment group. (C)
CD31 and VEGF immunoreactivity in PC3-cRap1 tumors treated as indicated. Immunostaining was measured as described in Methods. Upper Panels:
Representative photomicrographs. Lower Panels: Quantification of immunohistochemical staining of tumor slices; *p,0.05; n = 8 for each treatment
group; a.u. = arbitrary units.
doi:10.1371/journal.pone.0049893.g006

cRap1 tumors can be recapitulated in vitro by mimicking a hypoxic
environment.
HIF-1a is a heterodimeric transcription factor that is upregulated in hypoxic tumor cells and promotes angiogenesis by
enabling transcription of pro-angiogenic genes like VEGF [30].
To determine whether HIF-1a inhibition could be the mediator of
the 8CPT effect on VEGF levels, we analyzed HIF-1a protein
expression in nuclear extracts from PC3 and PC3-cRap1 cells
treated with 8CPT and CoCl2. As expected, a significant increase
in the level of HIF-1a protein was seen both in the PC3 and PC3cRap1 cells following CoCl2 treatment. However, HIF-1a protein
levels decreased when PC3-cRap1 cells but not PC3 cells were
pretreated with 8CPT (Fig. 3B). Consistent with this result, we
observed a significant decrease in VEGF mRNA only in PC3cRap1 cells treated with both CoCl2 and 8CPT (Fig. 3C).

8CPT Inhibits Angiogenic Inducers in PC3-cRap1 Cells
Under Hypoxic Conditions
To understand the mechanism by which 8CPT suppresses
VEGF in prostate tumor cRap1 xenografts, we developed cell
culture conditions to mimic this effect. Solid tumor cells often grow
under hypoxic conditions, and hypoxia promotes angiogenesis.
Therefore, we analyzed VEGF protein levels in media isolated
from cells pretreated overnight with 8CPT in reduced serum and
then further treated with CoCl2 for 6 hours to generate hypoxialike conditions. In PC3-cRap1 cells, 8CPT treatment decreased
VEGF production only under hypoxic-like conditions (CoCl2)
(Fig. 3A). By contrast, there was no marked reduction in VEGF
production in PC3 cells following 8CPT treatment with concurrent exposure to CoCl2 (Fig. 3A). These results suggest that the
8CPT-induced inhibition of VEGF expression observed in PC3-
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upstream of HIF-1a to reduce it expression levels (see Fig. 3B).
Finally, 8CPT pretreatment did not reduce constitutive Rap1
activity (Fig. S2), suggesting that it acts downstream of Rap1.
Taken together, the data suggest that 8CPT inhibits VEGF
protein production by inhibiting Rap1 or hypoxic induction of
HIF-1a.

8CPT Regulates VEGF Production via PKA in Prostate
Tumor Cells
Although 8CPT activates Rap1 via Epac in endothelial cells [8],
our present results indicate that 8CPT antagonizes activated Rap1
function in epithelial prostate tumor cells suggesting that a
different mechanism is responsible. Consistent with this hypothesis, partial depletion of Epac1 and Epac2 by siRNAs did not have
any effect on secreted VEGF in PC3-cRap1 cells (Fig. S5)
although we cannot rule out a role for Epac.
8CPT can activate PKA although its affinity for Epac is 107fold greater [19,33]. To test this possibility, we determined
whether 8CPT stimulates PKA in PC3 and PC3-cRap1 cells
using VASP phosphorylation as an indicator of PKA activation.
8CPT activated PKA similar to 6-Benzoyl-cAMP (6BzcAMP), a
more selective PKA activator (Fig. S6). We then examined the
ability of two PKA inhibitors, H-89 or PKI, to reverse the
inhibition of VEGF production mediated by 8CPT. Treatment
of PC3-cRap1 cells exposed to CoCl2 and 8CPT with the PKA
inhibitors partially rescued the inhibition of VEGF production
in PC3-cRap1 cells (Fig. 5A; Fig. S7). Furthermore, 6BzcAMP
mimicked 8CPT by inhibiting VEGF production in PC3-cRap1
cells under hypoxic conditions, and this inhibition was partially
reversed by H-89 or PKI (Fig. 5B; Fig. S8). Taken together,
these results suggest that 8CPT acts as an inhibitor of proangiogenic factors in hypoxic Rap1-stimulated prostate tumor
cells via PKA activation.
To test this mechanism in prostate tumors, we determined
whether PKA inhibition could reverse the tumor growth and
angiogenesis inhibition mediated by 8CPT in vivo. Following
injection of athymic mice with actively proliferating PC3-cRap1
cells, the animals were treated subcutaneously with PBS, 8CPT, or
H-89+8CPT using osmotic mini-pumps. As observed previously in
mice injected with PC3-cRap1 cells, the tumors increased in size
over time but tumor growth was significantly reduced upon
treatment with 8CPT (Fig. 6A). However, simultaneous treatment
with 8CPT and H-89 reversed the tumor growth inhibition caused
by 8CPT in PC3-cRap1 xenografts. Similarly, the 65% decrease
in tumor weight of 8CPT-treated animals was rescued by
concurrent treatment with H-89 (Fig. 6B). Finally, as shown in
Fig. 6C, immunohistochemical analysis of CD31 and VEGF
protein expression in sections from mice infused with PBS, 8CPT,
or H-89+8CPT indicated that the PKA inhibitor H-89 also
reversed the reduction in CD31 and VEGF immunoreactivity
mediated by 8CPT in the PC3-cRap1 xenografts. Taken together,
these results indicate that PKA inhibition could reverse the tumor
growth inhibition and angiogenesis inhibition mediated by 8CPT
in vivo.

Figure 7. Schematic depicting interplay between Rap1 and PKA
in the tumor microenvironment.
doi:10.1371/journal.pone.0049893.g007

8CPT Regulates VEGF Production in Prostate Cell Lines
Treated with a Physiologic Activator of Rap1
Rap1 is activated by a number of endogenous factors including
Stromal Derived Factor 1a (SDF-1a), a chemokine that binds to
the CXCR4 receptor and facilitates homing of bone marrowderived cells [31,32]. As shown previously [31], treatment of PC3
cells with SDF-1a for 20 minutes markedly increased the level of
activated endogenous Rap1-GTP (Fig. S2). We did not observe
elevated levels of endogenous Rap1-GTP in either PC3 or PC3cRap1 cells following overnight treatment of cells with 8CPT.
These results indicate that either acute SDF-1a treatment or
constitutive Rap1 activation but not sustained 8CPT treatment
leads to elevated Rap1 activity in prostate tumor cells.
To determine whether Rap1 activated in response to SDF-1a
acts similarly to constitutively activated Rap1, we investigated the
effect of SDF-1a and 8CPT on secreted VEGF. SDF-1a induced
VEGF production in PC3 cells when compared to untreated PC3
cells (Fig. 4A), and this induction was blocked in PC3 cells
expressing Rap1GAP, a Rap1 GTPase that inactivates Rap1 (Fig.
S3). Additionally, treatment with CoCl2 induced further VEGF
production in SDF-1a-stimulated PC3 cells, similar to CoCl2
treatment of PC3-cRap1 cells (Fig. 4A, 4B). As with PC3-cRap1
cells, 8CPT reversed the induction of VEGF production in SDF1a-treated PC3 cells under hypoxic conditions.
Similar results were also observed in a less aggressive, androgendependent prostate tumor cell line, LNCaP, that either was treated
with SDF-1a or with stably expressed constitutive Rap1 (Fig. 4C,
4D). These results indicate that the regulation of VEGF
production by 8CPT under hypoxic conditions is not limited to
one cell type and is observed in response to physiological as well as
constitutive activation of Rap1.

8CPT Regulates VEGF Production Downstream of Rap1
To understand the role of Rap1 activation in the regulation of
VEGF production, similar studies involving 8CPT or CoCl2
treatment were conducted in unstimulated or SDF-1a-stimulated
PC3 cells that stably express Rap1GAP. Overall, the VEGF levels
were reduced as a result of Rap1GAP expression (Fig. S4).
Although induction due to SDF-1a was entirely suppressed, CoCl2
still stimulated VEGF production in the presence of Rap1GAP,
consistent with HIF-1a stabilization. Furthermore, overnight
pretreatment with 8CPT still reduced CoCl2-stimulated VEGF
production, consistent with our observation that 8CPT acts
PLOS ONE | www.plosone.org

Discussion
Utilizing a combination of analyses from both in vitro and
in vivo systems, our study provides evidence that a novel
interplay between Rap1, Epac, and PKA regulates tumormicroenvironment induction of angiogenesis. We showed
previously that sustained activation of Rap1 by 8CPT/Epac
or cRap1 inhibits endothelial cell chemotaxis and angiogenesis
[8,9]. To test the importance of Rap1 activation in a prostate
8
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growth. Our results show an anti-angiogenic role for PKA in
prostate tumor cells and these results complement a previous
study showing that PKA also suppresses smooth muscle [43]
and blood vessel growth [24]. The effect of 8CPT is consistent
with those of other anti-angiogenic inhibitors that do not kill
tumor cells but act to prevent growth. Treatment of cells with
8CPT in combination with chemotherapeutic agents or other
toxic drugs could be a potent treatment regimen. To avoid
potential complications from this approach, future studies could
be directed at more specific targeting of 8CPT or the
identification of drugs that mimic its effects by targeting
selected downstream effectors of PKA.

tumor xenograft model, we analyzed the effects of 8CPT or
cRap1 on PC3 cells. 8CPT had no effect on tumor growth in
parental PC3 cells but significantly reduced not only tumor size
but also VEGF and angiogenesis in animals injected with PC3
cells expressing cRap1. Surprisingly, 8CPT inhibited VEGF
induction and prostate tumor growth by a mechanism involving
PKA rather than Epac/Rap1 activation. Our results indicate
that Rap1 activation in prostate tumor cells promotes angiogenesis under hypoxic-like conditions via HIF-1a and VEGF,
and PKA activation antagonizes this induction (see scheme
depicted in Fig. 7). In addition, our studies suggest that
endothelial cells preferentially activate Epac in response to
sustained 8CPT treatment whereas prostate epithelial cells
preferentially activate PKA.
Both Rap1 and PKA have been linked previously to cancer in a
prostate epithelial cell model. Androgen-dependent and -independent prostate cancer cell lines express endogenous Rap1 [31,34].
Rap1 is activated by a variety of growth factors including plateletderived growth factor (PDGF), epidermal growth factor (EGF),
endothelin, and lysophosphatidic acid (LPA) through different
mechanisms including cAMP activation of Epac [35]. Treatment
of LNCaP but not PC3 prostate cancer cells with forskolin or
cAMP causes Rap1 phosphorylation and activation by protein
kinase A (PKA) [36], and activated Rap1 has been shown to
induce the MAPK pathway by stimulating B-Raf [37,38].
However, the results we describe here suggest that a different
mechanism is responsible for the observed effects. First, we see the
effects in both LNCaP and PC3 cells. Furthermore, rather than
potentiating Rap1 activity, PKA acts in an antagonistic fashion to
suppress Rap1-induced VEGF production.
Rap1 has been implicated in the progression of tumorigenesis
largely through regulation of cell adhesion and cell-cell junctions.
For example, Rap1 promotes invasion and metastasis in PC3 cells
via regulation of the integrins a4b3 and avb3 [31]. By contrast, a
recent study reported that 8CPT inhibits cell migration in prostate
cancer cells via activation of Epac [39]. Our results suggest that
this effect could be due in part to PKA activation by 8CPT, an
interpretation consistent with the observed antagonism between
Rap1 and PKA in prostate tumor cells. Our results also suggest
that activated Rap1 in prostate tumor cells sensitizes the cells to
inhibition of HIF-1a activity by PKA. Whether this mechanism
involves signaling through an integrin receptor or another
mechanism remains to be determined.
A recent study based on Rap1 knockout mouse models reported
that Rap1b induces angiogenesis in endothelial cells via VEGFR2
activation by an integrin-dependent mechanism [40]. This result is
consistent with regulation of cell adhesion [41] and cell-cell
junctions [42] by Rap1 during development. The results we
reported previously using human endothelial xenografts [8]
suggest that nonphysiological stimulation of Rap1 in endothelial
cells by expression of a constitutively activated Rap1 mutant or
Epac activation by prolonged 8CPT treatment can actually
suppress angiogenesis. This model could be relevant to the tumor
microenvironment since elevated SDF-1a levels can lead to
constitutive Rap1 activation. In the present study we show that
Rap1 in epithelial prostate tumor cells promotes VEGF production and is therefore pro-angiogenic. However, in this case, 8CPT
again appears to inhibit angiogenesis by a mechanism involving
suppression of VEGF production in the tumor cells by PKA. Thus,
drug treatments involving the cAMP pathway can coordinately
inhibit angiogenesis via both epithelial tumor and endothelial cell
types.
Our data suggests that the activation of PKA in Rap1activated prostate tumor cells can prevent or block tumor
PLOS ONE | www.plosone.org

Supporting Information
Figure S1 Ki67 staining of PC3-Rap1 tumors treated
with control buffer (PBS) or 8CPT. Tumors from Fig. 1 were
isolated, fixed, and stained for immunohistochemistry using an
anti-Ki67 antibody. Positive cells were counted in 6 random fields
and the average number of positive cells/field plotted.
(PDF)
Figure S2 Effects of SDF-1a and 8CPT on Rap1 activation. Rap1 activation was assayed by a Rap1-GTP assay. Either
PC3 or PC3-cRap1 cells were treated with PBS (Con), SDF-1a
(200 ng/ml for 20 minutes) or 8CPT overnight. Rap1-GTP was
isolated by pulldown assay as described in Methods. GTPcS was
added as a positive control for Rap1-GTP (GTPcS) formation as
indicated.
(PDF)
Figure S3 Effect of Rap1GAP on VEGF secretion in PC3

cells. PC3 cells were stably transfected with Rap1GAP as
previously described (7) and then assayed for VEGF protein levels
by ELISA as described in Methods.
(PDF)
Figure S4 Effect of Rap1GAP on VEGF secretion in PC3

cells treated with 8CPT, SDF-1a or hypoxic-like conditions. PC3 cells were stably transfected with Rap1GAP as in
Figure S3. Cells were then treated with 8CPT, SDF-1a or CoCl2
as described in Methods and secreted VEGF protein was
measured.
(PDF)
Figure S5 Effect of siRNA depletion of Epac1 and Epac2
on VEGF secretion in PC3-cRap1 cells. PC3-cRap1 cells
were transfected with control siRNAs (siCon) or siRNAs for Epac1
(siEpac1) and Epac2 (siEpac2) 48 hours prior to treatment with
8CPT and/or CoCl2. Left panel: secreted VEGF levels were
assayed by ELISA in the absence or presence of siRNA for Epac1
and Epac2 (siEpac1+2). Right panel: immunoblots of cell lysates
resolved by SDS PAGE. Samples were probed with anti-Epac1 or
anti-Epac2 antibody or with tubulin.
(PDF)
Figure S6 Activation of PKA in PC3 and PC3-cRap1
cells. Cells were treated with PBS (Con), 8CPT or 6BzcAMP
(6Bn) overnight and then incubated in the presence or absence of
CoCl2 as described in Methods. PKA activation was assayed by
phosphorylation of VASP. Cell lysates were immunoblotted with
anti-phosphoVASP or anti-tubulin antibodies.
(PDF)
Figure S7 8CPT inhibits secreted VEGF levels and

myristoylated PKI reverses it. PC3-cRap1 cells were
untreated or exposed to 8CPT overnight and/or treated with
9
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CoCl2. Prior to CoCl2 administration, cells were pretreated with
either buffer or myristoylated PKI as described for H89.
(PDF)

Acknowledgments
We thank Carrie Rinker-Schaeffer, Donald J. Vander Griend, Nicholas
Dulan and particularly Eva M. Eves for helpful comments.

Figure S8 6BzcAMP inhibits secreted VEGF levels and

myristoylated PKI reverses it. PC3-cRap1 cells were
untreated or exposed to 6BzcAMP (6Bn) overnight or treated
with CoCl2 as described in Methods. Prior to CoCl2 administration, cells were pretreated with either buffer or myristoylated PKI.
(PDF)

Author Contributions
Conceived and designed the experiments: JM RCD MRR. Performed the
experiments: JM RCD SG. Analyzed the data: JM RCD. Contributed
reagents/materials/analysis tools: KMR. Wrote the paper: JM EB MR.

References
1. Bolstad BM, Irizarry RA, Astrand M, Speed TP (2003) A comparison of
normalization methods for high density oligonucleotide array data based on
variance and bias. Bioinformatics 19: 185–193.
2. Carmeliet P (2005) Angiogenesis in life, disease and medicine. Nature 438: 932–
936.
3. Carmeliet P, Jain RK (2000) Angiogenesis in cancer and other diseases. Nature
407: 249–257.
4. Carmeliet P, Tessier-Lavigne M (2005) Common mechanisms of nerve and
blood vessel wiring. Nature 436: 193–200.
5. Chrzanowska-Wodnicka M, Kraus AE, Gale D, White GC 2nd, Vansluys J
(2008) Defective angiogenesis, endothelial migration, proliferation, and MAPK
signaling in Rap1b-deficient mice. Blood 111: 2647–2656.
6. Carmona G, Gottig S, Orlandi A, Scheele J, Bauerle T, et al. (2009) Role of the
small GTPase Rap1 for integrin activity regulation in endothelial cells and
angiogenesis. Blood 113: 488–497.
7. Chrzanowska-Wodnicka M (2010) Regulation of angiogenesis by a small
GTPase Rap1. Vascul Pharmacol 53: 1–10.
8. Doebele RC, Schulze-Hoepfner FT, Hong J, Chlenski A, Zeitlin BD, et al.
(2009) A novel interplay between Epac/Rap1 and mitogen-activated protein
kinase kinase 5/extracellular signal-regulated kinase 5 (MEK5/ERK5) regulates
thrombospondin to control angiogenesis. Blood 114: 4592–4600.
9. Hong J, Doebele RC, Lingen MW, Quilliam LA, Tang WJ, et al. (2007) Anthrax
edema toxin inhibits endothelial cell chemotaxis via Epac and Rap1. J Biol
Chem 282: 19781–19787.
10. Spindler V, Schlegel N, Waschke J (2010) Role of GTPases in control of
microvascular permeability. Cardiovascular research 87: 243–253.
11. Yan J, Li F, Ingram DA, Quilliam LA (2008) Rap1a is a key regulator of
fibroblast growth factor 2-induced angiogenesis and together with Rap1b
controls human endothelial cell functions. Molecular and cellular biology 28:
5803–5810.
12. Awasthi A, Samarakoon A, Chu H, Kamalakannan R, Quilliam LA, et al.
(2010) Rap1b facilitates NK cell functions via IQGAP1-mediated signalosomes.
The Journal of experimental medicine 207: 1923–1938.
13. Chu H, Awasthi A, White GC 2nd, Chrzanowska-Wodnicka M, Malarkannan S
(2008) Rap1b regulates B cell development, homing, and T cell-dependent
humoral immunity. Journal of immunology 181: 3373–3383.
14. Duchniewicz M, Zemojtel T, Kolanczyk M, Grossmann S, Scheele JS, et al.
(2006) Rap1A-deficient T and B cells show impaired integrin-mediated cell
adhesion. Molecular and cellular biology 26: 643–653.
15. Gueders MM, Foidart JM, Noel A, Cataldo DD (2006) Matrix metalloproteinases (MMPs) and tissue inhibitors of MMPs in the respiratory tract: potential
implications in asthma and other lung diseases. Eur J Pharmacol 533: 133–144.
16. Li J, O’Connor KL, Cheng X, Mei FC, Uchida T, et al. (2007) Cyclic adenosine
5’-monophosphate-stimulated neurotensin secretion is mediated through Rap1
downstream of both Epac and protein kinase A signaling pathways. Molecular
endocrinology 21: 159–171.
17. Li Y, Yan J, De P, Chang HC, Yamauchi A, et al. (2007) Rap1a null mice have
altered myeloid cell functions suggesting distinct roles for the closely related
Rap1a and 1b proteins. Journal of immunology 179: 8322–8331.
18. Zhang G, Xiang B, Ye S, Chrzanowska-Wodnicka M, Morris AJ, et al. (2011)
Distinct roles for Rap1b protein in platelet secretion and integrin alphaIIbbeta3
outside-in signaling. J Biol Chem 286: 39466–39477.
19. Holz GG, Chepurny OG, Schwede F (2008) Epac-selective cAMP analogs: new
tools with which to evaluate the signal transduction properties of cAMPregulated guanine nucleotide exchange factors. Cell Signal 20: 10–20.
20. Dormond O, Bezzi M, Mariotti A, Ruegg C (2002) Prostaglandin E2 promotes
integrin alpha Vbeta 3-dependent endothelial cell adhesion, rac-activation, and
spreading through cAMP/PKA-dependent signaling. J Biol Chem 277: 45838–
45846.
21. Dormond O, Ruegg C (2003) Regulation of endothelial cell integrin function
and angiogenesis by COX-2, cAMP and Protein Kinase A. Thromb Haemost
90: 577–585.

PLOS ONE | www.plosone.org

22. Kim G, Choe Y, Park J, Cho S, Kim K (2002) Activation of protein kinase A
induces neuronal differentiation of HiB5 hippocampal progenitor cells. Brain
Res Mol Brain Res 109: 134–145.
23. Kim S, Bakre M, Yin H, Varner JA (2002) Inhibition of endothelial cell survival
and angiogenesis by protein kinase A. The Journal of clinical investigation 110:
933–941.
24. Szkudlarek M, Bosio RM, Wu Q, Chin KV (2009) Inhibition of angiogenesis by
extracellular protein kinase A. Cancer Lett 283: 68–73.
25. Tortora G, Caputo R, Damiano V, Melisi D, Bianco R, et al. (2003)
Combination of a selective cyclooxygenase-2 inhibitor with epidermal growth
factor receptor tyrosine kinase inhibitor ZD1839 and protein kinase A antisense
causes cooperative antitumor and antiangiogenic effect. Clin Cancer Res 9:
1566–1572.
26. Tortora G, Ciardiello F (2003) Antisense targeting protein kinase A type I as a
drug for integrated strategies of cancer therapy. Ann N Y Acad Sci 1002: 236–
243.
27. Hashimoto A, Miyakoda G, Hirose Y, Mori T (2006) Activation of endothelial
nitric oxide synthase by cilostazol via a cAMP/protein kinase A- and
phosphatidylinositol 3-kinase/Akt-dependent mechanism. Atherosclerosis 189:
350–357.
28. Volpert OV, Pili R, Sikder HA, Nelius T, Zaichuk T, et al. (2002) Id1 regulates
angiogenesis through transcriptional repression of thrombospondin-1. Cancer
Cell 2: 473–483.
29. Nishiyama K, Takaji K, Uchijima Y, Kurihara Y, Asano T, et al. (2007) Protein
kinase A-regulated nucleocytoplasmic shuttling of Id1 during angiogenesis. J Biol
Chem 282: 17200–17209.
30. Mazzone M, Dettori D, Leite de Oliveira R, Loges S, Schmidt T, et al. (2009)
Heterozygous deficiency of PHD2 restores tumor oxygenation and inhibits
metastasis via endothelial normalization. Cell 136: 839–851.
31. Bailey CL, Kelly P, Casey PJ (2009) Activation of Rap1 promotes prostate
cancer metastasis. Cancer research 69: 4962–4968.
32. Taichman RS, Cooper C, Keller ET, Pienta KJ, Taichman NS, et al. (2002) Use
of the stromal cell-derived factor-1/CXCR4 pathway in prostate cancer
metastasis to bone. Cancer Res 62: 1832–1837.
33. Bos JL (1998) All in the family? New insights and questions regarding
interconnectivity of Ras, Rap1 and Ral. EMBO J 17: 6776–6782.
34. Bigler D, Gioeli D, Conaway MR, Weber MJ, Theodorescu D (2007) Rap2
regulates androgen sensitivity in human prostate cancer cells. Prostate 67: 1590–
1599.
35. Zwartkruis FJ, Wolthuis RM, Nabben NM, Franke B, Bos JL (1998)
Extracellular signal-regulated activation of Rap1 fails to interfere in Ras effector
signalling. EMBO J 17: 5905–5912.
36. Chen T, Cho RW, Stork PJ, Weber MJ (1999) Elevation of cyclic adenosine
39,59-monophosphate potentiates activation of mitogen-activated protein kinase
by growth factors in LNCaP prostate cancer cells. Cancer Res 59: 213–218.
37. Kitayama H, Sugimoto Y, Matsuzaki T, Ikawa Y, Noda M (1989) A ras-related
gene with transformation suppressor activity. Cell 56: 77–84.
38. Stork PJ (2003) Does Rap1 deserve a bad Rap? Trends Biochem Sci 28: 267–
275.
39. Grandoch M, Rose A, ter Braak M, Jendrossek V, Rubben H, et al. (2009) Epac
inhibits migration and proliferation of human prostate carcinoma cells.
Br J Cancer 101: 2038–2042.
40. Lakshmikanthan S, Sobczak M, Chun C, Henschel A, Dargatz J, et al. (2011)
Rap1 promotes VEGFR2 activation and angiogenesis by a mechanism involving
integrin alphavbeta(3). Blood 118: 2015–2026.
41. Bos JL (2005) Linking Rap to cell adhesion. Curr Opin Cell Biol 17: 123–128.
42. Kooistra MR, Dube N, Bos JL (2007) Rap1: a key regulator in cell-cell junction
formation. J Cell Sci 120: 17–22.
43. Hewer RC, Sala-Newby GB, Wu YJ, Newby AC, Bond M (2011) PKA and
Epac synergistically inhibit smooth muscle cell proliferation. J Mol Cell Cardiol
50: 87–98.

10

November 2012 | Volume 7 | Issue 11 | e49893

