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PURPOSE. To investigate the molecular mechanisms of the antiangiogenic activity of UPARANT,
an antagonist of the urokinase-type plasminogen activator receptor (uPAR), on primary
human retinal endothelial cells (HREC) as a model of in vitro angiogenesis.

METHODS. The antiangiogenic activity of UPARANT was evaluated on endothelial cell
migration, invasion, and tube formation. Human REC were further analyzed for viability,
transendothelial electrical resistance (TEER), and tight junction (TJ) expression at the protein
and mRNA levels. Vascular endothelial growth factor-related signaling molecules were also
analyzed by Western and northern blots.

RESULTS. UPARANT inhibited in a dose-dependent fashion HREC motility, invasion, and tube
formation stimulated by VEGF-A, in a range of doses (1–100 nM) that had no effect on cell
viability and proliferation. UPARANT also prevented the loss of permeability induced by VEGF-
A, restoring normal TEER values and TJ protein expression. At the molecular level, UPARANT
inhibited VEGFR-2 and STAT3 phosphorylation, thus decreasing VEGF and hypoxia-inducible
factor 1-alpha expression, finally resulting in decreased activation of MEK/ERK, JNK, p38, and
AKT signaling proteins.

CONCLUSIONS. These findings indicate that UPARANT exerts its antiangiogenic effects through
the inhibition of the downstream signaling activated by angiogenic factors such as VEGF-A.

Keywords: angiogenesis, retina endothelial cells, migration, invasion, tubulogenesis,
UPARANT

Neoangiogenesis is the physiological process of new blood
vessel formation from pre-existing vessels; this is necessary

to sustain the metabolism of growing cells, and is crucial for
tissue healing and regeneration.1 An imbalance of this process
makes it become pathologic, contributing to disorders of an
infectious, inflammatory, immune, and malignant nature.2

Aberrant retinal angiogenesis is a key component of several
ophthalmic diseases that may lead to blindness. Proliferative
diabetic retinopathy,3–5 choroidal subretinal neovasculariza-
tion,6 and retinopathy of prematurity7 are leading causes of
blindness in the population worldwide. Neoplastic eye
diseases, such as retinoblastoma, also appear to depend on
angiogenic factors.8 Therefore, finding a safer and more
efficient antiangiogenic therapy is still a key challenge for the
treatment of neovascular-dependent ocular pathologies.9

Vascular endothelial growth factor is the main regulator of
angiogenesis, including retinal and choroidal angiogenesis.10

Recent data from our laboratory have shown that human
retinoblastoma cells in coculture with a primary human retinal
endothelial cell line (HREC) derived from human retinal
microvessels and pericytes release large amounts of VEGF-A.11

Therapies based on anti-VEGF antibodies have been shown to

improve visual outcome in patients with neovascular diseas-
es.12

During new vessel formation, endothelial cells (EC) need to
proliferate, migrate, and invade into the interstitial stroma using
their proteolytic machinery, essential for the degradation of the
extracellular matrix. For this reason, proteases and their
receptors play a crucial role in angiogenesis. The urokinase-
mediated plasminogen activation system (uPA) is a complex
system of serine proteases involved in ECM degradation.13 The
receptor for urokinase-type plasminogen activator (uPAR) plays
an important role in controlling cell migration14,15 and uPAR
signaling is closely related to angiogenesis.16 In particular, it has
been shown that the uPAR88-92 sequence interacts with the
formyl peptide receptors (FPR), inducing cell migration in an
integrin-dependent manner.17 In the retina uPAR is an
important component of the angiogenic response; in mouse
retinal neovascular pathology uPAR expression is upregulated
in the microvessel endothelium.18 Urokinase-type plasminogen
activator is also expressed in bovine retinal EC and human
retinal pigment epithelial cells, and its activation modulates
their proliferation rate.19 Moreover, inhibition of its activity
prevents the blood–retinal barrier (BRB) breakdown in rodent
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models of microvascular pathologies.20,21 Whether uPAR
inhibition may affect the permeability of HREC as a model of
the BRB, remains to be investigated.

Based on these premises, and in the context of the research
toward the setting up of antiangiogenic therapies based on the
inhibition of endothelial cell migration, synthetic uPAR-peptide
inhibitors for therapeutic applications have been devel-
oped.21–23 Recently, Carriero et al.24 have reported that the
peptide Ac-L-Arg-Aib-L-Arg-L-a(Me)Phe-NH2, named UPARANT,
displays a remarkable resistance to enzymatic proteolysis. In
vitro, the peptide inhibits tube formation by HUVEC; in vivo,
following subcorneal implantation of pellets containing
VEGF24 and after intravitreal injections in mouse models of
either oxygen-induced retinopathy25 or choroidal neovascular-
ization,26 UPARANT significantly reduced the neovascular
response, although the molecular mechanisms mediating these
effects have not been clarified yet. To this purpose, in the
present study we used an in vitro model of VEGF-A–driven
angiogenesis in order to characterize the antiangiogenic
activity of UPARANT in primary HREC cultures, in order to
investigate the molecular mechanisms through which UPAR-
ANT exerts its antiangiogenic action.

MATERIALS AND METHODS

Reagents and Antibodies

Recombinant human VEGF-A (VEGF-A165 isoform) was pur-
chased from Peprotech (Rocky Hill, NJ, USA). UPARANT and
control peptide ERFR were synthesized as previously de-
scribed.24 The serum-free endothelial cell basal medium (EBM)
was purchased from Science Cell Research Laboratories (San
Diego, CA, USA). Antibiotics, other reagents for cell culture,
the SuperScript III first-strand synthesis system, Platinum PCR
SuperMix and TrackIt were purchased from Invitrogen Life
Technologies (Carlsbad, CA, USA). The protease inhibitor
cocktail was obtained from Roche Applied Science (Indiana-
polis, IN, USA). The phosphatase inhibitor cocktail was
purchased from Sigma-Aldrich Corp. (St. Louis, MO, USA).
Polymerase chain reaction primer sets were purchased from
Metabion International AG (Steinkirchen, Germany). All other
chemicals were purchased from Sigma-Aldrich Corp.

A list of antibodies used in this study is shown in
Supplementary Table S1.

Cell Culture

The primary HREC line was purchased from Innoprot
(Elexalde Derio, Spain) and routinely fed with EBM supple-
mented with 5% fetal bovine serum (FBS), 1% endothelial cell
growth supplement (ECGS), 100 U/mL penicillin, and 100
mg/mL streptomycin, also acquired by Innoprot. Human REC
were used between the third and fifth in vitro passage. For
experiments, cells were plated in complete culture medium
to allow attachment; next, the culture medium was changed
to EBM supplemented with 0.25% FBS plus factors (40–80 ng/
mL VEGF-A, 1, 10, or 100 nM UPARANT), as appropriate for
each experimental condition. For Western blot and RT-PCR
analysis UPARANT was added 30 minutes before the addition
of VEGF-A.

Cell Viability

Cell viability was assessed by the 3-[4,5-dimethylthiazol-2-yl]-
2,5-diphenyl tetrasodium bromide (MTT) assay (Chemicon,
Temecula, CA, USA), as previously described.27 Cell number
was determined by the Trypan blue exclusion test, followed by
haemocytometer counting.28 Cells failing to exclude the dye

were considered not viable. Briefly, 5 3 103 HREC/well were
seeded in 96-well plates, left to adhere in complete medium for
4 hours, rinsed twice with PBS, and then allowed to grow in
EBM þ 0.25% FBS with or without 40 ng/ml VEGF-A and/or
different concentrations of UPARANT (1, 10, and 100 nM) for
72 hours at 378C 5% CO2. Culture medium was replaced every
24 hours. At the end of each time-point, HREC were incubated
at 37 8C with MTT (0.5 mg/ml) for 4 hours; then 100 lL
dimethyl sulfoxide was added and absorbance was measured at
570 nm in a plate reader (Synergy 2-bioTek; Perkin Elmer,
Waltham, MA, USA).

Wound Healing Assay

To evaluate the effect of UPARANT on VEGF-A–induced HREC
migration, a scratch-wound assay was used. Scratch wounds
were created by scraping the cell monolayer with a 200-ll
sterile tip. The wounded cultures were washed twice with PBS
to remove detached cells and then treated with 80 ng/ml
VEGF-A and/or different concentrations of UPARANT and
control peptide ERFR (1, 10, and 100 nM) for 24 hours. The
wound closure after treatment was monitored after 24 hours
under an inverted Leica DM IRB microscope equipped with
CCD camera (Leica-Microsystems, Wetzlar, Germany). The
relative cell migration rate is calculated on the number of
cells migrated into the wound area and expressed as
percentage of untreated control. Quantitation of cell number
was done on five different fields for each wound.

Cell Invasion Assay

To evaluate HREC invasion capability, transwells with a
diameter pore size of 8.0 lm were coated with Matrigel (BD
Biosciences, Erembodegem, Belgium) and inserted into a 24-
well plate. Human REC (7 3 104 cells/well) were seeded in
serum-free medium into the upper compartment. The lower
compartment of the chamber was filled with 650 lL EBM with
or without 80 ng/mL VEGF-A and/or 10 nM UPARANT. The
inserts were incubated at 378C for 24 hours and then removed
from the plate. Nonmigrating cells on the upper surface of the
filter were wiped with a cotton swab, and the filters stained for
30 minutes with a crystal violet solution (0.05% in 20%
ethanol), then rinsed twice with distilled water and finally
evaluated by light microscopy. Cells that had invaded the
Matrigel and reached the lower surface of the filter were
observed under a microscope at 3100 magnification. Five
random nonoverlapping fields/well were photographed, and
visible cells counted.

Tube Formation Assay

Fifty microliters of Matrigel were added to a 96-well plate and
allowed to solidify at 378C for 30 minutes. Human REC (1.5 3
104 cells/well) were treated in serum-free medium with or
without 80 ng/mL VEGF-A and/or 10 nM UPARANT for 6 hours
to allow the formation of tube-like structures. Pictures were
taken using an inverted Leica DM IRB microscope equipped
with a CCD camera. Tube length was measured using the
Angiogenesis Analyzer tool for ImageJ software (http://imagej.
nih.gov/ij/; provided in the public domain by the National
Institutes of Health, Bethesda, MD, USA).

Transendothelial Electrical Resistance

To assess paracellular permeability of HREC as a model of BRB,
TEER measurements were performed. TEER was measured
with the Millicell-ERS system (MERS 000 01; Millipore AG,
Volketswil, Switzerland). Inserts (Transwell, Corning, Inc.,
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Corning, NY, USA), were coated on the upper side with 1 lg/
ml fibronectin. The coating was dried for 1 hour at 378C, and

rinsed twice with Ca2þ- and Mg2þ-free PBS before being placed
in complete medium. Fibronectin-coated transwell inserts
were used to measure the background resistance. Values are
expressed as X 3 cm2 and were calculated by the formula:

(average resistance of experimental wells � average back-
ground resistance) 3 0.33 (the area of the transwell mem-
brane). TEER values were normalized to control wells without
treatment. Human REC were plated on the upper side of the

polycarbonate membrane (15 3 104 cells/well) of transwell
inserts (24-well type, 3.0-lm pore size) and cultivated in
complete medium for 3 days. Under these conditions the cells
formed a confluent monolayer characterized by a stable TEER
of approximately 40 X 3 cm2. Prior to experiment with

confluent HREC, the complete medium was replaced with
serum-reduced medium and TEER was measured just before
and then 24, 48, and 72 hours after the addition of 40 ng/mL
VEGF-A and/or 1, 10, and 100 nM UPARANT, replacing the

medium every day during the incubation period.

To evaluate TJ protein expression, HREC were incubated
with EBM plus 0.25% FBS with 40 ng/mL VEGF-A, with or
without 10 nM UPARANT for 3 days. The medium was replaced
every 24 hours. After incubation, cell lysates were prepared as

described below in the Western blotting section.

Western Blotting

Human REC in EBM plus 0.25% fetal calf serum (FCS) were
preincubated with UPARANT or vehicle alone for 30 minutes,
and then stimulated with VEGF-A (40 ng/mL) for the indicated
times. At the end of each time-point, cells were detached by
scraping, collected by centrifugation, and lysed as previously
described.29 After blotting, membranes were incubated over-
night at 48C with the primary antibodies listed in Supplemen-
tary Table S1, then 2 hours at room temperature with the
specific secondary antibody, and immunocomplexes were
finally detected by enhanced chemiluminescence (Amersham,
Cologno Monzese, MI, Italy).

Total RNA Isolation and Semiquantitative RT-PCR

Total RNA was extracted from HREC by using the TRIzol
reagent (Invitrogen Life Technologies, Monza, MB, Italy),
reverse transcription of RNA was performed with the
SuperScript III first-strand synthesis system according to the
manufacturer’s instructions. cDNA was amplified in a PX2
thermal cycler (Thermo Scientific Hybaid, Pittsburgh, PA, USA).
Bands were made visible by UV-light and quantitated with the
ImageJ software.

Primer sequences used for VEGF, VEGFR-2, hypoxia-
inducible factor 1-alpha (HIF-1a), and b-actin are reported in
Supplementary Table S2.

FIGURE 1. Vascular endothelial growth factor-A and UPARANT effects on HREC viability and growth. Human REC were allowed to grow in EBMþ
0.25% FBS mixed with different concentrations of UPARANT (A) or with VEGF-A (40 ng/ml) plus or minus the same amounts of UPARANT (B) for 72
hours at 378C and 5% CO2. Cell viability and growth was estimated by the MTT assay, and reported as percentage of untreated control cells. Values
are expressed as mean 6 SD of three independent experiments, each involving six different wells per condition. P values were determined by 2-way
ANOVA followed by Tukey’s test (*P < 0.05 vs. respective controls, §P < 0.05 vs. preceding time).
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Antibody Arrays of Phosphorylated Receptor

Tyrosine Kinase (p-RTK)

The Human Phospho-RTK Array Kit (catalogue no. ARY001B)
was purchased from R&D System, Inc. (Minneapolis, MN,
USA). Human REC were treated with 10 nM UPARANT for 30
minutes, with 40 ng/mL VEGF-A for 15 minutes, or with a
combination of the two (UPARANT 30 minutes, plus VEGF-A
15 minutes), and cell lysates prepared according to manufac-
turer’s instructions. Phosphorylated receptor tyrosine kinase
array membranes were then incubated overnight at 48C with 2
mL of each cell lysate containing equal amounts of protein. The
membranes were incubated with anti-phospho-tyrosine-HRP
antibody for 2 hours at room temperature, and the immuno-
complexes in each array membrane were detected by the
enhanced chemiluminescence reagent. Densities of immuno-

reactive spots were quantitated with the ImageJ software.
Results are shown in Supplementary Figure S1.

Statistical Analysis

Statistical significance between two groups was analyzed by
Student’s t-test. One-way ANOVA, followed by Tukey’s post hoc
test, was used for multiple comparisons. P values less than 0.05
were considered statistically significant.

RESULTS

Human REC represent an ideal cell model system to study the
molecular mechanisms of UPARANT effects on retinal neo-
angiogenesis. In the first part of this work, we investigated
whether UPARANT could inhibit the response of this cell line

FIGURE 2. Vascular endothelial growth factor-A and UPARANT effects on HREC migration. Artificially wounded monolayers of confluent HREC were
incubated for 24 hours with different concentrations of control peptide ERFR or UPARANT (A), or with 80 ng/ml VEGF-A with or without UPARANT
or ERFR peptide at the indicated concentrations (B). Representative color-inverted photomicrographs of HREC cell migration are shown
(magnification, 340). The wounded area is indicated by white dotted lines (C). Quantitation of migrated cells was made with the aid of ImageJ
software at five different areas for each wound. Data are the means 6 SD from three independent wound healing assays, each one run in triplicate.
Data were analyzed by 1-way ANOVA followed by Tukey’s test (*P < 0.05 vs. respective control, §P < 0.05 vs. VEGF-A alone).
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to VEGF-A–induced in vitro angiogenesis; in the second part
we will illustrate how the signal transduction downstream
VEGF-A stimulation is influenced by UPARANT.

UPARANT Does Not Interfere With Cell Viability
and Proliferation

The effect of UPARANT at 1, 10, 100 nM on HREC viability and
proliferation was evaluated by the MTT assay (Fig. 1). The
presence of VEGF-A at 40 ng/mL concentration induced an
expected increase of cell proliferation (1.93- and 2.71-fold at 48
and 72 hours, respectively, P < 0.05: Fig. 1B), whereas
UPARANT by itself did not affect cell viability or proliferation at
any of the tested doses (Fig. 1A), nor did it interfere with VEGF-
A stimulation of proliferation (Fig. 1B).

UPARANT Decreases VEGF-Induced Migration and
Invasion

To study the effect of UPARANT on VEGF-A–induced cell
migration and invasion, experiments were performed follow-
ing two different procedures.

Migration was evaluated by the artificial wound-healing
assay (Fig. 2). Contrast phase representative photographs show
HREC cultures after wounding of the monolayer and the
wound edge advancement after 24 hours incubation with
control inactive peptide ERFR,24 UPARANT alone (both, no
effect: Fig. 2A), and VEGF-A in the absence or in the presence
of 1, 10, and 100 nM UPARANT (Fig. 2B). The quantitative
representation of the results is shown in Figure 2C. Vascular
endothelial growth factor-A improved HREC wound closure by
2-fold at 24 hours (P < 0.05). UPARANT at 10 and 100 nM
significantly counteracted the effect of VEGF-A, and decreased
wound closure by roughly 30% (P < 0.05). As expected,
control tetrapeptide ERFR was ineffective.

In a second set of experiments, invasion of HREC through
Matrigel-coated transwell membranes was induced by the
presence of VEGF-A 6 10 nM UPARANT in the lower well (Fig.
3). After 24 hours VEGF-A caused a significant 6.6-fold increase
(P < 0.05) in the number of cells crossing the filter as
evaluated by manually cell count (Fig. 3B). Conversely, 10 nM
UPARANT caused a 40% reduction of such invasion (P < 0.05)
(Fig. 3B).

UPARANT Reduces VEGF-A–Stimulated Neovessel
Tube Formation

Representative optical contrast phase micrographs of cell-to-
cell interaction and organization on Matrigel are shown in
Figure 4A. Human REC plated onto Matrigel under control
conditions adhered in a short time and expressed their typical
elongated phenotype very quickly, within 6 hours of incuba-
tion (Fig. 4A, panel a). The cells emitted long offshoots from
the cell bodies (white arrows) creating physical contact,
necessary for recognition and spatial organization. The
presence of VEGF-A strongly enhanced these morphologic
changes (Fig. 4A, panel b): many more cells than in the control
wells established a higher number of reciprocal contacts.
UPARANT alone at 10 nM had no influence on the morphology
of HREC on Matrigel (Fig. 4A, panel c), whereas it prevented
the stimulatory effects of VEGF (Fig. 4A, panel d). Tube
formation under all culture conditions was quantitated by
counting tubule branch points, defined as cell intersections
containing at least three tubules, namely parts of the tube
skeleton where three or more tubes converge (Fig. 4B).
Vascular endothelial growth factor-A induced an increase of
branching points by 3.9-fold (P < 0.05) compared with control
and to UPARANT alone-treated cells. The addition of UPARANT

10 nM to VEGF-treated cells reduced branching by 50.4% (P <
0.05) (Fig. 4B), in good correlation with the measurement of
tube length (Fig. 4C).

UPARANT Prevents VEGF-A–Induced HREC
Monolayer Permeability

The formation of a continuous, impermeable cell monolayer on
the upper surface of a transwell chamber results in a strong
detectable increase of the TEER measured between the upper
and the lower compartments of the chamber. The imperme-
ability of such monolayer is due to the sealing of endothelial
cells via formation of TJ. The exposure of HREC monolayers to
different concentrations (1–100 nM) of UPARANT alone had no
effect on TEER, whereas VEGF-A treatment (40 ng/mL)
disrupted the monolayer integrity, causing a significant, time-

FIGURE 3. Vascular endothelial growth factor-A and UPARANT effects
on HREC invasion. Matrigel-coated filters with 8-lm pores were fixed
and noninvading cells on the upper filter side removed with a cotton
swab. Invading cells on the bottom side of the filter were evaluated
after crystal violet staining by light microscopy. Representative fields
are shown at 3100 magnification (A). Human REC migration was
quantitated in triplicate membranes by counting the cells in five
different fields of each membrane (B). Data are the means 6 SD of
three independent experiments, analyzed by 1-way ANOVA followed
by Tukey’s test (*P < 0.05 vs. control, §P < 0.05 vs. VEGF-A alone).
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dependent decrease of TEER by 32%, 45%, and 39% at day 1, 2,
and 3, respectively (P < 0.05) (Fig. 5A). Such a decrease of
TEER induced by VEGF-A was partially prevented by UPARANT
at 1 nM (28%, 22%, and 8% observed decrease at day 1, 2, and
3, respectively, P < 0.05), and completely prevented at the
higher concentrations of 10 and 100 nM (Fig. 5B).

In a separate experiment the expression of TJ proteins was
evaluated on HREC monolayers after 24 hours of treatment
with VEGF-A (40 ng/ml) in the presence or absence of 10 nM
UPARANT. Tight junction protein expression was strongly
inhibited by incubation with VEGF-A, which decreased claudin-
1, claudin-5, and occludin amounts by 65%, 85%, and 60%,
respectively (P < 0.05), correlating well with the loss of TEER.
UPARANT at 10 nM significantly prevented the decrease of TJ
protein expression: claudin-1 level returned similar to untreat-
ed control cells, whereas the observed decrease for claudin-5
and occludin were respectively 55% and 33% (P < 0.05) (Figs.
5C, 5D).

UPARANT Reduces VEGF-A Expression and VEGFR-
2 Expression/Activation

Experiments were performed to investigate the possible
involvement of UPARANT in regulating the level of VEGF-A
and the level and activation (by phosphorylation) of its cognate
receptor VEGFR-2 (Fig. 6).

Vascular epithelial growth factor-A stimulation of HREC
(Fig. 6A) for 5 and 30 minutes triggered VEGFR-2 phosphor-
ylation by almost a 2.0- and 1.45-fold increase (P < 0.05),
respectively; receptor activation was almost back to control
level after 60 minutes of incubation. The simultaneous

presence of UPARANT at 10 nM and VEGF-A partially inhibited
VEGFR-2 phosphorylation at 5 minutes (1.25-fold increase over
control: 37.5% inhibition, P < 0.05), bringing it back to control
levels already at 30 minutes. The expression level of VEGFR-2
remained stable (Fig. 6A). By using a human phospho-RTK
array kit we also screened HREC for the activation of other 49
tyrosine kinase receptors: the only growth factor phosphory-
lated after VEGF-A addition was VEGFR-2 (25-fold increase, P <
0.05). UPARANT (10 nM) coincubated with VEGF reduced
VEGFR-2 phosphorylation level by almost 37% (P < 0.05),
without inducing, by itself, any other receptor phosphoryla-
tion (see Supplementary Fig. S1).

The mRNA level of VEGFR-2 showed no variation between
1 and 4 hours, either in the presence of VEGF-A alone, or in the
concomitant presence of UPARANT (Fig. 6B).

Vascular endothelial growth factor-A incubation for 24
hours stimulated its own levels by almost 3.3-fold (P < 0.05),
due to the presence of a known autocrine loop,30–32 and was
drastically reduced by 64% (P < 0.05) when UPARANT at 10
nM was simultaneously present (Fig. 6C). Accordingly, after
incubation with VEGF-A for 1, 2, and 4 hours, VEGF-A-mRNA
substantially increased by 5.3-, 5.2-, and 6.0-fold, respectively
(P < 0.05). The concomitant presence of 10 nM UPARANT
decreased such a response by 30%, 37%, and 77%, respectively
(P < 0.05) (Fig. 6D).

UPARANT Affects the Signalling Pathways
Triggered by VEGF-A

The putative role of UPARANT on proteins involved in
intracellular signaling of VEGF-A was investigated in HREC by

FIGURE 4. Vascular endothelial growth factor-A and UPARANT effects on HREC morphogenesis. Endothelial tube formation was evaluated by light
microscopy in terms of branching points and tube length. Representative fields are shown at 3100 magnification (A). Branching points
(arrowheads) folds change is shown with respect to cells seeded in the absence of VEGF (B). Tube elongation was calculated with respect to cells
grown in the absence of VEGF (C). White arrows indicate long offshoots emitted from cell bodies. Values are expressed as mean 6 SD of three
independent experiments performed in duplicate wells. P values were determined by 1-way ANOVA followed by Tukey’s test (*P < 0.05 vs. control,
§P < 0.05 vs. VEGF-A).
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checking the expression/activation levels of AKT, JNK, p38,
and ERK, known for transducing migration and survival signals
in EC.33 Phosphorylation levels of these proteins were
measured after 5, 30, and 60 minutes of VEGF-A induction.
Figure 7A shows the immunoblot detection of total and
phosphorylated proteins; the respective quantification is
reported in Figures 7B through 7E, showing the phosphory-
lated/total proteins ratio of densitometric values. Vascular
endothelial growth factor-A–stimulated activation peaked at 5
minutes of incubation (2.03-, 3.07-, 2.06-, 9.78-fold increase for
AKT, JNK, p-38, ERK 1/2, respectively, P < 0.05), then declined
at remaining incubation times. The presence of 10 nM
UPARANT caused a significant reduction of the phosphoryla-
tion levels in all proteins at 30 and 60 minutes, returning them
almost to baseline levels. JNK and p38 activation was
completely prevented already at 5 minutes. These results
indicate that UPARANT may inhibit HREC migration, invasion,
and tube formation by affecting the downstream cascade of
MEK/ERK, MEK/JNK, PI3-K/p38, and PI3-K/AKT pathways.

UPARANT Reduces STAT3 and HIF-1a Expression

STAT3 and HIF-1a are two known key regulators in VEGF signal
transduction and angiogenic response (Labazi M, et al. IOVS

2009;50:ARVO E-Abstract 2942).34 Incubation of HREC with
VEGF-A caused a drastic increase in STAT3 phosphorylation by
3.3-fold at 30 and 60 minutes (P < 0.05), without changing the
level of protein expression. The presence of 10 nM UPARANT

prevented such an increase, maintaining the values close to
those found in untreated cells (Fig. 8A). STAT3 activation in
retinal EC is known to increase their expression of HIF-1a.35

Accordingly, after 1 to 4 hours stimulation with VEGF-A, HIF-1a
transcription level increased between 3- and 4-fold (P < 0.05)
(Fig. 8B). The effect of UPARANT at 10 nM on this induction
was dramatic, and already at 1 hour the expression level of HIF-
1a mRNA was back to the control level, remaining stable until
4 hours of treatment.

DISCUSSION

Abnormal angiogenesis is among the causes of several
pathologies in which an ischemic insult triggers an overpro-
duction of angiogenic factors that alter the normal vasculari-
zation process. Retinal diseases, such as proliferative diabetic
retinopathy, neovascular AMD, and retinopathy of the prema-
turity represent a class of such pathologies, very often leading
to visual loss in affected patients. Vascular epithelial growth
factor is the main angiogenic factor regulating vascularization
of the retina and the choroid10; therefore, the predominant
therapeutic approach to these kinds of diseases is nowadays
based on drugs that prevent its binding to cognate receptors.36

In this paper, we show that a different therapeutic approach
could be possible, in which the target is the downstream
signaling triggered by VEGFR-2 activation.

FIGURE 5. Vascular endothelial growth factor-A and UPARANT effects on TEER and TJs protein expression. TEER was measured in triplicate wells at
the indicated time points after: (A). Treatment of confluent HREC with 40 ng/ml VEGF-A or with different concentrations of UPARANT; (B).
Treatment of confluent HREC with 40 ng/ml VEGF-A with or without different concentrations of UPARANT. (C) Representative Western blot of TJ
protein expression after VEGF-A treatment for 1 day with or without 10 nM UPARANT. (D) Bar graphs (in arbitrary densitometric units, a.d.u.)
representing the means 6 SD from three independent experiments. P values were determined by 2-way ANOVA followed by Tukey’s test (*P < 0.05
vs. control, §P < 0.05 vs. VEGF-A).
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UPARANT is a synthetic peptide antagonizing the uPA
receptor, thus inhibiting its interactions with the other cellular
partners required to induce the invasive phenotype of
microvascular EC, necessary for angiogenesis. Urokinase-type
plasminogen activator receptor is a Glycosylphosphatidylino-
sitol (GPI)-anchored receptor that takes part in the regulation
of a wide range of cellular events, such as motility, invasion,

and gene expression. Because it lacks an intracellular domain,
uPAR exerts its activity by forming supramolecular complexes
with other cell membrane receptors, activating a downstream
signaling through mediators such as FAK, Src, Rac, Ras/Raf
ERK/MAPK, and JAK/STAT.14 The assembly of uPAR in
composite regulatory units with avb3 integrins and the formyl
peptide receptor (FPR) has been shown.21 Activation of FPR

FIGURE 6. UPARANT effects on VEGFR-2 activation and VEGF-A expression. Vascular endothelial growth factor receptor-2 phosphorylation and
protein expression (A), or VEGFR-2 transcription (B) were assessed respectively by Western blot analysis or RT-PCR in control HREC (no treatment)
or HREC pretreated with 10 nM UPARANT for 30 minutes and then treated with 40 ng/ml VEGF-A at the indicated time points. Results are expressed
as the ratio over total VEGFR-2 ([A] bottom panel) or b-actin mRNA ([B] bottom panel). Vascular endothelial growth factor protein expression (C)
was assessed by Western blot analysis in control HREC (no treatment) or HREC treated for 24 hours with VEGF-A (40 ng/ml) plus or minus 10 nM
UPARANT. Results are expressed as the ratio to glyceraldehyde 3-phosphate dehydrogenase (GAPDH; [C] bottom panel). Vascular endothelial
growth factor-A transcription rate (D) was assessed by RT-PCR in control HREC (no treatment) or HREC pretreated with 10 nM UPARANT for 30
minutes and then treated with 40 ng/ml VEGF-A at the indicated time-points. Results are expressed as the ratio to GAPDH ([D] bottom panel). Data
represent the means 6 SD from three independent experiments (*P < 0.05 vs. control, §P < 0.05 vs. VEGF-A same time; 1-way ANOVA, followed by
Tukey’s test).
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may in turn activate STAT3 and HIF-1a signaling pathways,
controlling angiogenesis and inflammation.37 There is a
demonstrated interaction between uPAR and VEGFR-2, that
leads to a redistribution of uPAR on the cell membrane,
resulting in its accumulation at the invasive leading edge of
EC,38 where uPAR controls integrin-dependent cell migration,
interacting with the fibronectin and vitronectin integrin
receptors a3b1/a5b1 and avb5/avb3.39 Pro-urokinase (pro-
uPA) is also activated leading to the further activation of

proMMP-2 and more pro-uPA. Urokinase-type plasminogen
activator receptor is finally internalized via an low density
lipoprotein receptor-like molecule.40 This VEGF-induced pro-
uPA activation on EC might be one of the initial steps in matrix
degradation during the angiogenic process.41

Consistent with these mechanisms, we have shown here
that UPARANT does not influence HREC growth or its
stimulation by VEGF-A, indicating that VEGFR-2 and the
growth signaling are not the main targets of UPARANT.

FIGURE 7. UPARANT effects on signal transduction induced by VEGF-A. Expression of MAPKs in control HREC (no treatment) or HREC pretreated
with 10 nM UPARANT for 30 minutes and then treated with 40 ng/ml VEGF-A at the indicated times. A representative blot is shown for AKT, JNK,
p38, and ERK, phosphorylated, and total expression. (B–E) Densitometry analysis of phosphorylated/total protein ratio of each band (a.d.u.). Data
represent the means 6 SD from three independent experiments. P values were determined by 1-way ANOVA followed by Tukey’s test (*P < 0.05 vs.
control, §P < 0.05 vs. VEGF-A same time-point).
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Vascular endothelial growth factor-A treatment of HREC
triggers activation of only VEGFR-2; none of the other 39
tyrosine-kinase receptors investigated (including VEGFR-1 and
�3) appeared to be activated (Supplementary Fig. S1).
However, UPARANT in each of the two experiments evaluating
its effects on VEGFR-2 activation (Fig. 6, Supplementary Fig.
S1) exerted only 37% inhibition of VEGFR-2 activation by
VEGF-A, and this might suggest that such a partial inhibition is
not sufficient to inhibit cell growth, which directly depends on
VEGFR-2 activation.42

On the contrary, VEGF-A–induced cell motility, invasion,
and microvascular tube formation were all inhibited in a dose-
dependent fashion by UPARANT. This was also accompanied
by a restoration of the EC permeability barrier, disintegrated by
VEGF-A treatment. In the motility, morphogenesis, and
invasion assays UPARANT was able to counteract even the
highest concentration of VEGF-A used (80 ng /ml).

Vascular endothelial growth factor is known to induce its
own biosynthesis through an autocrine stimulation process
requiring the activation of the STAT3 transcription factor.43

UPARANT disrupts this process, interfering with the activation
of VEGFR-2, STAT3, and the transcription of HIF-1a, finally
resulting in a decreased VEGF biosynthesis.44 The STAT3
cytoplasmic transcription factor is known to be activated by a
number of oncogenes, cytokines, and growth factors, and to
participate in different signal pathways depending on the cell
types.45 STAT3 is phosphorylated/activated in a wide variety of
cancers and its activation increases both tumor angiogenesis
and VEGF expression.46 Activation of STAT3 is indeed
considered a biomarker of VEGF-mediated endothelial activa-
tion.47 In a representative model of human retinopathy of
prematurity, NOX4 regulated VEGFR-2-mediated neovascular-
ization through STAT3 activation.48

The activated VEGFR-2 may interact with integrins, uPAR,
and FPR (Fig. 9), thus modulating cell adhesion, motility, and
invasion through the activation of: (1) AKT and p38 MAPK,
responsible for actin reorganization, motility, and tube
formation49; and (2) JNK and ERK1/2 that regulate MMP
expression, invasion, and morphogenesis.50,51 The interfer-
ence of UPARANT with the formation of the above supramo-
lecular complex prevents VEGF-mediated activation of AKT,
JNK, p38 MAPK, and ERK, likely leading to the observed
inhibition of motility, invasion, and tube formation in HREC.
Moreover, in bovine retinal EC stimulated by VEGF, uPAR
activation led to the engagement of the p38/b-catenin
complex, resulting in increased paracellular permeability.52

Accordingly, our data show that UPARANT, likely through the
inhibition of p38 MAPK activation, prevents the loss of
impermeability of the endothelial monolayer induced by
VEGF-A, and increases TJ protein expression.

CONCLUSIONS

Data presented in this paper give a better understanding, at the
molecular level, of the antiangiogenic effect of UPARANT
demonstrated in vivo in mouse models of retinopathy of
prematurity (ROP)25 and choroidal neovascularization
(CNV).26 In fact, in this in vitro model system of retinal
neoangiogenesis with HREC, UPARANT inhibited the cell
signaling triggered by VEGF-A stimulation, thus inhibiting their
response in terms of cell motility, invasion, and morphogen-
esis, and restored the endothelial barrier accordingly to what
observed also in vivo.25,26

UPARANT is therefore the prototype of a new class of
antiangiogenic molecules that target the angiogenic cascade
downstream of the activation of the main angiogenic receptor,
VEGFR-2. Hence, it could be expected that this class of
angiogenesis inhibitors has a broader efficacy with respect to
the anti-VEGF approach that is today predominant, which is, by
definition, limited only to the angiogenesis promoted by VEGF
induction. In fact, in a recent publication, it was shown that
UPARANT can inhibit the angiogenic response of human
umbilical vein endothelial cells (HUVEC) stimulated by either
VEGF or by the vitreous body of retinopathic patients, likely
containing a wider array of growth and angiogenic factors than
VEGF alone.25 Thus, bearing in mind the evidence presented in
this paper and what has already been published on mouse

FIGURE 8. Vascular endothelial growth factor-A and UPARANT effects
on STAT3 and HIF-1a. Western blot of STAT3 activation by phosphor-
ylation and total STAT3 protein expression ([A] upper panel).
Densitometric quantitation of p-STAT3 normalized to the level of total
STAT3 ([A] lower panel). HIF-1a mRNA expression evaluated by RT-
PCR (B, upper panel). Densitometric quantitation of HIF-1a mRNA
normalized to the level of control b-actin ([B] lower panel). Data
represent the means 6 SD from three independent experiments. P

values were determined by 1-way ANOVA followed by Tukey’s test (*P
< 0.05 vs. control, §P < 0.05 vs. VEGF-A same time-point).
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model systems,25,26 UPARANT could be considered a promis-
ing new molecule that might be able to treat retinal
neovascular diseases, either alone, or in association with some
of the available anti-VEGF products.
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