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Abstract
The receptor for the urokinase-type plasminogen activator (uPAR) is a widely recognizedmaster regulator of

cell migration, and uPAR88–92 is the minimal sequence required to induce cell motility. We previously showed

that soluble formsofuPARelicit angiogenic responses throughtheiruPAR88–92 chemotactic sequenceand that the

synthetic peptide SRSRY exerts similar effects. By a drug design approach, based on the conformational analysis

of the uPAR88–92 sequence, we developed peptides (pERERY, RERY, and RERF) that potently inhibit signaling

triggered by uPAR88–92. In this study, we present evidence that these peptides are endowed alsowith a clear-cut

antiangiogenic activity, although to different extents. Themost active, RERF, prevents tube formation by human

endothelial cells exposed to SRSRY. RERF also inhibits VEGF-triggered endothelial cell migration and cord-like

formation in a dose-dependentmanner, starting in the femtomolar range. RERFprevents F-actin polymerization,

recruitment of avb3 integrin at focal adhesions, and avb3/VEGFR2 complex formation in endothelial cells

exposed to VEGF. Atmolecular level, the inhibitory effect of RERF onVEGF signaling is shown by the decreased

amount of phospho-FAK and phospho-Akt in VEGF-treated cells. In vivo, RERF prevents VEGF-dependent

capillary sprouts originating from the host vessels that invaded angioreactors implanted in mice and neovascu-

larization inducedby subcorneal implantationof pellets containingVEGF in rabbits.Consistently, RERF reduced

the growth and vascularization rate of tumors formed by HT1080 cells injected subcutaneously in the flanks of

nudemice, indicating that RERF is a promising therapeutic agent for the control of diseases fuelled by excessive

angiogenesis such as cancer. Mol Cancer Ther; 12(10); 1981–93. �2013 AACR.

Introduction
Angiogenesis is a complex multistep process leading to

the formation of new blood vessels from a pre-existing
vascular network. In adults, angiogenesis is a well-regu-
lated process. Conversely, an abnormal neoangiogenesis
occursduring thepathogenesis of several chronic diseases
like diabetes, rheumatoid arthritis, and cancer (1). Tumor
angiogenesis is critical to the growth of solid tumors, as
they would remain in a dormant phase for a long time in
the absence of new vessel formation (2). Therefore, inter-
feringwith angiogenic signals is a logical approach for the

treatment of solid cancers. Inhibition of angiogenesis was
first proposed as a therapeutic strategy against malignan-
cies by Folkman in 1971 (3). Thereafter several antiangio-
genic strategies have been developed, and the combina-
tion of various angiogenesis inhibitorswith other targeted
therapies has been explored in preclinical and clinical
trials (4).

Because of to its prominent role in triggering angiogen-
esis, the VEGF soluble factor has been the focus of many
studies. Currently, 4molecular-targeted drugs interfering
on VEGF pathways are approved by the U.S. Food and
DrugAdministration for 6 different tumor indications (5).
VEGF acts primarily through VEGFR2, regulates endo-
thelial cell migration, proliferation, differentiation, and
survival, as well as vessel permeability, by activating
multiple signaling mediators including focal adhesion
kinase (FAK), mitogen-activated protein kinase (MAPK),
Akt, PLC-g , and Src family kinases (6). VEGF-induced and
VEGFR2-mediated FAK phosphorylation regulates
assembly and disassembly of focal adhesions, actin orga-
nization, and leads, together with paxillin and actin-
anchoring proteins such as vinculin, to recruitment of
this kinase to focal adhesions (7).

Integrins of the b3 subfamily specifically bind to the
extracellular domain of VEGFR-2 resulting in increased

Authors' Affiliations: 1Department of Experimental Oncology, National
Cancer Institute of Naples; 2Department of ExperimentalMedicine, Second
University of Naples; 3Department of Chemical Sciences, University "Fed-
erico II" of Naples; and 4Institute of Genetics and Biophysics "Adriano
Buzzati-Traverso", National Research Council, Naples, Italy

Note: Supplementary data for this article are available at Molecular Cancer
Therapeutics Online (http://mct.aacrjournals.org/).

Corresponding Author: Maria Vincenza Carriero, Department of Experi-
mental Oncology-National Cancer Institute of Naples, via M. Semmola,
Naples 80131, Italy. Phone: 390-8159-03569; Fax: 390-8159-03814;
E-mail: m.carriero@istitutotumori.na.it.

doi: 10.1158/1535-7163.MCT-13-0077

�2013 American Association for Cancer Research.

Molecular
Cancer

Therapeutics

www.aacrjournals.org 1981

D
ow

nloaded from
 http://aacrjournals.org/m

ct/article-pdf/12/10/1981/2326310/1981.pdf by guest on 07 M
ay 2025



receptor activation upon VEGF stimulation (8). The avb3
vitronectin receptor is minimally expressed on resting or
normal blood vessels but is significantly upregulated on
vascular cells within human tumors or in response to
growth factors (9).

By virtue of its ability to regulate integrin distribution at
the leading edge, urokinase-type plasminogen activator
receptor (uPAR) has been shown to be a key component of
the network through which VEGF controls endothelial
cell migration (10). As a glycosylphosphatidylinositol-
anchored protein (11), the uPAR lacks transmembrane
and intracellular domains and, therefore, uPAR must
cooperate with transmembrane receptors such as formyl
peptide receptors (FPR) and integrins to signal (12, 13).

Many human cancers overexpress uPAR, and elevated
levels of intact or cleaved soluble forms of uPAR (SuPAR)
in body fluids or tumor lysates frequently correlate with
poor prognosis in cancer (14–17). The role of uPAR in
angiogenesis is well documented, by virtue of its ability to
focus urokinase proteolytic activity on cell surface and
modulate cell migration (18, 19). We have recently shown
that SuPAR stimulates, in a protease-independent man-
ner, in vitro and in vivo angiogenesis, through its
uPAR88–92 chemotactic sequence (20).

The Ser88-Arg-Ser-Arg-Tyr92 (uPAR88–92) sequence,
located on the external surface of uPAR, is a protease-
sensitive region which retains a strong chemotactic activ-
ity even in the formof an isolated peptide (SRSRY; refs. 21,
22). Mechanistically, uPAR88–92 sequence promotes cell
motility by interacting with G-protein–coupled FPRs
which, in turn, trigger vitronectin receptor activationwith
an inside-out type of mechanism (21, 22).

Previouswork from this laboratory highlighted specific
amino acid substitutions of Ser90 in the full-length uPAR
that interferewith the complex cross-talk involvinguPAR,
FPR, and vitronectin receptor (23). Also, penta- and tetra-
peptides carrying Ser90 substituted with a glutamic acid
residue inhibit signaling triggered by the uPAR88–92

sequence (24, 25). Among these, theN-terminal acetylated
andC-terminal amidatedAc-Arg-Glu-Arg-Phe-NH2 pep-
tide, namelyRERF, potently inhibits in vitro and in vivo cell
migration and invasion of human fibrosarcoma HT1080
cells without affecting cell proliferation. Cell exposure to
RERF results in the inhibition of both uPAR/FPR and
uPAR/vitronectin receptor interactions (25). These
effects are supported by the identification of FPR as the
main binding site of RERF and av integrin subunit as a
low affinity-binding site (Kdsapps, 10

�17 and 10�13 mol/L,
respectively).

In this study, we show that p-ERERY, RERY, and the
most active RERF synthetic peptides behave as antiangio-
genic agents which inhibit responses promoted by the
uPAR88–92 sequence, as well as by VEGF, starting in the
femtomolar range. In endothelial cells exposed to VEGF,
RERF prevents F-actin polymerization, recruitment of
avb3 integrin at the focal adhesions, and phosphorylation
of several proteins such as FAK and Akt. We also present
evidence that RERF prevents VEGF-dependent endothe-

lial tube formation and vascular sprouting in angioreac-
tors implanted in nude mice and neovascularization in
rabbits corneas. Antiangiogenic effect of RERF was con-
firmed by the analysis of growth and vascularization of
tumors formed by HT1080 cells injected subcutaneously
in the flanks of nude mice.

Materials and Methods
Peptide synthesis and purification

Peptides, synthesized by the solid phase approach
using standard Fmoc methodology in a manual reaction
vessel, were purified by RP-HPLC-C18 column to a 99%
purity, and molecular weights were confirmed by mass
spectrometry as previously described (25).

Cell cultures
Human umbilical vein endothelial cells (HUVEC) were

purchased by Lonza, which provided a certificate of
analysis for each cell lot. This guarantees the expression
of CD31/105, von Willebrand Factor VIII, and VEGFR2
through 15 population doublings. HUVECs, used
between the third and the seventh passage according to
Arnaoutova and colleagues (26), were grown in Eagle
Basal Medium (EBM) supplemented with 4% FBS, 0.1%
gentamicin, 1mg/mLhydrocortisone, 10mg/mLEGF, and
12 mg/mL bovine brain extract (Cambrex). Human fibro-
sarcomaHT1080 cellswere grown inDulbeccos’Modified
Eagle’sMedia (DMEM)þ 10%FBS andwere passaged for
less than 6 months. Although HT1080 cells were not
subjected to genetic authentication, their characteristic
morphology, uPAR expression, and VEGF secretion were
specifically verified. Also, their ability to migrate toward
VEGF and the amino-terminal fragment of uPA as well as
their matrix-invading ability in vitro was checked not
more than 3 months before their use (23).

Soluble human uPAR was purified from the condi-
tioned medium of mouse LB6/hSuPAR cells (27) and
quantified by ELISA as described (28). LB6/hSuPAR cells
were a gift of F. Blasi (IFOM,Milan, Italy).Within 1month
of receipt, LB6/hSuPAR cells were grown in DMEM–10%
FBS for several passages and aliquots of eachwere frozen.
For preparation of conditioned medium, LB6/hSuPAR
cellswere thawed and grown for nomore than 5 passages.
Both HT1080 and LB6/hSuPAR cells were tested for
mycoplasma contamination (Mycoplasma Plus PCR
Primer Set, Stratagene; Agilent Technologies Inc).

Motility assay
Cell migration assays were conducted using Boyden

chambers and 8-mm pore size polyvinylpyrrolidone-free
polycarbonate filters (Nucleopore) as previously
described (20). Briefly, HUVECs were detached, counted,
and seeded in the upper chamber at 7� 104 cells per well
(95%–98% viable cells) in EBM. The lower chamber was
filled with EBM, with or without 40 ng/mL VEGF165,
(Becton Dickinson), 10 nmol/L SuPAR, or synthetic pep-
tides at the indicated concentrations. Other experiments
were carriedout using cells preincubated for 30minutes at
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37�C with 1 mg/mL anti-human VEGF polyclonal anti-
body (Ab) neutralizing the biologic activity of VEGF165
andVEGF121 (R&DSystems) or cells desensitizedwith 100
nmol/L fMLP for 30 minutes at 37�C in humidified air
with 5%CO2 (20). Incubationwas carriedout for 4 hours at
37�C in humidified air with 5% CO2. At the end of the
assay, the migrated cells on the lower filter surfaces were
fixed with ethanol, stained with hematoxylin, and
counted in 10 random fields/filter at�200 magnification.

Endothelial cell tube formation assay
The formation of vascular-like structures was assessed

on Matrigel as described (20). HUVECs were suspended
in 300 mL prewarmed EBM. Diluents or effectors were
added to the cell suspension before seeding cells (4 � 104

cells/well) on plates coated with 300 mL/well growth
factor–reduced Matrigel (Becton Dickinson). SuPAR or
VEGF165 were used at 10 nmol/L or 40 ng/mL concentra-
tions, respectively. Assays were conducted for 6 hours at
37�C in humidified airwith 5%CO2.When indicated, cells
were preincubated for 30 minutes at 37�C with 5 mg/mL
LM609 anti-avb3mAb or 1 mg/mL anti-humanVEGFAb.
Other experiments were carried out in the presence of 1
nmol/L recombinant endostatin (Sigma-Aldrich), a 20-
kDa C-terminal fragment of type XVIII collagen with
potent in vitro and in vivo antiangiogenic activity (29).
Complete capillary tube networkwithin adesignated area
of a low magnification field was observed under light
microscopy. To quantify tube formation, 5 random areas
per well at 100� magnification were imaged, and the
number of tubes formed by cord-like structures exceeding
100 mm in length (30) was counted using Axiovision 4.8
software (Carl Zeiss). Unless otherwise specified, the net
contribution of each effector or antibody in promoting
tube formationwas calculated as a percentage of tube-like
structures counted in the absence of any angiogenic stim-
ulus (EBM), considered as 100%.

Fluorescence microscopy
HUVECs grown on glass coverslips to semiconfluence

were starved for 60 minutes in EBM. Then, cells were
exposed to EBM alone, 40 ng/mL VEGF165 or 40 ng/mL
VEGF165 mixed to 10 nmol/L ERFR or 10 nmol/L RERF
for 30 minutes at 37�C in humidified air with 5% CO2.
Slides were washed with PBS, fixed, and permeabilized
with 2.5% formaldehyde–0.1% Triton X-100 in PBS for
10 minutes at 4�C. After several washes in PBS, slides
were incubated with 2 mg/mL anti-vinculin mAb (clone
VIIF9 purchased from Chemicon) and then with 1:800
goat Alexa Fluor 488 anti-mouse IgG (Molecular Probes)
at 23�C for 60 and 45 minutes, respectively. Thereafter,
2 mg/mL LM609 anti-avb3 mAbs (Chemicon) and 1:800
diluted rabbit Alexa Fluor 594 anti-mouse IgG (Molecular
Probes) were applied to slides at 23�C for 60 and 45
minutes, respectively. To analyze cytoskeletal organiza-
tion, coverslips were incubated with 0.1 mg/mL rhoda-
mine-conjugated phalloidin (Invitrogen) at 23�C for
45 minutes. In all cases, slides were mounted using 20%

(w/v)mowiol and cells visualizedwith a 510META-LSM
confocal microscopy (Carl Zeiss). To visualize phosphor-
ylation of FAK, cells were exposed to EBM alone, 40 ng/
mL VEGF165, or 40 ng/ml VEGF165 mixed to 10 nmol/L
ERFR or 10 nmol/L RERF for 15 minutes at 37�C in
humidified air with 5% CO2. Then, cells were fixed,
permeabilized, and incubated with anti-phospho-FAK
(Tyr397) Ab (p-FAK) purchased fromMillipore, and goat
Alexa Fluor 488 anti-rabbit IgG (Molecular Probes) at 23�C
for 60 and 45minutes, respectively. After nuclear staining
with 40, 6-diamidino-2-phenylindole (DAPI), cells were
analyzed by a fluorescence-inverted microscope con-
nected to a videocamera (Carl Zeiss).

Western blotting and phospho-kinase array
HUVECs grown to semiconfluence were starved for 18

hours in 0.2% FBS EBM. Then, cells were exposed to EBM
alone, 40 ng/mLVEGF165 with/without 10 nmol/L ERFR
or 10nmol/LRERFat 37�C inhumidifiedairwith 5%CO2.
At the indicated times, cells were lysed in radioimmuno-
precipitation assay (RIPA) buffer (10mmol/L Tris pH 7.5,
140mmol/LNaCl, 0.1%SDS, 1%TritonX-100, 0.5%NP40)
containing 5 mmol/L Na3VO4 and a protease inhibitor
mixture (Sigma-Aldrich). Cell lysate protein content was
measured by a colorimetric assay (BioRad). Western blot
analysis was conducted as previously described (23).
Briefly, 50 mg proteins were separated on 7.5% SDS-PAGE
and transferred onto a polyvinylidene fluoride mem-
brane. The membranes were blocked with 5% non-fat dry
milk andprobedwith anti p-FAKAbor anti-phospho-Akt
(Ser473) (p-AKT) Ab (Cell Signaling) and then with anti-
FAKmAb (Millipore) or anti-AktmAb (R&D Systems). In
all cases, washed filters were incubated with horseradish
peroxidase–conjugated anti-mouse or anti-rabbit anti-
body and detected by enhanced chemiluminescence kit
(Amersham).Densitometrywas conducted byNIH Image
1.62 software (Bethesda, MD). The effects of VEGF with
ERFR or RERF combinations were analyzed at the level of
global kinase phosphorylation, using the dot-blot Prote-
ome Profiler Array Human PhosphoKinase Array Kit
(R&DSystems), according tomanufacturer’s instructions.
Briefly, 200 mg of protein was applied on each membrane,
and the signals were detected as described for Western
blotting. The pixel density of each spot was measured
using NIH Image 1.62 software. The intensity of positive
control spots was used to normalize results between the
three membranes. The intensity for each spot was then
averaged over the duplicate spots.

Cell adhesion assay
Cell adhesion assays were conducted using 24-well

tissue culture plates coated with 5 mg/mL vitronectin,
diluted in PBS, and incubated overnight at 4�C. The
plates were rinsed with PBS, incubated for 1 hour at
23�C with 1% bovine serum albumin (BSA) in PBS, and
rinsed again. HUVEC (1� 105 cells/well) were plated in
each coated well and incubated for 2 hours at 37�C, 5%
CO2 in serum-freeEBM,40ng/mLVEGF165with/without
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10 nmol/L ERFR or 10 nmol/LRERF. After 3washeswith
PBS, adherent cells were detached and counted.

Co-immunoprecipitation of av/uPAR complexes
Cells exposed for 30 minutes to 40 ng/mL VEGF165

with/without 10 nmol/L RERF or diluents at 37�C were
lysed in RIPA buffer (23). Extracts (400 mg/sample) were
incubated overnight at 4�C with 5 mg/mL anti-VEGFR2
Ab (Cell Signaling). Proteins co-purified with VEGFR2
were recovered by Protein G-Sepharose and analyzed by
a 6% SDS-PAGE followed by Western blotting with
1 mg/mL VNR139 anti-av mAb (Chemicon) or 2 mg/mL
anti-VEGFR2 Ab.

Survival assay
HUVECs (2 � 103/well) were seeded in 96-well tissue

culture plates and left to adhere in complete media for 3
hours, then rinsed twice with PBS, and incubated with
complete growth medium or EBM mixed to 40 ng/mL
VEGF165 with or without the indicated peptides. Medium
with or without peptides was replaced every 24 hours.
After 72 hours, suspended cells were removed and the
adherent cells were stained with MTT dye (Sigma-
Aldrich) for 4 hours at 37�C, as described (25). The absor-
bance was determined at 570 nm using a microplate
reader (Biorad). With a similar experimental design,
endothelial cell proliferation was assessed using 16-well
plates and the xCELLigence Technology (Roche Diagnos-
tics) as described (31). The impedance value of each well
was automatically monitored by the xCELLigence system
and expressed as a cell index value.

In vivo angiogenesis assays
The DIVAA (Trevigen) Assay Kit was used as a

quantitative in vivo method to assay angiogenesis as
described (32). Silicone cylinders of 20 mL volume
(angioreactors) were filled with an extract containing
extracellular matrix mixed with PBS, 10 nmol/L SRSRY,
12.5 ng VEGF with or without 10 nmol/L the indicated
peptides, or 10 mg/mL endostatin. Twelve CD1 female
nude mice (Harlan; 23 to 25 g) 6 to 8 weeks old were
maintained in a germ-free environment. Housing and
handling of mice were in accordance with institutional
guidelines complying with national and international
laws and policies. Two angioreactors were implanted
subcutaneously in the dorsal region of each CD1 nude
mouse. Fifteen days after the implantation, mice were
sacrificed and angioreactors were removed. The vessel-
containing matrix was removed from the cylinders.
Cells recovered by digestion with dispase were stained
using FITC-lectin, and endothelial cells were quantified
by fluorescence at 510 nm emission with 485 nm exci-
tation using Victor 3 fluorimeter (Perkin Elmer), accord-
ing to the manufacturer’s instructions.

For the corneal pocket assay, twelve female New Zeal-
and White rabbits (Charles River) weighing 2.5 to 3.0 kg
were used. Rabbits were anesthetized by intramuscular
injection of acepromazina (1 mg/kg), ketamine hydro-

chloride (35 mg/kg), and xilazina hydrochloride
(5 mg/kg), and 3 to 4 drops of 0,4% ossibuprocain
chlorohydrate solution were topically applied to the
eye before micropocket surgery. A wire speculum was
positioned in the eye, and a sucralfate hydron pellet
containing PBS or 180 ng VEGF with/without 5 mg
RERF was implanted into the cornea after making a
micropocket in the stroma, using standard surgical
tools (33). TobraDex (0.3% tobramycin-0.1% dexameth-
asone) was applied to the surface of the cornea after
pellet implantation to prevent infection. Observation
and quantification of the angiogenic response were
conducted by a slit-lamp stereomicroscope. The angio-
genic activity was evaluated on the basis of the number
and growth rate of newly formed capillaries. An angio-
genic score of 1 corresponded to 0–25 vessels per
cornea, 2 from 25–50, 3 from 50–75, 4 from 75–100,
and 5 for >100 vessels.

Growth and vascularization of tumor in mice
To evaluate the effect of RERF on tumor growth and

vascularization, highly invasive fibrosarcoma HT1080
cells were injected as a single-cell suspension (1 � 106

cells in 70 mL of sterile PBS, 97%viability), subcutaneously
in the flanks of ten Foxn1nu/nu mice (Harlan). Animals
were randomized into 2 groups of 5 with the treatment
group receiving 3 mg/kg RERF by i.v. injection every 48
hours and the control group receiving an equivalent
injected volume of vehicle (PBS) only. Mice weight was
monitored and time-dependent averageweightwasmon-
itored every 5 days. The length and the width of the
tumors were measured at different time points with the
help of a caliper, and the volumewas calculated using the
formula: 1/2 � (width)2 � length (mm). After 20 days,
animals were sacrificed and excised tumors were fixed
in buffered formalin and processed for paraffin section-
ing. Tumor vascularization was assessed by counting
vascular channels harboring red blood cells on hematox-
ylin and eosin–stained sections in 5 randomly chosen
fields per section, in at least 2 sections per tumor at
�200 magnification.

Statistical analysis
The results are expressed as the means � SD of the

number of the indicated determinations. Data were ana-
lyzed by t test for multiple comparisons. P < 0.001 was
accepted as significant.

Results
RERF inhibits endothelial cell migration and tube
formation stimulated by the uPAR chemotactic
sequence

Previous work from this laboratory has shown that
SuPAR stimulates in vitro and in vivo angiogenesis
through its Ser88-Arg-Ser-Arg-Tyr92 chemotactic sequence
(uPAR88–92), in a protease-independent manner (20) and
that penta- and tetrapeptides (pERERY, RERY and RERF)
carrying the Ser90 substituted with a glutamic acid residue
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inhibit uPAR88–92–dependent signaling (24, 25). As endo-
thelial cell migration is a recognized step of angiogenesis,
we first investigated the possibility that these uPAR-
derived peptide inhibitors may counteract SuPAR-trig-
gered angiogenic response.
By conventional Boyden chamber assays, we evaluated

the effects of pERERY, RERY, and RERF peptides on cell
migration of HUVECs exposed to the uPAR88–92 motogen
stimulus. According to previously reported data (20), we
found that 10 nmol/L SuPAR or 10 nmol/L SRSRY eli-
cited a considerable endothelial cell migration, reaching
190% and 180% of the basal cell migration. The addition
of equimolar concentrations of pERERY, RERY, or RERF
reduced cell migration by 38%, 52%, and 52%, respective-
ly. Similarly, 53% inhibition of SRSRY-dependent cell
migration was achieved by 10 nmol/L RERF. In all cases,
control penta- or tetrapeptides (ARARY and ERFR pep-
tides)were ineffective (Fig. 1A). Endothelial cells undergo
morphologic differentiation into an extensive network of
capillary-like structures consisting of highly organized 3-
dimensional cords when seeded on Matrigel in the pres-
ence of a pro-angiogenic stimulus. To analyze the effect of
these peptide inhibitors on tube formation,HUVECswere
plated onMatrigel in the presence of 10 nmol/L SuPARor

10 nmol/L SRSRY, and the appearance of tubular
brancheswas assessed after 6 hours. For each experiment,
the newly formed cord-like structures assessed in the
presence of Matrigel alone was considered as 100% (35
� 10/well tube-like structures exceeding 100 mm in
length). In accordance with previous data, we found that
both SuPAR and SRSRY elicited a similar response, reach-
ing 191% and 184%, respectively, above basal (Fig. 1B and
C). The addition of RERY or RERF peptides, used at 10
nmol/L, reduced SuPAR-dependent endothelial cell cap-
illary-like structures by 43% and 49%, respectively,
whereas ERFR control peptide was ineffective. Similarly,
RERY and RERF reduced SRSRY-triggered endothelial
cell tube formation by 41% and 47%, respectively (Fig. 1B
and C). These findings prompted us to test and charac-
terize the antiangiogenic properties of RERF.

RERF inhibits VEGF-dependent migration and
cytoskeletal reorganization of endothelial cells

Because the uPAR is an essential component of the
network through which VEGF controls endothelial cell
migration (10), we investigated the effect of RERF on
VEGF-triggered signaling. First, the ability of RERF to
preventVEGF-directedHUVECmigrationwas testedbya

Figure 1. RERF inhibits endothelial cell migration and tube formation stimulated by the uPAR88–92 chemotactic sequence. A, HUVECs were allowed to
migrate in Boyden chambers toward 10 nmol/L SuPAR or 10 nmol/L SRSRY peptide with or without equimolar concentration of the indicated peptides for 4
hours at 37�C in 5% CO2. The extent of cell migration was expressed as a percentage of the cell migration in the absence of chemoattractants (EBM,
considered as 100%). Data are expressed as the mean � SD of 3 independent experiments, carried out in duplicate. �, P < 0.0001. B, HUVECs were
suspended in prewarmed EBM, with or without 10 nmol/L SuPAR or 10 nmol/L SRSRY in the presence or the absence of equimolar concentrations of the
indicated peptides, then seeded on Matrigel-coated plates at 37�C. Tube formation was observed after 6 hours. Representative pictures were taken
with an inverted microscope. Original magnifications, �100. C, quantitative analysis of tube formation was expressed as a percentage of tubes formed by
cord-like structures exceeding 100 mm in length, counted in the absence of any angiogenic stimulus, considered as 100% (EBM). The data are expressed as
the means � SD of 3 independent experiments carried out in duplicate. �, P < 0.001.
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Boyden chamber assay.We found that 40 ng/mLVEGF165
elicited endothelial cell migration up to 240% of the basal
cell migration, whereas RERF alone reduced migration
slightly below thebasal level. The combination ofVEGF165
with 10 nmol/L pERERY, RERY, or RERF reduced cell
migration by 46%, 50%, and 52%, respectively, whereas
the control peptides ARARY or ERFR were ineffective.
Interestingly, the extent of RERF inhibition was similar to
that exerted by anti-VEGF Ab (Fig. 2A). Unlike ERFR
control peptide, RERF inhibits VEGF-directed migration
of endothelial cells in a dose-dependent manner. The
inhibition starts in the low femtomolar concentration
range and plateaus in the nanomolar range (Fig. 2B). FPR
is the main binding site of RERF (25). To investigate
whether FPR has a role in the inhibitory effect on
VEGF-dependent endothelial cell migration, we blocked
FPR function by desensitizing HUVECs with an excess of
fMLP and then analyzed their ability to migrate toward
VEGF in the presence or in the absence of RERF.We found
that desensitized HUVECs retain the ability to respond to

the motogen effect of VEGF, showing that FPR is not
needed for VEGF-dependent migration. In contrast, only
a slight inhibitory effect was exerted by RERF, indicating
that FPR activity is indispensable for the inhibitory capa-
bility of RERF (Fig. 2C).

VEGF-dependent mitogenic activity is the result of
marked cytoskeletal reorganization and accumulation of
stress fibers associatedwithnewactinpolymerization and
rapid formation of focal adhesions (34). Accordingly,
HUVECs exposed to 40 ng/mL VEGF165 acquired a more
elongated and polarized morphology as compared with
unstimulated cells (Fig. 2D). The exposure of endothelial
cells to VEGF induced a marked reorganization of actin
into stress fibers spanning the length of the cells, most of
which co-localizedwithvinculin-positive focal adhesions.
VEGF-dependent cytoskeletal organization was still
observed in HUVECs exposed to 40 ng/mL VEGF165
mixed with 10 nmol/L ERFR, whereas VEGF-induced
effects on cytoskeleton were prevented by 10 nmol/L
RERF. In the latter case, endothelial cells had a condensed,

Figure 2. RERF inhibitsmigration and cytoskeletal organization of endothelial cells stimulated by VEGF. HUVECswere allowed tomigrate inBoyden chambers
for 4 hours at 37�C in 5% CO2 toward diluents (EBM), 10 nmol/L RERF, or 40 ng/mL VEGF165 with or without 5 mg/mL nonimmune serum (NIS), 1 mg/mL
anti-human VEGF Ab, 10 nmol/L or increasing concentrations of indicated peptides. A, the extent of cell migration was expressed as a percentage of the cell
migration assessed in the absence of any chemoattractant (EBM), considered as 100%. �, P < 0.001 in respect to cell migration toward VEGF165 alone
(None). B, the extent of cell migration was expressed as a percentage of the net VEGF165-dependent cell migration, considered as 100%. In all cases, data are
expressed as the means � SD of 3 independent experiments, carried out in duplicate. C, HUVECs were incubated with diluents (white column) or with
100 nmol/L fMLP (grey column) for 30minutes at 37�C in humidified air with 5%CO2 and then allowed tomigrate toward 10 nmol/L RERF, 10 nmol/L fMLP, or
40ng/mLVEGF165with orwithout 10nmol/LRERF. Theextent of cellmigrationwasexpressedasapercentageof the cellmigration assessed in the absenceof
any chemoattractant (none ¼ 100%). �, P < 0.001 in respect to cell migration toward EBM (None). D, representative confocal images of HUVECs
grown on glass slides to semiconfluence, exposed to diluents (None), 40 ng/mL VEGF165, or 40 ng/mL VEGF165 mixed to 10 nmol/L ERFR or 10 nmol/L RERF
for 30 minutes at 37�C and double stained for vinculin and F-actin. Original magnification, �630.
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rounded morphology; similarly to untreated cells, the F-
actinwas condensed into fewer fibers andwas completely
absent from the leading edges of the cells (Fig. 2D). These
findings raise the hypothesis that RERF may inhibit
VEGF-dependent signaling.

RERF inhibits VEGF-dependent intracellular protein
phosphorylation of endothelial cells
VEGFhas been shown to induce the phosphorylation of

many proteins (35). To investigate the effects of RERF on
the phosphorylation of VEGF intracellular targets like
FAK and Akt, HUVECs were exposed to EBM or 40
ng/mL VEGF165 with or without 10 nmol/L RERF for 0
to 60minutes, andphosphorylatedproteinsweredetected
by Western blotting. We found that 10 nmol/L RERF
consistently decreased the VEGF165-induced and time-
dependent increase of FAK and Akt phosphorylation
(Fig. 3A). Accordingly, p-FAK staining dramatically
decreased in focal adhesions of endothelial cells exposed

for 15 minutes to VEGF165 mixed to RERF, as compared
with endothelial cells exposed to VEGF165 mixed to ERFR
(Fig. 3B). To further characterize the inhibition of VEGF-
triggered signalingbyRERF,VEGF-dependent phosphor-
ylation of protein kinases in the presence of 10 nmol/L
ERFR or 10 nmol/LRERF for 15minuteswas investigated
with a dot blot human phospho-kinase array kit. As
expected, an appreciable increase in the phosphorylation
ofmanyproteinswas observed in the presence ofVEGF165
combined with ERFR peptide. In accordance with data
showed in Fig. 3A, we observed an RERF-dependent
marked reduction in FAK and Akt phosphorylation
(51% and 30% inhibition, respectively; Fig. 3C and D).
Moreover, we detected changes in the phosphorylation of
some other proteins in cells exposed to VEGF165 mixed to
RERF. As shown in Fig. 3C and D, RERF caused a con-
sistent reduction of phosphorylated Src(Y419), CREB
(S133), Lyn(Y397),Yes(Y426), p38a(T180/Y182), HSP27
(S78/S82), as well as ERK1/2, all recognized mediators

Figure 3. RERF inhibits intracellular protein phosphorylation of endothelial cells stimulated by VEGF. HUVECs grown on glass slides to semiconfluence
were exposed to EBM, 40 ng/mL VEGF165 with/without 10 nmol/L ERFR or 10 nmol/L RERF at 37�C in humidified air with 5%CO2 for the indicated times (A) or
15 minutes (B and C). A, whole-cell lysates (50 mg/sample) immunoblotted with anti-phospho-FAK (pFAK) or anti-phospho-Akt (pAKT) Abs and then with
total anti-FAK (FAK) or total anti-Akt (AKT) mAbs. The enclosed bar graph shows the average quantification of the pFAK and pAKT content expressed
as a percentage of total FAK and total AKT, respectively, from 3 independent experiments. B, representative images of HUVECs double stained for pFAK
and DAPI. Original magnification, �1,000. C, analysis of HUVEC cell lysates (200 mg/sample) by a phospho-kinase array. Stained circles indicate the
relevant results. D, quantification of phospho-kinase array. The pixel density of each spot was measured using NIH Image 1.62 software. The intensity
of positive control spots (CTLþ) was used to normalize results between the 3 membranes. Data expressed as percentage of each positive
control were averaged over the duplicate spots.
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of the VEGF-triggered signal transduction pathway.
Noteworthy, VEGF-dependent phosphorylation of other
protein kinases such as STAT1, STAT2, and STAT5 was
not changed by cell exposure to RERF.

RERF inhibits VEGF-dependent adhesion to
vitronectin and causes disappearance of avb3 from
focal adhesions without affecting cell survival

It is known that in response to VEGF, b3 integrin
regulates FAKphosphorylation, integrin-dependent actin
reorganization, and leads avb3–VEGFR2 complexes to
localize at new formed focal adhesions (36). Because it is
widely accepted thatavb3 integrin has aprominent role in
the activity of VEGF and, in general, in angiogenesis, we
attempted to investigate whether this integrin is indeed
involved in the inhibitory activity of RERF. First, we
analyzed the effect of RERF on VEGF-dependent endo-
thelial cell adhesion to vitronectin andavb3 localization at
focal contacts. As shown in Fig. 4A, HUVECs moderately
adhere to vitronectin and cell adhesion is increased in the
presence of 40 ng/mL VEGF165. In contrast, 10 nmol/L
RERF prevents endothelial cell adhesion onto vitronectin,
whereas ERFR is ineffective (Fig. 4A). To explore the effect

of RERF on avb3 localization, adherent endothelial cells
were exposed to 40 ng/mL VEGF165 in the presence or in
the absence of 10 nmol/L RERF or 10 nmol/L ERFR and,
after 30 minutes, vinculin and integrin avb3 were visu-
alized by immunofluorescence. In agreementwith the role
ofavb3 as amediator ofVEGF signaling, upon endothelial
cell exposure to VEGF,avb3 localized at vinculin-positive
focal adhesions. The addition of 10 nmol/L ERFR did not
modify integrin redistribution, whereas RERF caused the
loss of avb3 from vinculin-positive focal adhesions. Fur-
thermore, RERF promoted the appearance of thin, avb3-
positive linings at the cell edge, similarly to untreated cells
(Fig. 4B). We have shown that RERF binds to the av
integrin subunit (25). Therefore, we investigated whether
RERF inhibits VEGF-inducedavb3-VEGFR2 complex for-
mation by a co-immunoprecipitation experiment. As
shown in Fig. 4C, an appreciable amount of VEGFR2
co-purified with av was observed in endothelial cells,
which increased upon cell exposure to 40 ng/mLVEGF165
for 30 minutes. In contrast, in endothelial cells exposed to
a combination of 40 ng/mL VEGF165 and 10 nmol/L
RERF, the extent of av co-purified with VEGFR2 did not
increase (Fig. 4C). In conclusion, these results show that

Figure 4. RERF prevents VEGF-induced endothelial cell adhesion on vitronectin and causes disappearance of avb3 localization at focal adhesions
without affecting cell survival. A, HUVECs (1 � 105/well) were allowed to adhere for 2 hours at 37�C, 5% CO2 on 24-well dishes coated with vitronectin in
serum-free EBM (none) or 40 ng/mL VEGF165 with/without 10 nmol/L ERFR or 10 nmol/L RERF. Data are reported as number of adherent cells and represent
the average of 3 different experiments carried out in duplicate. �, P < 0.0001. B, representative confocal images of HUVECs grown on glass slides to
semiconfluence, exposed to diluents (None), 40 ng/mL VEGF165, or 40 ng/mL VEGF165 mixed to 10 nmol/L ERFR or 10 nmol/L RERF for 30 minutes at 37�C
and double stained for vinculin and avb3 integrin. Original magnification, �630. C, lysates (400 mg/sample) from HUVECs exposed for 30 minutes to
diluents or 40 ng/mL VEGF165 with/without 10 nmol/L RERF at 37�C were immunoprecipitated with 5 mg/mL anti-VEGFR2 Ab. The resulting proteins were
analyzed by Western blot using VNR139 anti-av mAb or anti-VEGFR2 Ab. Seventy micrograms of cell extract and 0.1 mg anti-VEGFR2 Ab were loaded
as control. D, proliferation of HUVECs left to adhere in complete media for 3 hours and then allowed to grow in complete media or EBM mixed to 40 ng/mL
VEGF165 with or without the indicated peptides for 72 hours. Medium with or without peptides was replaced every 24 hours. Absorbance of adherent cells
was assessed by MTT assay. Data represent the mean � SD of 2 experiments, carried out in quadruplicate.
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RERF prevents VEGF-dependent cell adhesion to vitro-
nectin,avb3 re-localization, andVEGFR2/av association,
suggesting that avb3 may be a mediator of RERF anti-
angiogenic effects.
Integrin avb3 is an important survival system for

nascent blood vessels during angiogenesis and VEGF
mitogenicity has been reported to be enhanced by avb3-
mediated endothelial cell adhesion (37, 38). A possible
hypothesis is that RERF could reduce endothelial cell
proliferation rate enhanced by 40 ng/mL VEGF165. In
agreement with our previous data (25), 10 mmol/L RERF
did not modify the growth of endothelial cells exposed
to VEGF up to 72 hours assessed by MTT assays (Fig.
4D), as well as by proliferation curves automatically
monitored with the xCELLigence system (Supplemen-
tary Fig. S1).

RERF inhibits VEGF-dependent endothelial cell tube
formation
To investigate whether RERF could inhibit VEGF-trig-

gered angiogenesis in vitro, endothelial cells were plated
onMatrigel in the presence of diluents (EBM), 10 nmol/L
RERF, or 40ng/mLVEGF165mixed todiluents ordifferent
combinations of effectors. After 6 hours, basal tube for-
mation by endothelial cells exposed to EBM or 10 nmol/L
RERF was comparable and taken as 100%. In contrast,
endothelial cells exposed to VEGF formed a 3-dimension-
al network of tubes resembling capillary-like structures
reaching 257% � 10% of branches counted in the absence
of any angiogenic stimulus (Fig. 5A and B). Unlike ERFR

control peptide, endothelial cell incubation with anti-
VEGF Ab, anti-avb3 mAb, or endostatin reduced
VEGF-dependent tube formation to the basal level (Fig.
5A and B). The addition of 10 nmol/L pERERY or 10
nmol/L RERF reduced VEGF-dependent tube formation
by 44% and 50%, respectively. Similarly to the cell migra-
tion data, RERF reduced the extent of VEGF-dependent
tube formation in a dose-dependent manner. The inhib-
itory effect starts in the low femtomolar range and levels
off in the nanomolar range, 50% of maximal effect being
reached at 10 pmol/L (Fig. 5C). All together, these find-
ings suggest thatRERFcouldpreventVEGF-driven angio-
genesis in vivo.

RERF inhibits angiogenesis in vivo
We used the DIVAA assay, which allows a quantitative

assessment of angiogenesis in vivo aspreviouslydescribed
(20). Matrigel-containing angioreactors were loaded with
diluents, 10 nmol/L SRSRY, 12.5 ng VEGF, with or with-
out 10 nmol/L RERF or 10 mg/mL endostatin and
implanted into the dorsal flank of nude mice. Angioreac-
tors were recovered after 15 days, and capillary sprouts
originating from the host vessels that invaded angioreac-
tor were quantified bymeasuring fluorescence-associated
to endothelial cells, following staining with fluorescein
isothiocyanate (FITC)-lectin. As expected, both SRSRY
and VEGF generated a remarkable angiogenic response,
although to a different extent, as compared with controls
(Fig. 6A). RERF reduced capillary sprouts originating by
SRSRYorVEGF to a similar extent (Fig. 6A).Measurement

Figure 5. Dose-dependent inhibitory effect of RERF on VEGF-dependent endothelial tube formation. HUVECs were suspended in prewarmed EBM,
with or without 10 nmol/L RERF, or 40 ng/mL VEGF165 in the presence or the absence of 5 mg/mL nonimmune serum (NIS), 1 mg/mL anti-human VEGF Ab,
5 mg/mL anti-avb3 mAb, clone LM609, 1 nmol/L endostatin (End), or the indicated peptides at 10 nmol/L concentration and seeded on Matrigel-coated
plates for 6 hours at 37�C.A, representative pictureswere takenwith an invertedmicroscopeat�200magnifications. B, quantitative analysis of tube formation
was indicated as a percentage of tubes formed by cord-like structures exceeding 100 mm in length, counted in the absence of any angiogenic
stimulus considered as 100% (EBM). The data are expressed as the means� SD of 3 independent experiments carried out in duplicate. �, P < 0.0001 C, tube
formation of HUVECs suspended in EBMwith 40 ng/mL VEGF165 and increasing concentrations of ERFR or RERF before seeding on Matrigel-coated plates
for 6 hours. Quantitative analysis was conducted as in B. Numbers are the percentages of tubular branches counted in the presence of VEGF165 alone,
considered as 100%. The data are expressed as the means � SD of 2 independent experiments carried out in duplicate.
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of endothelial cell-associated fluorescence revealed that
angioreactors loaded with VEGF/RERF or SRSRY/RERF
retained 15% and 8% of fluorescence recovered by angior-
eactors loaded with VEGF or SRSRY, respectively (Fig.
6B). Noticeably, antiangiogenic effects exerted by RERF
and endostatin in the presence of VEGFwere comparable
(angiogenesis reduced to 15% and 11%, respectively; Fig.
6B). Furthermore, antiangiogenic activity of RERF was
investigated by a corneal pocket assay in rabbits. Neo-
vascular growth was evaluated in 12 rabbits upon sub-
corneal implantation of slow release pellets containing
PBS or 180 ng VEGF with/without 5 mg RERF. Implanta-
tion of pellets containing 180 ng VEGF stimulated
ingrowth of blood vessels in the rabbit corneas starting
from day 2 and continuing to grow progressively up to 15

days before regressing. At day 15, rabbit corneas probed
with pellets impregnated with VEGF exhibited higher
angiogenic score then the average score of those impreg-
nated with vehicle (PBS; 3.3 � 0.5 vs. 0.1 � 0.2 with P <
0.0001). RERF was tested at 5 mg/pellet alone, to evaluate
its potential inflammatory response and in the presence of
VEGF (180 ng/pellet). RERF produced a 69.7% inhibition
of VEGF-induced vascularization (1 � 0,6 vs. 3.3 � 0.5
with P < 0.001), without eliciting inflammation (Fig. 6C
and D). Taken together, our findings indicate that RERF
behaves as an antiangiogenic factor which prevents not
only uPAR88–92–induced but also VEGF-induced angio-
genesis in vivo. Finally, we investigated whether RERF
exerts such effect on tumor growth using xenograft mod-
els using highly invasive and VEGF-producing HT1080

Figure 6. Antiangiogenic effect exerted by RERF in mice. A and B, Matrigel-containing angioreactors loaded with diluents (PBS), 10 nmol/L SRSRY, 12.5
ng VEGF mixed to PBS, 10 nmol/L RERF, or 10 mg/mL endostatin (End) were implanted subcutaneously into the dorsal flank of 12 CD1 nude
mice (2 angioreactors/mouse). Fifteen days after the implantation, mice were sacrificed and angioreactors were removed. Representative macroscopic
view of the resulting angioreactors. B, quantification of the endothelial cells in the developed vasculature 15 days after implantation. The extracellular
matrix was removed from each cylinder and the endothelial cells, recovered by dispase digestion and labeled with FITC-lectin, were quantified by
fluorescence at 510 nm emission with 485 nm excitation using a fluorimeter. Box plots represent data from a total of 2 experiments each with 4
angioreactors/sample. The median values are indicated. C, corneal pocket assay in 12 female New Zealand White rabbits. Sucralfate hydron pellets
impregnated with diluents (PBS), 5 mg RERF, 180 ng VEGF, or a mixture of 180 ng VEGF and 5 mg RERF were implanted in rabbit corneas.
Representative stereomicroscopy images recorded 15 day after pellet implantation. D, quantification of the angiogenic score (1 corresponded to 0–25
vessels per cornea, 2 from 25–50, 3 from 50–75, 4 from 75–100, and 5 for >100 vessels). Plots represent data from a total of 6 eyes per sample. The
median values are indicated. E, HT1080 cells were injected subcutaneously in the flanks of 10 nude mice. The day after, the mice were randomized
into 2 groups (5 animals/group), and treatments were started. Control mice received PBS alone, whereas experimental group received i.v.
injection of 3 mg/kg RERF every other day. Comparative images of a mouse treated with vehicle or RERF recorded after 10 and 20 days are depicted. F,
tumor volume was measured at various time points with a caliper, using the formula: 1/2 � (width)2 � length. G, after 20 days, animals were sacrificed
and excised tumors were fixed in buffered formalin and processed for paraffin sectioning. Representative images from sections stained with
hematoxylin and eosin to visualize vascular channels harboring red blood cells (arrows). H, tumor vascularization was assessed by counting vessels on
hematoxylin and eosin–stained sections in 5 randomly chosen fields per section, in at least 2 sections per tumor at �200 magnification.
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cells (39). Treatments with vehicle (PBS) or RERF (3 mg/
kg) started the day after the implantation and continued
every other day. Mice weight was monitored, and time-
dependent average weight increase showed that the ani-
mals survived the treatment schedule without changes in
body weight. After 20 days, all mice were sacrificed,
tumors were excised, and vascular channels harboring
red blood cells were counted on hematoxylin and eosin–
stained sections. The HT1080 cells readily formed tumors
when injected subcutaneously in the flanks of the immu-
nocompromised mice (Fig. 6E). The measurement of
tumor volume at various time points showed that the
kinetics of tumor formation in vehicle-treated mice were
significantly higher than those assessed in RERF-treated
mice. After 20 days, tumor volumes of vehicle-treated
mice were 862 � 104 and 476 � 121 mm3, respectively,
with P < 0.001 (Fig. 6F). Furthermore, microvessel density
was reduced in tumors fromanimals treatedwithRERF as
compared with those treated with vehicle alone (Fig. 6G
and H). Overall, these findings confirmed that RERF is a
promising therapeutic agent for the control of diseases
sustained by excessive angiogenesis such as cancer.

Discussion
This work is based on previous evidence showing that

the uPAR chemotactic sequence (uPAR88–92) drives in
vitro and in vivo angiogenesis in a protease-independent
manner (20). On this basis, we investigated whether
endothelial cells are sensitive to synthetic peptides which
were previously shown to inhibit the uPAR88–92–depen-
dent signals (24, 25).Nowwe show that RERF also inhibits
angiogenesis driven by VEGF, a widely recognized cen-
tral factor in new vessel formation. Here, we report that
RERF prevents in vitro migration and tube formation by
endothelial cells exposed toVEGF and counteracts VEGF-
induced phosphorylation of many proteins such as FAK.
Furthermore, RERF has been proven to prevent cytoskel-
etal reorganization, cell adhesion onto vitronectin, and the
recruitment of avb3 integrin at the focal adhesions of
endothelial cells exposed to VEGF. Antiangiogenic effects
exerted by RERF are reproducible in vivo when Matrigel-
containing angioreactors were implanted in nude mice as
well as when neovascularization was induced by subcor-
neal implantation in rabbits of slow release pellets con-
taining VEGF. Finally, analyses of growth and vascular-
ization of tumors formed by HT1080 cells implanted in
nude mice clearly support the inhibitory activity of RERF
on angiogenesis. While the effects of RERF on uPAR88–92

–driven angiogenesis were to be expected, the effects of
RERF on VEGF-induced angiogenesis were not. Our find-
ings unravel amore complex picture of the effects of RERF
on endothelial cells and,more generally, highlight the role
of uPAR, FPR, integrins, and VEGF-induced signaling
events in the regulation of endothelial cell functions.
uPAR is documented to be a key component of the

network through which VEGF controls endothelial cell
migration (10). Here, we present evidence that RERF
inhibits VEGF-triggered migration and cord-like forma-

tion of endothelial cells in a dose-dependent manner,
maximal effect being reached at 10 nmol/L. Although we
have not yet identified the exact molecular mechanism,
our findings indicate that RERF prevents VEGF-depen-
dent phosphorylation of downstream mediators such as
Src, PlCg-1, Akt, extracellular signal–regulated kinase
(ERK)1/2, and FAK, all required for VEGF-mediated
angiogenesis (37). Intriguingly, most of these are recog-
nized mediators also of uPAR-triggered signaling (40).
Thus, it is difficult to pinpoint the exact sequence of events
and the contribution of each subset of mediators in the
inhibitory effects exerted by RERF.

Our previous work has documented that RERF pre-
vents in endothelial cells uPAR/FPR and uPAR/av inter-
actions, mainly by binding to the G-protein–coupled
receptor FPR (Kdapp, 10

�17 mol/L) and av (Kdapp, 10
�13

mol/L), respectively (20, 25). In the experiments pre-
sented here, the RERF-dependent inhibitory effects on
endothelial cell migration and tube formation start in the
femtomolar range, suggesting that both proximal inter-
actions may be occurring. Interestingly, inhibitory effect
of RERF on VEGF-directed cell migration was dramati-
cally reduced when endothelial cells were desensitized
with 100 nmol/L fMLP, indicating that FPR activity is
required for RERF function. Furthermore, the involve-
ment ofavb3 integrin is supportedby thefindings that cell
adhesion to vitronectin and the extent of avb3 complexed
withVEGFR2are greatly reduced in thepresence ofRERF.
On the other hand, the pivotal role of avb3 in mediating
uPAR88–92 signaling as well as VEGF-dependent proan-
giogenic stimulus is well-established (12, 13, 36). In par-
ticular, the uPAR88–92–dependent proangiogenic effect
occurs through the assembly of uPAR in composite reg-
ulatory units with avb3 integrin and FPR (20).

Taken together, our results confirm the involvement of
FPR in binding and mediating inhibition by RERF and
suggest amechanism bywhich avb3 is either directly (via
integrin interaction) or indirectly (via FPR interaction)
forced into an inactive state by RERF and, consequently,
VEGFR2 as well as downstream signaling mediators are
not activatable. In this view, the avb3 vitronectin receptor
represents a commonmediator between the uPAR, acting
through its uPAR88–92 chemotactic epitope and VEGFR2
systems.

The neovascularization ofmalignant tumors is a critical
step in their growth and spread, and the pharmacologic
control of this process is considered one of the most
promising approaches for the treatment of neoplastic
diseases. However, the results are more modest than
predicted by most preclinical testing and benefits in pro-
gression-free survival are frequently not accompanied by
overall survival improvements (5). Furthermore, several
side effects have been ascribed to antiangiogenic drugs
such as bevacizumab that significantly increases the risk
of cardiac ischemic events in patients with cancer (41).
Therefore, improved drugs are needed. With respect to
this, RERF is a good drug by virtue of its ability to
selectively inhibit integrin/VEGFR2 cross talk and FPR
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unlike bevacizumab, indicating that RERF behaves dif-
ferently from other VEGF inhibitors. This suggests a
potentiallywider but still target-specific activity forRERF.

In tumors, an excess of VEGF induces "vessel abnorma-
lization," characterized by a disorganized, chaotic micro-
vascular network of tortuous immature vessels. Endothe-
lium becomes "abnormalized," leading to an increase of
interstitial fluid pressure with consequent vessel collapse
(42). An interesting point will be to analyze how RERF is
able to revert such effects.

Evidence indicating the role of the uPA/uPAR system
in the regulation of the innate immune system in the
inflammation process, of the adaptive immune response,
aswell as the role offibrin andfibrindegradationproducts
at the cross-road between coagulation and inflammation
does exist (43). Furthermore, FPRs are documented to
regulate innate inflammatory responses and mediate cell
migration in response to a variety of chemotactic factors
by facilitating the trafficking of phagocytes to the site of
bacterial invasion (44). Given the finding that RERF inter-
feres with the complex cross-talk involving uPAR, FPR,
and integrins, it is reasonable to foresee that this peptide
may be also used to develop new drugs for the treatment
of diseases that are sustained by a chronic excess of cell
migration such as inflammatory diseases. The uPA/
uPAR system is not only regarded as one of the key
systems driving tumor invasion and metastases but is
also now appearing as an essential component of the
network through which VEGF controls angiogenesis. To
date, different strategies to prevent the interaction of
uPAR with integrins have been designed (45). In the new

frame, RERF could be considered a unique and valid
prototype for the development of new antineoplastic
therapies designed to simultaneously counteract tumor
cell dissemination and intra-tumoral neovascularization.
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