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Abstract
We recently showed that arachidonic acid (AA) triggers calcium signals in endothelial cells derived from
human breast carcinoma (B-TEC). In particular, AA-dependent Ca2+ entry is involved in the early steps of
tumor angiogenesis in vitro. Here, we investigated the multiple roles of the nitric oxide (NO) and cyclic
AMP/protein kinase A (PKA) pathways in AA-mediated Ca2+ signaling in the same cells. B-TEC stimulation
with 5 μmol/L AA resulted in endothelial NO synthase (NOS) phosphorylation at Ser1177, and NO release
was measured with the fluorescent NO-sensitive probe DAR4M-AM. PKA inhibition by the use of the membrane-permeable PKA inhibitory peptide myristoylated PKI14-22 completely prevented both AA- and NOinduced calcium entry and abolished B-TEC migration promoted by AA. AA-dependent calcium entry
and cell migration were significantly affected by both the NOS inhibitor NG-nitro-L-arginine methyl ester
and the NO scavenger 2-phenyl-4,4,5,5-tetramethylimidazoline-1-oxyl 3-oxide, suggesting that NO release
is functionally involved in the signaling dependent on AA. Moreover, pretreatment with carboxyamidotriazole, an antiangiogenic compound that interferes with agonist-activated calcium entry, prevented AA-dependent B-TEC motility. Interestingly, even in the absence of AA, enhancement of the cyclic AMP/PKA pathway
with the adenylyl cyclase activator forskolin evoked a calcium entry dependent on NOS recruitment and NO
release. The functional relevance of AA-induced calcium entry could be restricted to tumor-derived endothelial cells (EC) because AA evoked a smaller calcium entry in normal human microvascular ECs compared
with B-TECs, and even more importantly, it was unable to promote cell motility in wound healing assay.
This evidence opens an intriguing opportunity for differential pharmacologic treatment between normal and
tumor-derived human ECs. Mol Cancer Res; 8(11); 1466–76. ©2010 AACR.

Introduction
Angiogenic growth factors, such as basic fibroblast
growth factor and vascular endothelial growth factor
(VEGF), trigger a signaling cascade involving activation
of specific tyrosine kinase receptors and recruitment of cell
effectors, including PLC-γ, endothelial nitric oxide
synthase (eNOS), and PLA2, leading to the production
of IP3, nitric oxide (NO), arachidonic acid (AA), and their
metabolites (1, 2). These pathways promote store-operated
and non–store-operated Ca2+ entry (SOCE and NSOCE,
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respectively) from extracellular medium into endothelial
cells (EC; refs. 3, 4).
In particular, we previously reported the ability of AA to
trigger a NSOCE in bovine aortic ECs (BAEC), playing a
critical role in the control of proliferation (1, 2, 5-7).
Because blood vessels in tumors differ from normal ones
by their altered morphology, blood flow, permeability, and
abnormalities in pericytes and in basement membrane,
several groups have recently focused their attention on
tumor-derived ECs (TEC) as a more adequate model to
study tumor angiogenesis (8). Interestingly, TECs display
a distinct and unique phenotype different from that of normal vascular ECs at molecular and functional levels (9-11).
Recently, TECs obtained from breast carcinomas (B-TEC)
have been established and characterized, showing an
immature proangiogenic phenotype with enhanced proliferation, motility, and capillary-like tube formation compared
with “normal” ECs (10, 12). Therefore, they represent an
interesting model to investigate the role of different factors
in the tumoral angiogenic process.
We have recently studied the role of AA-induced cytosolic calcium (Cac) signals in the angiogenic process of

Mol Cancer Res; 8(11) November 2010

Downloaded from mcr.aacrjournals.org on November 14, 2019. © 2010 American Association for Cancer
Research.

Published OnlineFirst September 24, 2010; DOI: 10.1158/1541-7786.MCR-10-0002
PKA Regulates AA-Activated Calcium Entry

B-TECs (5). AA induces B-TEC proliferation and increases capillary-like formation in vitro. Notably, calcium
entry promoted by the fatty acid is specifically detected
in the early stages of tubule organization and downregulated in the later phases of capillary-like organization.
The use of the antiangiogenic agent carboxyamidotriazole (CAI) reduces AA-induced Cac signals and completely prevents AA-induced in vitro tubulogenesis (5).
It is well known that NO release, produced by NO
synthases (NOS), mediates angiogenesis (13, 14). NO
exposure increases DNA synthesis, proliferation, and migration of ECs. NO mediates the function of many angiogenic factors and interferes with their expression.
Furthermore, NO, through cyclic guanosine 3′,5′-monophosphate (cGMP)–dependent and cGMP-independent
pathways, is able to regulate different types of calciumpermeable channels in ECs (1, 2, 4, 13-20). In this context,
we previously reported a crosstalk between arachidonateactivated calcium signals and NO metabolism (6). Both
AA and NO actually induce a NSOCE in BAECs (1, 2,
5-7); in the same cells, AA promotes NO release even in
the absence of calcium entry, giving rise to a complex signaling pathway for NSOCE regulation (6).
Here, we tested the modulation of AA-dependent calcium entry by NO in B-TECs, focusing our attention
on the role of the cyclic AMP (cAMP)/protein kinase
A (PKA) pathway. PKA regulates eNOS activity through
serine phosphorylation, and it has been recently reported
that forskolin, a widely used adenylyl cyclase activator, is
able to trigger proangiogenic effects through the PI3K,
Akt, and eNOS pathways in human umbilical vascular
ECs (21, 22). In addition, it is worth noting that a
number of different endothelial calcium-permeable channels are substrates for PKA phosphorylation, including
some members of the transient receptor potential
(TRP) superfamily of proteins. Interestingly, some of
them (including TRPV1 and TRPV4) are also regulated
by AA and its metabolites, as well as by NO through
S-nitrosylation (23-26).

Materials
Calcium and NO probes (fura-2-AM and DAR4M-AM)
were purchased from Molecular Probes, Inc. Unless otherwise specified, all other reagents were obtained from Sigma.
Calcium imaging
For ratiometric Cac measurements, cells were loaded
with the acetoxymethyl ester form of fura-2 (2.5 μmol/L
fura-2-AM, 45 minutes at 37°C) and imaged at 0.8-second
intervals using a monochromator system attached to a
TE-2000 Nikon inverted microscope with a Fluor 20× objective. Images were acquired using an enhanced chargecoupled device camera and Metafluor software (Universal
Imaging Corporation; Crisel Instruments).
B-TECs were seeded on glass gelatin-coated coverslips at
a density of 5,000 cells/cm2 in DMEM containing 5%
FCS 1 to 2 days before the experiments.
During the experiments, B-TECs were maintained in
standard Tyrode solution of the following composition
(in mmol/L): NaCl, 154; KCl, 4; CaCl2, 2; MgCl2, 1;
HEPES, 5; glucose, 5.5; NaOH to pH 7.35. Cells were
continuously bathed with a microperfusion system (inner
pipette diameter, 250 μm); for experiments in calcium-free
conditions, the external solution was modified by omitting
the CaCl2 salt from the formulation and adding the calcium chelator EGTA (5 mmol/L). ΔR is a measure of calcium response amplitude and is calculated as the difference
between R at the peak of the response and R before agonist
application.

Materials and Methods

NO measurements
Cells were loaded with DAR4M-AM (5 μmol/L, 30
minutes at 37°C) and excited at 568 nm. Emission signals
were filtered by 610-nm band pass filters and detected with
the scanning head.
Confocal fluorimetric measurements were done using an
Olympus Fluoview 200 laser scanning confocal system
(Olympus America, Inc.) mounted on an inverted IX70
Olympus microscope, equipped with a 60× oil-immersion
objective (numerical aperture, 0.17). X-Y plane images
(resolution, 800 × 600 pixels) were acquired every 1.6 seconds and stored in the multi TIFF file format.

Cell cultures
Tumor-derived ECs were obtained from breast lobularinfiltrating carcinoma (B-TEC). ECs were isolated, using
anti-CD105 antibody coupled to magnetic beads, by magnetic cell sorting using the MACS system (Miltenyi Biotec)
and grown in complete EBM (Cambrex) supplemented
with 10% FCS (Cambrex), 50 μg/mL gentamicin (Cambrex), and 2 mmol/L glutamine (Cambrex) as previously
described (10). Cells were used at passages 3 to 15. Moreover, periodically, cells were characterized by the morphology and expression of a panel of endothelial antigens such as
CD105, CD31, Muc-18 (CD146), CD44, and VEGF receptor 2 (KDR: ref. 10). Adult human dermal microvascular ECs (HMEC) were purchased from Lonza and grown in
EGM 2-MV medium (Lonza).

Wound healing assays
Cell motility was investigated as migration of cells into a
wound introduced in a confluent monolayer. B-TECs were
grown to confluence on 12-well culture plates coated with
1% gelatin. Cell monolayers were allowed to rest for 12
hours in DMEM containing 2% FCS, and a “wound”
was made under standard conditions by scraping the middle of the cell monolayer with a P10 pipette tip. Floating
cells were removed by washing with PBS, and the cell
monolayer was treated with test conditions (see Results).
Cells did not undergo any significant degree of cell division
during the experiments. Experiments were done using a
Nikon T-E microscope with a 4× objective. Cells were kept
at 37°C and 5% CO2 for all experiments; a photo was taken every 2 hours using Metamorph software. Cell motility
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into a wound was measured with ImageJ software and was
expressed as percentage of cell migration. At least three
fields for each condition were analyzed in each independent experiment. At least three independent experiments
were done for each experimental condition.
Microchemotaxis assay
The assay was done using a 48-well Boyden's microchemotaxis chamber according to the manufacturer's instruction (Neuro Probe). Briefly, cells grown in complete
EBM to subconfluence were suspended (2 × 105 cells/
50 μL) in serum-free DMEM containing 0.25% bovine serum albumin and placed in the open-bottom wells of the
upper compartment of Boyden's chamber. The lower
compartment of the chamber was loaded with
10 nmol/L oxytocin, 100 ng/mL VEGF, 5 μmol/L AA,
or control medium. Each pair of wells was separated by a
polyvinylpyrrolidone-free polycarbonate porous membrane (8-μm pores) precoated with gelatin (0.2 mg/mL
in PBS). The chamber was then kept overnight in the cell
culture incubator. At the end of the incubation period,
the cells that migrated through the pores and adhered
to the underside of the membrane were fixed and stained
with the Diff-Quick kit (Biomap) and then mounted onto glass slides. Chemokinesis (the stimulation of increased
random cell motility) was distinguished from chemotaxis
by placing the same concentration of AA in both the upper and lower wells of the chamber, thereby eliminating
the chemical gradient.
For quantitative analysis, the membranes were observed
under a Nikon microscope using a 20× objective. Five
random fields of stained cells were counted for each well,
and the mean number of migrating cells was calculated.
Numbers in the text and figures are expressed as percent
of control for clarity.
Protein extraction and Western blot analysis
B-TECs were grown in EBM containing 10% FCS until
80% confluent. Cells were detached and suspended in
ice-cold PBS containing the following protease inhibitors:
2 μg/mL aprotinin, 1 mmol/L Na orthovanadate, 0.1
mmol/L phenylmethylsulfonyl fluoride, and 10 mmol/L

FIGURE 1. Effects of cAMP/PKA on AA-induced calcium entry in
B-TECs. Representative traces showing Cac signals activated by 5 μmol/L
AA either in control conditions (black line) or in cells pretreated for
10 min with 20 μmol/L PKI (gray line).
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Table 1. Statistics of responsive B-TECs in
terms of intracellular calcium increase (probe
FURA-2 AM) in different experiment conditions
Treatment

AA
AA + PKI
AA + L-NAME
AA + PTIO
L-Arg
SNP
SNP + PKI
SNP (free Caout)
SNAP
SNAP (free Caout)
Forskolin
Forskolin (free Caout)
Forskolin + L-NAME
Forskolin + PKI

% Responsive cells
(Cac increase)
100
1
98
89
100
58
16
0
64
0
98
77
6
2

NOTE: For further details, please see Results section.

NaF. Cells were centrifuged for 15 minutes at 1,000 × g
and resuspended in lysis buffer containing 100 mmol/L
Tris-HCl (pH 8.0), 1 mmol/L MgCl2 in the presence of
protease inhibitors and frozen at −80°C for at least 2 hours
before use. Cells were subjected to one freeze-thaw cycle in
the lysis buffer mixed with 2× sucrose solution to give a final
concentration of 250 mmol/L sucrose and then homogenized by passing through a syringe tip. Protein concentration was determined using the Quanti-iT protein assay
(Invitrogen) following the manufacturer's instructions.
Conditions for SDS-PAGE and Western blotting were
as described previously (27). Polyvinylidene difluoride
membranes were blocked and incubated for 1 hour with
rabbit IgG anti-eNOS phosphorylated at Ser1179 of the
bovine eNOS (corresponding to human Ser1177) antibody (Zymed, Invitrogen). The membrane was washed
with TBS containing 0.1% Tween 20, incubated as required with horseradish peroxidase–conjugated antimouse
IgG antibody or horseradish peroxidase–conjugated antirabbit IgG antibody (Amersham), washed, treated with
SuperSignal West Pico chemiluminescent substrate
(Pierce), and exposed to Amersham Hyperfilms (GE
Healthcare). Results were obtained from at least three independent experiments.
Data analysis and statistics
Images obtained from DAR4M-AM confocal measurements were analyzed with ImageJ, a public domain Java
image processing software tool [Rasband W. ImageJ (imaging software). Version 1.32. NIH; 2004]. For each image
sequence, regions of interest corresponding to single cells
were selected, and the mean fluorescence intensity of each
region of interest was computed.
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For fura-2-AM ratiometric measurements, single cells
were selected for each image sequence with Metafluor software (Universal Imaging). Cytosolic free calcium concentration (Cac) was expressed as a ratio of emitted fluorescence
(λ = 510 nm) in correspondence to excitation wavelengths
of 340 and 380 nm.
Igor software was used to further analyze both DAR4MAM and fura-2-AM measurements. In particular, we considered the agonist-induced slope change as a quantitative
criterion to distinguish a response to an agonist from noise.
One-way ANOVA was done to analyze the data sets.
Post hoc tests were used to determine statistically significant differences among the groups (Student-NewmanKeuls test). The level of significance was P < 0.05.
Statistical analysis of wound healing assays was done
using the Wilcoxon-Mann-Whitney test; the level of significance was set at P < 0.05.

Results
PKA is required for AA-induced calcium entry in B-TECs
Pretreatment of B-TECs with the membrane-permeable
PKA inhibitory peptide myristoylated PKI14-22 (10 minutes, 20 μmol/L) completely abolished AA-induced calcium entry in 99% of the cells tested (n = 84; Fig. 1; Table
1), suggesting a critical role of endogenous PKA in the activation of calcium signals by AA. The response to AA was
also entirely prevented in 93% of the cells by pretreatment
with staurosporine (10 minutes, 100 nmol/L; n = 79), a
less specific blocker of serine/threonine protein kinases.
AA promotes B-TEC motility through PKA
The ability of AA to trigger B-TEC motility was tested
using two different techniques: Boyden chamber assay and
wound healing assay. We used Boyden's chamber in which

FIGURE 2. AA promotes motility and chemotaxis in B-TECs. A, chemotactic and chemokinetic response of B-TECs to AA (5 μmol/L). The assay was
done using a Boyden's chamber assay. VEGF (100 ng/mL) and oxytocin (OT; 10 nmol/L) were used as positive controls. Columns, mean of 9 to 23 replicates
from 2 to 4 experiments; bars, SEM. *, P < 0.05, compared with controls (ANOVA). CT, chemotaxis; CK, chemokinesis. B, time course (4-6 h) of a
representative wound healing assay in different conditions: DMEM-0% FCS (CNTR); EBM-10% FCS (EBM); and DMEM-0% FCS + 5 μmol/L AA (AA).
C, time course (4-6 h) of a representative wound healing assay in different conditions: DMEM-0% FCS (CNTR); DMEM-0% FCS + 1 μmol/L CAI
(CAI); and DMEM-0% FCS + 5 μmol/L AA + 1 μmol/L CAI (AA + CAI). D, time course (4-6 h) of a representative wound healing assay in different conditions:
DMEM-0% FCS (CNTR); DMEM-0% FCS + 20 μmol/L PKI (PKI); and DMEM-0% FCS + 5 μmol/L AA + 20 μmol/L PKI (AA + PKI). *, P < 0.05,
compared with controls (Wilcoxon-Mann-Whitney test).
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ically promoted by AA, whereas no significant effect was
observed in control conditions (Fig. 2D).
AA fails to promote motility in normal human ECs
AA-dependent calcium signaling was less pronounced in
normal HMECs compared with B-TECs (92% responsive
cells; n = 26; Fig. 3A). Notably, 5 μmol/L AA failed to enhance HMEC motility in wound healing assays (Fig. 3B).

FIGURE 3. Comparison between the effects of AA on B-TECs and
HMECs. A, statistics of peak amplitude (columns, mean; bars, SEM)
of Cac signals activated by 5 μmol/L AA in B-TECs and HMECs.
*, P < 0.05, compared with controls (ANOVA). B, time course (4-6 h) of a
representative wound healing assay in different conditions in HMEC:
DMEM-2% FCS (CNTR); EBM-10% FCS (EBM); and DMEM-2%
FCS + 5 μmol/L AA (AA). *, P < 0.05, compared with controls (WilcoxonMann-Whitney test).

chemoattraction or chemokinesis was assayed according to
the placement of AA (Fig. 2A). When 5 μmol/L AA was
present both in the upper and lower chambers, chemokinesis was observed, although not significant compared with
control. On the other hand, when AA was present only in
the lower chamber, a significant migratory effect was detected. As a positive control, we used 100 ng/mL VEGF
or 10 nmol/L oxytocin (12).
Moreover, we tested the ability of AA to increase B-TEC
wound healing in a monolayer. Stimulation of wounded BTEC monolayer with AA (4-6 hours; 5 μmol/L) induced a
significant reduction of wound compared with the control
condition (DMEM-0% FCS). As a positive control,
wound healing was measured on B-TECs growing in
EBM-10% FCS (Fig. 2B).
Preincubation of B-TECs with the antiangiogenic compound carboxyamidotriazole (CAI; 1 μmol/L), a wellknown inhibitor of agonist-activated calcium channels,
completely abolished AA-induced wound healing, clearly
suggesting that calcium signals are required for this effect
(Fig. 2C).
Having shown that AA-triggered Cac signals are PKA
sensitive, we tested the effect of PKI on AA-dependent
wound healing. Preincubation with PKI (10 minutes,
20 μmol/L) significantly reduced B-TEC motility specif-
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FIGURE 4. AA phosphorylates and activates eNOS in B-TECs.
A, Western blot showing eNOS phosphorylation and β-actin expression
after 15 min of treatment with 5 μmol/L AA. Representative of six
experiments. B, quantification of AA-induced eNOS phosphorylation
(columns, mean; bars, SEM). C, representative experiment showing NO
measurement in single cells loaded with the NO-sensitive fluorescent
probe DAR4M-AM. PKI-pretreated cells failed to respond to stimulation
with 5 μmol/L AA. After a prolonged wash in PKI-free tyrode solution
(more than 5 min), the response to AA was restored.
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Table 2. Statistics of responsive B-TECs in
terms of intracellular NO increase (probe DAR4M AM) in different experiment conditions
Treatment

AA
AA + PKI
Forskolin
Forskolin (free Caout)

% Responsive cells
(NO increase)
79
30
76
92

NOTE: For further details, please see Results section.

AA promotes eNOS phosphorylation and activation
in B-TECs
Because it is well known that serine/threonine phosphorylation is one of the regulatory mechanisms for eNOS
activity, we performed Western blot experiments to test
the ability of AA to promote eNOS phosphorylation in
B-TECs. In particular, we used an antibody recognizing

human eNOS on Ser1177, a target for PKA phosphorylation (21). Treatment with AA (15 minutes, 5 μmol/L)
induced a significant eNOS phosphorylation compared
with control conditions (Fig. 4A and B).
Even if eNOS phosphorylation is required for its activity, it may not be sufficient to activate the enzyme.
For this reason, we tested the ability of AA to increase
intracellular NO levels using the NO-sensitive fluorescent dye DAR4M-AM. Acute stimulation with 5
μmol/L AA increased intracellular NO in 79% of the
cell tested (n = 68). Pretreatment with PKI (10 minutes,
20 μmol/L) completely prevented the response to AA in
70% of the cells (n = 104). The inhibitory effect was
reversible, as shown by the recovery of AA-induced
NO increase after intense and prolonged wash (more
than 5 minutes) in 82% of the cells (n = 45; Fig.
4C; Table 2).
NO triggers calcium entry and B-TEC migration
Several groups, including ours, reported the ability of
NO to open calcium channels in the plasma membrane
of ECs (6, 28). For these reasons, we investigated the

FIGURE 5. Calcium entry activated by NO in B-TECs. A and B, representative experiments showing Cac signals activated by 2 mmol/L L-Arg (A) or 1 mmol/L
SNP (B) in single cells. Dotted trace in B shows representative cells preincubated with PKI (10 min, 20 μmol/L) and stimulated with 1 mmol/L SNP.
C, peak amplitude (columns, mean; bars, SEM) of Cac signals activated by 2 mmol/L L-Arg, 10 μmol/L SNAP, or 1 mmol/L SNP. *, P < 0.05, compared
with controls (ANOVA). D, time course (4-6 h) of a representative wound healing assay in different conditions: DMEM-0% FCS (CNTR); DMEM-0% FCS +
5 μmol/L AA; and DMEM-0% FCS + 10 μmol/L SNAP (SNAP). *, P < 0.05, compared with controls (Wilcoxon-Mann-Whitney test).
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effects of NO on Cac signaling in B-TECs. These were
assessed either indirectly by the use of L-Arg (eNOS
substrate and activator, which enters the cell through a
specific membrane carrier) or directly with sodium nitroprusside (SNP) and S-nitroso-N-acetylpenicillamine
(SNAP), two NO donors. Acute application of 2
mmol/L L-Arg induced a large calcium increase (100%
responsive cells; n = 53; Fig. 5A and C; Table 1). Consistently, also stimulation with either 1 mmol/L SNP
(58% responsive cells, n = 80; Fig. 5B and C; Table
1) or 10 μmol/L SNAP (64% responsive cells, n =
45; Fig. 5C; Table 1) evoked calcium signals, which
were completely abolished in calcium-free external solution (0% responsive cells for both the donors; n = 19;
Table 1). Preincubation with PKI (10 minutes, 20
μmol/L) completely abolished the response to SNP in
84% of the cells (n = 38; Fig. 5B; Table 1). When
B-TECs were treated with 10 μmol/L SNAP, their motility was enhanced, as shown by wound healing assay
(Fig. 5D).
NO release is involved in AA-mediated calcium entry
in B-TECs
Cac signals triggered by AA were significantly affected
by pretreatment with NG-nitro-L-arginine methyl ester
(L-NAME; 10 minutes, 5 mmol/L; 100% responsive cells,
n = 47; Fig. 6A; Table 1). Consistently, the response to AA
was significantly altered by pretreatment with the NO
scavenger 2-phenyl-4,4,5,5-tetramethylimidazoline-1-oxyl
3-oxide (PTIO; 10 minutes, 1 mmol/L; 89% responsive
cells, n = 61; Fig. 6A; Table 1).
NO release is required for AA-mediated
B-TEC migration
To evaluate the functional role of NO as a mediator of
B-TEC motility induced by AA, we performed wound
healing assays in cells pretreated either with L-NAME
(5 mmol/L) or with PTIO (100 μmol/L). In both conditions, AA-induced wound healing was completely prevented (Fig. 6B and C).
The cAMP/PKA pathway triggers NO release and
calcium entry independently of AA release
Because many agonists promote cAMP increase in
ECs, we investigated the effects of a simple cAMP increase (leading to PKA activation) in the absence of
AA stimulation. Acute application with 10 μmol/L
forskolin enhanced intracellular NO release in 76% of
B-TECs (n = 34). This effect was not due to a cAMPdependent calcium entry because stimulation with forskolin in calcium-free extracellular solution was still able to
increase NO levels (92% responsive cells, n = 40; Fig.
7A; Table 2).
Acute treatment with 10 μmol/L forskolin increased Cac
levels (98% responsive cells, n = 60; Fig. 7B and C; Table
1). Only a small Cac response was detectable in calciumfree external solution in 77% of the cells tested (n = 49),
suggesting a little contribution from intracellular calcium
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FIGURE 6. NO mediates AA-dependent calcium signals and motility in
B-TECs. A, statistics of peak amplitude (columns, mean; bars, SEM) of
Cac signals activated by 5 μmol/L AA in control cells (AA) or in cells
preincubated for 10 min with either 5 mmol/L L-NAME or 1 mmol/L PTIO.
*, P < 0.05, compared with controls (ANOVA). B, time course (4-6 h) of
a representative wound healing assay in different conditions: DMEM-0%
FCS (CNTR); DMEM-0% FCS + 5 μmol/L AA (AA); DMEM-0% FCS +
5 mmol/L L-NAME; and DMEM-0% FCS + 5 μmol/L AA + 5 mmol/L
L-NAME. C, time course (4-6 h) of a representative wound healing assay
in different conditions: DMEM-0% FCS (CNTR); DMEM-0% FCS +
5 μmol/L AA (AA); DMEM-0% FCS + 100 μmol/L PTIO; and DMEM-0%
FCS + 5 μmol/L AA + 100 μmol/L PTIO. *, P < 0.05, compared with
controls (Wilcoxon-Mann-Whitney test).

stores (dotted line in Fig. 7B and C; Table 1). Preincubation with 5 mmol/L L-NAME (10 minutes) completely
abolished the response to forskolin in 94% of the cells
(n = 67; Table 1), showing an involvement of NOS in
cAMP-dependent Cac signals.
Interestingly, also pretreatment with PKI (10 minutes,
20 μmol/L) completely abolished the Cac increase stimulated by forskolin in 98% of the cells (n = 40; Table 1),
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providing evidence for a key role of PKA activation rather
than cAMP-gated channels.
Discussion
The main goal of this work is to investigate the regulatory mechanisms of previously described AA-activated

FIGURE 7. cAMP/PKA–dependent Cac signals in B-TECs. A, a
representative experiment of NO measurement in single cells loaded with
DAR4M-AM and acutely stimulated with 10 μmol/L forskolin (FRK) in
calcium-free external solution. B, a representative experiment showing
Cac increase induced by 10 μmol/L forskolin stimulation; dotted trace
indicates a typical response to forskolin in calcium-free external
solution. C, peak amplitude (columns, mean; bars, SEM) of Cac signals
activated by acute stimulation with 10 μmol/L forskolin either in
control conditions (FRK) or in calcium-free external solution (FRK + free
Caout). *, P < 0.05, compared with controls (ANOVA).

www.aacrjournals.org

proangiogenic calcium entry in B-TECs. In B-TECs,
low concentrations of AA activate a store-independent
calcium entry with similar properties previously observed
in BAECs. This event is involved in tubulogenesis progression and is downregulated in the later phases of tubule formation (5, 29). Here, we show that the cAMP/
PKA pathway is involved in AA-induced Ca2+ entry. BTEC pretreatment with PKA inhibitory peptide, PKI,
completely abolished AA-induced calcium entry, showing
that PKA is necessary for Cac signals triggered by the fatty acid (Fig. 1).
As indicated by wound healing and Boyden chamber assays, AA at low concentrations is motogenic and chemoattractive for B-TECs (see Fig. 2A and B). Notably, the
dramatic effect of the antiangiogenic compound CAI, an
agonist-activated calcium entry inhibitor, reveals that AAinduced wound healing is dependent on calcium signals
(Fig. 2C). These data are in agreement with the previously
described calcium-dependent tubulogenic action of the fatty acid (5). AA-induced wound healing is also abolished by
PKI preincubation, providing a functional link between
the cAMP/PKA pathways described above and the biological activities of the fatty acid (Fig. 2D).
The observation that normal HMECs are less responsive
than B-TECs to stimulation with AA in terms of calcium
increase (Fig. 3A) and entirely unaffected by the fatty acid
in cell motility (Fig. 3B) is very intriguing for its potential
biomedical application and could help to develop a more
selective pharmacologic approach to tumor angiogenesis.
The simplest explanation could be that calcium increase
activated by AA in normal ECs is too low in extent to trigger the same functional effects as in B-TECs. Nevertheless,
other factors responsible for this difference could be the
spatiotemporal dynamics of calcium signals and the type
of channels involved (see also below). This point, far beyond the aim of this work, deserves to be investigated in
more detail in the future.
Because NOS are modulated by PKA-dependent phosphorylation and we previously reported the ability of AA to
release NO in BAECs (6), we performed single-cell fluorimetric measurements using the NO-sensitive probe
DAR4M-AM and confirmed that AA leads to NO release
also in B-TECs (Fig. 4C). Furthermore, Western blot experiments suggest that this is likely due, at least in part, to
eNOS phosphorylation in a serine residue target for PKAdependent phosphorylation (Fig. 4A and B), even if we
cannot exclude the involvement of other NOS isoforms
(iNOS and nNOS) that could play a role in tumor angiogenesis (13, 30). NOS phosphorylation is functionally relevant because pretreatment with PKI leads to a complete
inhibition of AA-induced NO release (Fig. 4C). The
mechanism responsible for AA-induced PKA recruitment
is unknown in these cells, but in rat aortic endothelium,
cAMP increase is mediated by prostaglandin I2 through
its G-protein–coupled membrane receptor (31).
Taken together, these data suggest that PKA could regulate AA-dependent Cac signals through at least two (possibly coexisting) pathways (Fig. 8): (a) phosphorylation and
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FIGURE 8. Schematic representation of the
pathways described in this study. Calcium
entry is represented as due to the opening of a
single channel type only for graphical purpose
(see Discussion). Dotted lines indicate indirect
or not fully clarified processes. See text for
details.

activation of eNOS and (b) direct and/or indirect phosphorylation of AA-activated channels. The first hypothesis,
discussed previously, is supported by several reports on
PKA-dependent NOS phosphorylation and activation
(21, 32, 33). The second explanation, pointing to an effect
on calcium channels, would be in agreement with PKAdependent phosphorylation of calcium-permeable channels reported for ECs and other cell types (34-36).
Similarly to AA-dependent calcium entry, NO-activated
calcium signals triggered by direct application of NO donors are significantly affected on pretreatment with PKI
(Fig. 5B and C).
We do not know the identity of AA- and NO-activated
channel(s) in B-TECs, although some candidates can be
considered. TRPV1 and TRPV4 (both expressed in BTEC)5 are regulated by fatty acids, including AA, and their
metabolites. They are also modulated by NO through Snitrosylation and sensitized by PKA phosphorylation (37-40).
TRPC3 and TRPC6 are activated by fatty acids and substrate for nitrosylation as well, and the cAMP/PKA pathway
could enhance their insertion into the plasma membrane (34).
Finally, in m3-HEK cell line, the so-called arachidonateregulated channels require PKA phosphorylation and are
composed of Orai1 and Orai3 proteins (35, 41).
B-TECs could express two (or more than two) types of
calcium-permeable, PKA-dependent ion channels: one activated by AA and another by NO. Such hypothesis is in
agreement with several previous observations on the prop-

5
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Unpublished observations.
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erties of distinct AA- and NO-operated calcium channels in
ECs (6, 28). Here, the picture seems particularly complex.
In principle, AA, being able to recruit eNOS (and eventually other NOS isoforms) and to release NO, could open
both channels. Unfortunately, NO-sensitive fluorescent
probes are not quantitative and do not allow comparison
of the extent of NO release by AA and NO donors. Nevertheless, we cannot exclude the existence of a single channel
type underlying a double regulation. At low NO concentrations, AA might trigger channel opening; at higher NO
concentrations, NO could act as the major activator even
in the absence of AA. cAMP/PKA–dependent phosphorylation is a key regulatory mechanism acting both indirectly on
eNOS activation and directly on AA- and NO-dependent
calcium channel(s) or channel-associated proteins.
Interestingly, AA-dependent calcium signals were significantly smaller when B-TECs were pretreated with either a
NOS inhibitor (L-NAME) or a NO scavenger (PTIO),
but not were fully abolished (Table 1; Fig. 6A). This observation suggests the existence of a NO-independent
component of AA-activated calcium entry, consistent with
previous data reported by our group in BAECs (6). On the
other hand, the same treatment entirely prevented AAinduced B-TEC motility, clearly indicating that NO is required for this effect (Fig. 6B and C). Accordingly, direct
NO application by the NO donor SNAP enhanced B-TEC
motility, mimicking the effect of AA (Fig. 5D).
The role of PKA is not only permissive on a AA-dependent pathway leading to calcium entry but is also relevant by itself. Indeed, direct stimulation of the cAMP/
PKA pathway by acute forskolin application induced Cac
and NO increase in B-TECs (Fig. 7A and B). Only a
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small Cac increase was detectable in calcium-free external
solution, indicating a little contribution from intracellular
calcium stores (dotted line in Fig. 7B; Table 1). The ability of PKI to abolish calcium increase triggered by forskolin indicates that the effect is entirely due to PKA
activation and not to a recruitment of cAMP-gated channels (Table 1). From these results, we can argue that agonists that increase cAMP levels in ECs, even without
affecting AA release, are expected to facilitate the following calcium entry promoted by AA-releasing proangiogenic stimuli.
Remarkably, calcium signals evoked by forskolin were almost completely inhibited by the NOS inhibitor L-NAME
(Table 1). This evidence suggests that PKA-dependent calcium entry is entirely due to the NOS/NO pathway, differently from AA-induced calcium response, only in part
sensitive to L-NAME (Fig. 6A; Table 1). This observation
is in agreement with a recent report on proangiogenic activity triggered by forskolin through the PI3K, Akt, eNOS
pathways in human umbilical vascular ECs (22). The ability of L-NAME to exert a near-complete abolishment of
forskolin-triggered calcium entry leads us also to confirm
that the PKA-dependent phosphorylation of AA-activated
calcium channels probably acts in a permissive way, but it
is not activatory by itself (i.e., in the absence of AA).

In conclusion, here we show for the first time that the
cAMP/PKA pathway regulates proangiogenic calcium entry and is required for motility in breast cancer–derived
human ECs but not in ECs from normal tissues. The
peculiar behavior of B-TECs reported here supports the
idea that tumor-derived ECs are a more suitable model to
evaluate the clinical potential of antiangiogenic and antitumor agents.
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