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ABSTRACT

The receptor for the urokinase-type plasminogen activator (uPAR) is a
widely recognized master regulator of cell migration and uPAR,, ,, is the minimal
sequence required to induce cell motility and angiogenesis by interacting with the
formyl peptide receptor type 1 (FPR1). In this study, we present evidence that the
cyclization of the uPAR,, ., sequence generates a new potent inhibitor of migration,
and extracellular matrix invasion of human osteosarcoma and chondrosarcoma cells
expressing comparable levels of FPR1 on cell surface. In vitro, the cyclized peptide
[SRSRY] prevents formation of capillary-like tubes by endothelial cells co-cultured
with chondrosarcoma cells and trans-endothelial migration of osteosarcoma and
chondrosarcoma cells. When chondrosarcoma cells were subcutaneously injected in
nude mice, tumor size, intra-tumoral microvessel density and circulating tumor cells
in blood samples collected before the sacrifice, were significantly reduced in animals
treated daily with i.p-administration of 6 mg/Kg [SRSRY] as compared to animals
treated with vehicle only. Our findings indicate that [SRSRY] prevents three key
events occurring during the metastatic process of osteosarcoma and chondrosarcoma
cells: the extracellular matrix invasion, the formation of a capillary network and the
entry into bloodstream.

INTRODUCTION

The development of metastases is a multistep
process that requires active and specifically localized
extracellular proteolysis as well as the activation of a series
of physiological and biochemical processes that govern
the migration from the primary tumor site, the invasion
through the basement membrane, the entry of metastatic
cells into the blood vessels and finally localization to

the second site. Despite significant progress regarding
potential therapeutic targets aimed at improving survival,
patients affected by osteosarcoma or chondrosarcoma
frequently die for systemic spread of the disease, mainly
to the lungs [1-2]. Thus, elucidating the mechanisms
controlling metastasis is important for improving outcome
of patient with osteosarcoma or chondrosarcoma. Both
diseases are characterized by high neovascularization and
a high propensity to metastasize through bloodstream [3],
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but the cellular processes that lead to their interactions
with endothelium and subsequent invasion through
endothelial environment are poorly understood.

The urokinase receptor (UPAR) is emerging as a cell
surface-associated molecule relevant to cancer invasion
and metastasis [4—5]. The clinical relevance of uPAR as
a prognostic marker, when measured in tumor tissues
and/or plasma, has been demonstrated in various cancer
diseases, including sarcomas and chondrosarcomas [6—8].
Interestingly, it has been documented in a mouse model of
osteosarcoma that silencing expression of uPAR results in
a significant reduction of metastasis to lung [9].

The uPAR consists of three domains (D1, D2, and
D3), anchored to the cell surface through a carboxy-
terminal glycosyl-phosphatidyl-inositol anchor [10]. Full
uPAR or fragments thereof (deriving from cleavages at
protease-sensitive regions of the receptor) on cell surface
may be released in soluble forms in plasma and/or urine.
When expressed on cell surface, uPAR promotes cell-
associated proteolysis by binding to uPA, which locally
converts plasminogen into active plasmin, thus favoring
tissue invasion and metastasis [4—5]. Plasmin generated
by uPA or uPA itself can cleave intact uPAR (D1D2D3),
releasing D1. The remaining GPI-anchored D2D3 can be
left on cell surface or be secreted in the extracellular milieu
following cleavage of the anchor [11]. Some years ago,
we found that chondrosarcoma cells produce and release
in the culture medium soluble forms of uPAR, including
the intact D1D2D3 and the D2D3 fragment [8]. Ligand-
engaged uPAR also acts as a potent regulator of tumor
cell migration and matrix attachment, independently of
its catalytic activity [4-5]. We and others have shown
that signaling occurs through the assembly of uPAR in
composite regulatory units with extracellular matrix (ECM)
proteins such as vitronectin, and with transmembrane
receptors like the G protein-coupled formyl-peptide
receptors (FPRs) as well as integrins [ 12-20].

A crucial signaling region is the protease sensitive
region linking D1 and D2 domains (uPAR,, ;) which
retains chemotactic activity [15,16]. Its minimal active
8Ser-Arg-Ser-Arg-Tyr” sequence is able to trigger cell
migration and angiogenesis in vitro and in vivo, even in
the form of synthetic linear Ser-Arg-Ser-Arg-Tyr peptide
(SRSRY) [17, 21]. Mechanistically, uPAR, . sequence
promotes cell motility by interacting with FPR1 which,
in turn, triggers vitronectin receptor activation with an
inside-outside type of mechanism [17]. The X-ray studies
have shown that the three uPAR domains pack together
into a concave structure that binds uPA, and that the
domain boundary between uPAR D1-D2 is more flexible
than the D2-D3 domain boundary [22-24]. Thus, we
reasoned that cyclization of the Ser-Arg-Ser-Arg-Tyr
peptide could reduce conformational flexibility of its linear
form, thus generating a new, more stable peptide that
could regulate uPAR, , -dependent functions. We found
that both linear SRSRY and cyclized [SRSRY] peptides

compete with fMLF for binding to FPR type 1 (FPR1).
However, these peptides exert opposite effect on monocyte
motility, the linear SRSRY promotes cell migration, while
the peptide [SRSRY] inhibits cell migration in a dose-
dependent manner, with IC, value of 0.01 nM. Unlike
the linear peptide SRSRY, [SRSRY] displays a long-time
resistance to enzymatic digestion in serum and prevents
trans-endothelial migration of monocytes [25]. In vivo,
[SRSRY] reduces intestinal inflammation diminishing
recruitment of inflammatory monocytes to the inflamed
tissue [26].

In the present study we explored the possibility
that [SRSRY] may affect trans-endothelial migration of
osteosarcoma and chondrosarcoma cells. Herein, we show
that the cyclization of the uPAR,  , sequence generates
a potent inhibitor of migration, and extracellular matrix
invasion of human osteosarcoma and chondrosarcoma
cells expressing comparable levels of FPR1 on cell
surface. Interestingly, [SRSRY] inhibits tube formation
of endothelial cells co-cultured with chondrosarcoma
cells and trans-endothelial migration of osteosarcoma and
chondrosarcoma cells. Furthermore, [SRSRY] exerts anti-
metastatic effect reducing in vivo vascular infiltration by
chondrosarcoma cells.

RESULTS

The peptide [SRSRY] inhibits migration and
invasion of osteosarcoma and chondrosarcoma
cells expressing comparable levels of FPR1

We have recently found that the cyclized peptide
SRSRY ([SRSRY]) inhibits in a dose-dependent manner
directional migration of rat basophilic leukemia RBL-
2H3/ETFR cells expressing high levels of constitutively
activated FPR1. [SRSRY] exerts inhibitory effect by
preventing uPAR/FPRI1 interaction and, consequently,
agonist-triggered FPR1 activation [25]. To investigate
whether [SRSRY] affects the motility of osteosarcoma and
chondrosarcoma cells, cell migration assays were carried
out in Boyden chambers using two human osteosarcoma
Saos-2 and MG-63 cell lines and a human chondrosarcoma
Sarc cell line derived from a primary culture [8]. Saos-2,
MG-63 and Sarc cells express low, medium and high
levels of uPAR, respectively, and comparable levels of
FPR1 as shown by immunofluorescence (Figure 1A—1B)
and Western blot analysis (Figure 1C—1D). The peptide
[SRSRYT failed to trigger migration of all tested cell lines
when used as chemoattractant at 10 nM concentration
in Boyden chambers (Figure 1E). However, when the
uPAR derived linear peptide SRSRY was employed
to produce the chemotactic gradient, all cell lines were
able to respond to mitogen stimulus, and the addition of
equimolar concentration of [SRSRY] (10 nM) reduced
to the basal level their motility (Figure 1F). These data
well agree with the notion that the linear peptide SRSRY
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promotes cell motility by interacting with FPR1 whereas their cell motility (Figure 2A). To further confirm the

its cyclic form inhibits cell migration by preventing requirement of FPR1 in the [SRSRY] inhibitory effect, a
SRSRY- or fMLF-triggered FPR1 activation [17, 25]. subset of cell migration experiments were performed using
They also highlight the involvement of FPR1 in the Sarc cells desensitized with 100 nM fMLF as described
migration ability of osteosarcoma and chondrosarcoma [21]. As expected, desensitized cells failed to move
cells. To evaluate the effect of [SRSRY]in a system more towards 10 nM SRSRY or 10 nM fMLF, and retained the
representative of the in vivo context, cells were tested for ability to respond to serum containing chemoattractants,
their ability to migrate toward serum which is a source although to a minor extent as compared to untreated cells
of many chemoattractants. Not surprisingly, 10% FBS (Figure 2B). In all cases, [SRSRYT] did not exert inhibitory
elicited a considerable cell migration of Saos-2, MG-63 effect on basal as well as on FBS-dependent migration of
and Sarc cells reaching 248%, 390% and 527% of the desensitized cells (Figure 2B) and reduced cell migration
basal cell migration, respectively. The addition of 10 nM toward SRSRY or 10 nM fMLF to the basal level. All
[SRSRY] to the lower compartment of Boyden chambers, together, these findings indicate that [SRSRYT] inhibits
reduced cell migration of Saos-2, MG-63 and Sarc cells by only FPR1-mediated cell motility.
45%, 58% and 55%, respectively. These data again agree When cell migration of Sarc cells was monitored
with the comparable expression levels of FPR1 on Saos-2, in real time using the XCELLigence RTCA technology,
MG-63 and Sarc cells since, despite their different ability Sarc cells showed a great ability to migrate toward serum
to migrate toward serum, [SRSRY] reduced by about 50% in agreement with results obtained in Boyden chambers.
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Figure 1: Inhibitory effect of [SRSRY] on migration of FPR1expressing osteosarcoma and chondrosarcoma cells.
(A-B) Representative images of human osteosarcoma Saos-2 and MG-63 cells, and human chondrosarcoma Sarc cells incubated with 2
png/mL R4 anti-uPAR monoclonal antibody (A) or 1:100 anti-FPR1 polyclonal antibody 2 h at 23°C, exposed to Alexa 488-coniugated
F(ab’)2 fragment of rabbit anti-mouse IgG or goat anti-rabbit IgG for 40 min at 23°C and visualized by a fluorescence inverted microscope.
Nuclei were stained blue with DAPI. Scale bar: 10 um. Original magnification: 1000 x. (C—D) Whole cell lysates (20 and 40 pg/sample)
from Saos-2, MG-63 and Sarc cells were resolved on a 10% SDS-PAGE under unreducing (C) or reducing conditions (D), followed by
Western blotting with 1 pg/mL R4 anti-uPAR monoclonal antibody (C) or 1 pg/mL anti-FPR1 polyclonal antibody (D) and 0.2 pg/mL anti-
GAPDH polyclonal antibody as loading control. The enclosed bar graphs show the average quantification of the uPAR/GAPDH (C) and
FPR1/GAPDH (D) content from 3 independent experiments. (E-F) Saos-2, MG-63 and Sarc cells were allowed to migrate for 4 h at 37°C
in 5% CO, in Boyden chambers toward DMEM (CTRL), or 10 nM [SRSRY] (E), DMEM (CTRL) or 10 nM SRSRY, in the absence (None)
or the presence of 10 nM [SRSRY] (F). In all cases, the extent of cell migration was expressed as a percentage of the basal cell migration
assessed toward serum-free medium, considered as 100% (CTRL). Data are expressed as the mean + SD of three independent experiments,
performed in triplicate. ***Statistical significance calculated against the positive control (None) with p < 0.0001.
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The addition of [SRSRYT] reduced their migration in a
dose-dependent manner (Figure 2C). Slopes representing
the change rate of cell index generated in the time ranges
relative to exponential phase curves, revealed that
inhibition starts in the fM range, it seems to level off in
the nM range and reaches an overall 50% reduction at
~100 pM (Figure 2D). Cell migration is a prerequisite

[SRSRY] prevents matrigel invasion of osteosarcoma
and chondrosarcoma cells using the xCELLigence RTCA
technology. Saos-2, MG-63 or Sarc cells re-suspended in
serum free (CTRL) or growth medium with or without
10 nM [SRSRY] were seeded on polymerized matrigel.
Matrigel invasion was monitored in real-time for 18 h
as cell index changes due to the adhesion of invading

for cancer invasion. Therefore, we investigated whether
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Figure 2: Dose-dependent inhibitory effect of [SRSRY] on migration of osteosarcoma and chondrosarcoma cells.
(A) The indicated cell lines were allowed to migrate toward 10% FBS (None) plus/minus 10 nM [SRSRY] in Boyden chambers for 4 h. (B)
Sarc cells were exposed to diluents (NT) or desensitized with 100 nM fMLF for 30 min at 37°C and then allowed to migrate toward 10 nM
fMLF, 10 nM SRSRY or 10% FBS without (None) or with 10 nM [SRSRY] in Boyden chambers for 4 h. In all cases, for quantitative analysis
of cell migration, the basal value assessed in the absence of chemoattractants (CTRL) was taken as 100% and all values were reported
relative to that. Data are the means + SD of three independent experiments, performed in triplicate. Statistical significance calculated
against None with **p < 0.001; ***p < 0.0001; (C) Migration of Sarc cells monitored in real-time for 12 h as changes in cell index by the
xCELLigence system. Cells were seeded in CIM-16-well plates and allowed to migrate at 37°C, 5% CO,, toward 10% FBS (None) or 10%
FBS plus increasing concentration of [SRSRYT]. (D) Slopes represent the change rate of cell index generated in a 1-12 h time frame. Data
represent mean + SD from a quadruplicate experiment.
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lines were able to cross matrigel, although to a different
extent. [SRSRY] reduced matrigel invasion of Saos-2 (A),
MG-63 (B) and Sarc (C) cells, by about 44%, 43% and
56%, respectively (Figure 3D).

The peptide [SRSRY] prevents endothelial tube
formation in a co-culture assay

We have previously documented that: i) the
short Ser®®-Arg-Ser-Arg-Tyr” chemotactic sequence of
SuPAR stimulates in vitro and in vivo angiogenesis even
in the form of synthetic linear peptide SRSRY [21]; ii)
chondrosarcoma Sarc cells release a large amount of
SuPAR in the medium [8]; iii) peptide inhibitors of
the uPAR/FPRI interaction inhibit angiogenesis [27].
Therefore, we investigated whether Sarc cells promote
endothelial tube formation in a non-contact co-culture
system and whether [SRSRY] exerts some effect. Sarc
cells were grown to confluence and allowed to release
pro-angiogenic factors in serum free medium for 18 h.
Then, HUVECs plated on matrigel in an intercup chamber
were put onto Sarc cells and exposed to their secretion
products for 4 h. Quantitative analysis of tube formation
was expressed as a percentage of tubes formed by cord-
like structures exceeding 100 pum in length, counted in
the presence of serum free medium, considered as 100%
(CTRL). In the absence of Sarc monolayer, endothelial
cells failed to form cord-like structures either in the
absence (CTRL) or in the presence of 10 nM [SRSRY]
(CTRL+[SRSRY]), (Figure 4A, 4C). Vice-versa, Sarc
cells stimulated the formation of tube-like structures
(None) which were reduced almost to basal levels by
blocking anti-uPAR,, ,. polyclonal antibodies [21] but
not anti a-tubulin antibodies (Figure 4B—4C), indicating
that the Sarc-triggered proangiogenic effect is mostly
due to release in the conditioned medium of SuPAR. As a
result, the addition of 10 nM [SRSRY] reduced endothelial
capillary-like structures by 67% (Figure 4B—4C).

The peptide [SRSRY] reduces trans-endothelial
migration of osteosarcoma and chondrosarcoma
cells

The entry of tumor cells into bloodstream is one of
the earliest events of the metastatic process. To ascertain
if [SRSRY] prevents adhesion onto endothelium and/or
trans-endothelial migration of Sarc cells, we performed
experiments seeding Green Fluorescent Protein (GFP)-
tagged Sarc cells on an endothelial monolayer, labeling
co-cultures for F-actin and recording images by a confocal
microscope. Analysis of a single plane confocal to the
endothelial monolayer revealed numerous Sarc cells
interacting with HUVECSs, that decreased upon addition
of 10 nM [SRSRY] or anti-uPAR,, ;. but not anti a-tubulin
antibodies (Figure 5A). Z-stack analysis of confocal
images recorded with 0.25 pm intervals through the entire

thickness of the endothelial monolayer, revealed that
the majority of Sarc cells are localized underneath the
endothelium in the absence of any treatment and that their
number was not changed by the addition of the indifferent
anti-o-tubulin Ab (26.8 +/— 4 and 26.2 +/— 6 cells/field,
respectively). Vice-versa, a 55% and 48% reduction
of GFP-Sarc cell number was achieved by the addition
of anti-uPAR,, ,. Ab or 10 nM [SRSRY], respectively,
(Figure 5B). These data suggest that [SRSRY] prevents
both attachment to endothelium and trans-endothelial
migration of Sarc cells. To further ascertain if [SRSRY]
affects trans-endothelial migration of osteosarcoma and
chondrosarcoma cells, the ability of Saos-2, MG-63 and
Sarc cells to cross an endothelial monolayer was analyzed
using the XCELLigence RTCA technology as described
[28]. HUVECs were allowed to grow until they formed a
monolayer (~24 h) prior to seeding cells in the presence
of 10% FBS plus/minus 10 nM [SRSRYT]. At this time,
reduction of impedance values, due to invading cells that
interrupt monolayer was monitored in real-time for at least
2 h. An about 15%, 30% and 45% reduction of endothelial
monolayer integrity was achieved by Saos-2, MG-63 and
by Sarc cells, respectively, (Figure 5C). The addition
of 10 nM [SRSRY] inhibited the capability of Saos-2
(Figure 5D), MG-63 (Figure 5E) and Sarc (Figure 5F)
cells to cross endothelial monolayers by 47%, 38% and
25% respectively. All together, these findings indicate that
[SRSRY], at a 10 nM concentration, prevents in vitro the
extracellular matrix invasion, the formation of a capillary
network and the entry into bloodstream.

The peptide [SRSRY] prevents chondrosarcoma
growth, intra-tumoral microvessel density and
release of CTCs in the blood of nude mice

To study the effect of [SRSRY] on tumor growth,
ten six-eight week old, Foxnlnu/nu female nude mice
(Harlan) received an injection of human Sarc cells into
the right flank as a single-cell suspension (1 x 10¢ cells
in 100 pul PBS, 96% viability). Five animals received
i.p-administration of 6 mg/Kg [SRSRY] every day for
10 days, and five received injections of vehicle only.
Mice survived to the treatment schedule without clear
changes in body weight (Figure 6A). Sarc cells readily
formed tumors when injected subcutaneously in the
flanks of the immuno-compromised mice (Figure 6B).
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 [SRSRY]-treated mice (Figure 6C). After 10 days,
tumor volumes of vehicle- and [SRSRY]-treated mice
were 445+/—285 and 136+/—54 mm’, respectively, with
p < 0.05. Inhibitory effect of [SRSRY] on tumor growth
is not due to a reduced proliferation rate, because,
in vitro, 10 uM peptide did not modify cell growth up to
92 h (Supplementary Figure S1). However, according with
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the ability of [SRSRY] to prevent in vitro formation of a
capillary network (Figure 4), we found that microvessel
density was reduced in tumors from animals treated with
[SRSRY] as compared to those treated with vehicle alone
(Figure 6D and Supplementary Figure S2). Circulating
Tumor Cells (CTC)s released into the bloodstream from
solid tumors, are considered markers of the metastatic
process and [SRSRY] prevents trans-endothelial invasion
by Sarc cells. Thus, we quantified the CTCs released in
the blood samples collected just before the sacrifice of
untreated and treated mice. DNA from nucleated cells
of murine blood samples was purified and quantitated

A
1.0

0.9
0.8
0.7
0.6
0.5

04 &l WHHIV

di
” '”'"“:'i'i|Ju:||||||||| ||H

0.2 >"!'.1|I
0.1 .
0.0

Cell Index

250

2.00

—
]
1<)

|\

Cell Index

—
o
S

\”

[ SRSRY]

,]
050 il
] W”MNMMWW' i CTRL

0.00

Time (h)

Cell Index

by Real-Time PCR using primers targeting human Alu-
sequences. Number of CTCs was calculated by comparing
the obtained amplification curves with others generated
in spiking experiments which were included in every run.
We found 9,4 +/— 3 CTCs/mL blood samples from 5/5
untreated mice and 4,8 +/— 2 CTCs/mL blood from 4/5
mice treated with [SRSRY] (Figure 6E). All together, these
findings indicate that [SRSRY] prevents three key events
occurring during the metastatic process of osteosarcoma
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invasion, the formation of a capillary network and the
entry into bloodstream.
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Figure 3: Effect of [SRSRY] on matrigel invasion by osteosarcoma and chondrosarcoma cells. (A-C) The indicated cells
re-suspended in serum-free medium (CTRL) or growth medium without (None) or with 10 nM [SRSRY] were seeded on polymerized
matrigel in E-16-well plates and allowed to invade matrigel for 18 h. Microelectrodes detect impedance changes which are proportional
to the number of cells that cross matrigel and are expressed as cell index. Data represent mean + SD from quadruplicate experiments.
(D) Slopes represent the change rate of cell index generated in a 1-12 h time frame.
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DISCUSSION

Beyond the initial acquisition of invasiveness in
primary tumors, the next major rate-limiting step in the
metastatic cascade is intra-vasation of tumor cells into
circulation. Indeed, despite significant progress regarding
chemotherapy and improvements in the outcome for
patients with localized osteosarcoma or chondrosarcoma,
patients who have metastases at diagnosis are not
uncommon, and still have poor prognosis [1-2, 29].
This suggests that, at the time of their initial diagnosis,
clinically undetectable tumor had already spread to distant
sites and that an effective systemic anti-metastatic cancer
therapy is needed.

In this study, we present evidence that the
cyclization of the SRSRY sequence of uPAR generates a
new potent inhibitor of osteosarcoma and chondrosarcoma
cell invasion. [SRSRY] prevents three key events
occurring during the metastatic process of osteosarcoma
and chondrosarcoma cells: the extracellular matrix
invasion, the formation of a capillary network and the
entry into bloodstream. When chondrosarcoma cells were
subcutaneously injected in nude mice, and [SRSRY]
was daily administered at 6 mg/Kg, it was apparently
well tolerated as weights of mice injected with vehicle
or vehicle containing [SRSRY] were comparable. Also,
we did not notice the occurrence of adverse side effects
that might hamper the therapeutic potential of [SRSRY].

c Tube formation (% of CTRL)

CTRL

CTRL + [SRSRY]
None

o-tubulin Ab
UPAR 84-95 Ab
[SRSRY]

100 200 300 400 500

0

Figure 4: Inhibitory effect of [SRSRY] on tube formation of endothelial cells co-cultured with Sarc cells. Sarc cells were
grown to confluence and allowed to release pro-angiogenic factors in serum free medium for 18 h. Then, HUVEC plated on matrigel in an
intercup chamber were layered onto EBM empty well (CTRL) or Sarc cells in the presence or in the absence of 10 nM [SRSRY], 4 pg/mL

anti-uPAR,, . Ab or 4 pg/mL anti-a-tubulin control Ab. (A-B) Representative pictures were taken with an inverted microscope. Scale
bar: 100 pm. Original magnifications: 50x. Dashed boxes enclose areas shown at higher magnification. (C) Quantitative analysis of tube
formation was calculated as a percentage of tubes formed by cord-like structures exceeding 100 um in length, counted in the absence of any
angiogenic stimulus and considered as 100% (CTRL). Data represent means = SD of three independent experiments performed in duplicate.
Statistical significance was calculated against None with ***p < 0.0001.

www.impactjournals.com/oncotarget

54480 Oncotarget



Moreover, tumor size, intra-tumoral microvessel density (FPR1) [17, 21]. Human FPRI1, originally identified in

and circulating tumor cells in blood samples, collected neutrophils, monocytes and macrophages, elicits many
before the sacrifice, were significantly reduced in animals responses upon ligation of formyl-peptide ligands derived
treated with [SRSRY] as compared to animals treated with from bacteria and mitochondria, including morphological
vehicle only. polarization, locomotion, production of reactive-oxygen
The uPAR is a widely recognized master regulator species and release of cytokines and proteolytic enzymes
of cell migration and plays an important role in sarcoma [31]. Accumulating evidence demonstrates that FPR1 is
cell invasion [7-9]. However, to date, most therapeutic also involved in the tumor progression of solid tumors
strategies targeting uPAR have not shown robust anti-tumor [32-35]. Therefore, FPR1 is a potential therapeutic
activity [30]. uPAR participates to a complex signaling target for the treatment of malignant human cancer.
network that control cancer progression, providing a basis Agonist binding to FPR1 elicits a signal transduction
for the development of new therapies targeting uPAR cascade involving phosphatidylinositol 3-kinase, protein
interactors [13]. A possibility is to interfere with the uPAR/ kinase C, AKT and MAPK [35, 36]. Furthermore, it has
FPR1 interaction. Its uPAR,, , sequence is the minimal been shown that inhibition of FPRI1-triggered ERK1/2
region required to induce cell motility and angiogenesis phosphorylation reduces nuclear translocation of HIF-
by interacting with the formyl peptide receptor type 1 la in glioblastoma cells [34-35]. Being GPI-anchored,
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Figure 5: Inhibitory effect of [SRSRY] on trans-endothelial migration of osteosarcoma and chondrosarcoma cells. (A-B)
HUVEC were seeded onto matrigel and allowed to attach and to growth for 24 h prior to seeding GFP-Sarc cells suspended in complete
endothelial medium plus/minus diluents (None), 10 nM [SRSRY], anti-uPAR,, ,  Ab or anti-a-tubulin control Ab for 2 h at 37°C, 5% CO,. A.
Representative images stained with rhodamine- phalloidin and recorded at a single plane confocal to the endothelial monolayer. Scale bar:
10 um. Original magnifications: 630x. (B) GFP-Sarc cells were counted on multiple z-series collected at 0.25 pm intervals using a confocal
microscope (Carl Zeiss). The experiments were performed three times. Statistical significance was calculated against None with **p < 0.001.
(C) HUVEC suspended in growth medium, were seeded in E-16-well plates and allowed to grow for 20-25 h until they form a confluent
monolayer (black line), prior to seeding Saos-2 (green line) MG-63 (blue line) or Sarc (red line) cells in growth medium. When HUVECs are
challenged with crossing cells, there is a drop in electrical resistance which is monitored in real-time for ~2 h as the cell index changes due to
the rupture of endothelial monolayer. (D—F) With the same experimental design, Saos-2 (D), MG-63 (E), and Sarc (F) cells plus/minus 10 nM
[SRSRY] were allowed to invade endothelial monolayer. In all cases, data represent mean + SD from a quadruplicate experiment.
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and therefore lacking transmembrane and intracellular Ser90 in the uPAR chemotactic sequence with a glutamic

domains, uPAR must cooperate with transmembrane acid residue prevents agonist-triggered FPR1 activation
receptors to activate intracellular signalling. Upon binding and internalization leading to the inhibition of uPAR/
to FPR, soluble forms of uPAR containing uPAR,, vitronectin receptor association and ATF-induced AKT
sequence or the SRSRY peptide promote cell migration phosphorylation [39]. Thus, it is conceivable to hypothesize
and angiogenesis by activating vitronectin receptor with that [SRSRY ]-inhibitory effect is mediated by FPR1 which,
an inside-out type of mechanism which involves PKC in turn, regulates integrin activity by modulating directly or
and ERK phosphorylation [17, 21]. In the last decade, it indirectly multiple signaling pathways.

has been suggested that unengaged uPAR may exist in a With the aim to inhibit the functions of uPAR,
latent inactive form that, upon binding to urokinase, may we previously developed a series of linear peptides that
be subjected to a conformational change shifting the uPAR inhibit uPAR-FPR1 interaction, fMLF-induced FPR1
structure to an active conformation [37-38]. We found internalization and ERK1/2 phosphorylation, reducing
that only the active form of uPAR interacts with FPR1 to the basal level directional cell migration [5, 40—41].
thus inducing cell migration and that the substitution of However, many of these peptides are unstable to enzymatic
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Figure 6: Inhibitory effect of [SRSRY] on the growth, vascularization and invasion of Sarc cells injected in nude mice.
Ten six-eight week old, Foxnlnu/nu female nude mice of 23 to 25 g, received an injection of Sarc cells into the right flank as a single-cell
suspension (1 x 10° cells in 100 pl of sterile PBS, 96% viability). Five animals received i.p. injection of 6 mg/kg peptide [SRSRY] every
24 h and five received injections of vehicle only (CTRL). After 10 days, mice were anesthetized, subjected to retro-orbital blood collection
(500 pl/mouse) and then sacrificed by CO, inhalation. (A) Animals survived to the treatment schedule without clear changes in body weight.
(B) After sacrifice of untreated (CTRL) and treated [SRSRY ] mice, the image of each excised tumor was acquired. (C) Tumor volumes were
measured by a caliper every 2 days using the formula [length (mm) x width (mm?)/?], where the width and the length are the shortest and the
longest diameters of each tumor, respectively. (D) Microvessel density was assessed by counting vessels on CD-31 immunostained sections
in 5 randomly chosen fields per section, in at least two sections per tumor at x 200 magnification. (E) Blood samples were collected from
mice just before sacrifice and nucleated cells were subjected to DNA extraction and real-time quantitative PCR using primers capable of
amplifying ALU sequences. Number of CTCs was calculated by spiking experiments included in the run.
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digestion, which limits their half-life in vivo. In this
study, we found that osteosarcoma and chondrosarcoma
cells express comparable levels of FPR1 on cell surface
and that the peptide [SRSRY] that displays a long-time
resistance to enzymatic digestion in serum [25], inhibits,
at 10 nM concentration, both migration and invasion of
osteosarcoma and chondrosarcoma cell lines exposed
to growth medium. The mechanism by which the cyclic
peptide [SRSRY] interferes with fMLF binding to FPR1
has been investigated in rat basophilic leukaemia RBL-
2H3/ETFR cells expressing high levels of constitutively
activated FPR1: [SRSRYT] inhibits fMLF- induced, FPR1-
mediated cell migration by blocking both internalization
and fMLF- and SRSRY-uptake of FPR1 [25]. Now we
found that [SRSRYT] at 10 nM concentration reduces to the
basal level SRSRY-induced cell migration of osteosarcoma
and chondrosarcoma cell lines.

The peptide [SRSRY] also reduces the capability
of osteosarcoma and chondrosarcoma cells to cross
endothelial monolayers, although to a different extent.
Extension of blood vessels from preexisting vascular
structures and de novo formation of vessel networks
through the recruitment of bone marrow-derived
precursor cells are the essential process for sustained
tumor growth and provides the systemic network that
stimulates metastasis [3]. Here we report that [SRSRY]
prevents in vitro tube formation by endothelial cells
exposed to conditioned medium of chondrosarcoma
cells. According to the finding that Sarc cells express high
levels of uPAR on cell surface and release a larger amount
of SuPAR [8], these tube-like structures were reduced
almost to basal levels by the anti-uPAR,, ;. polyclonal
antibody. However, since chondrosarcoma cells have
been reported to secrete VEGF [42] and glioblastoma
cells bearing FPR1 produce VEGF in response to fMLF
[43], it will be interesting to investigate the possibility
that [SRSRY] exerts such effect on VEGF-triggered
angiogenesis. This would not be surprising because
we have previously reported that inhibitors of uPAR/
FPRI1 are able to prevent VEGF-driven angiogenesis
[27]. Moreover, the decreased vascularization observed
in tumors formed by Sarc cells implanted in nude mice
treated with [SRSRY], clearly support the inhibitory
activity of [SRSRY] on angiogenesis. Indeed, the reduced
tumor volumes observed in [SRSRYT] treated mice cannot
be due to changes in the proliferation rate since, in vitro,
[SRSRYT] did not modified doubling time of Sarc cells up
to 10 uM.

In this context, the peptide [SRSRY] which is
able to interfere with the ability of osteosarcoma and
chondrosarcoma cells to cross extracellular matrix, to
promote formation of a capillary network and to entry into
bloodstream, could be considered a valid prototype for the
development of new anti-neoplastic therapies designed to
counteract metastatic dissemination of osteosarcoma and
chondrosarcoma cells.

MATERIALS AND METHODS

Peptide synthesis and purification

Peptides SRSRY and [SRSRY] were synthesized
as previously described [25]. Analytical Reversed phase
HPLC indicated > 95% purity and the correct molecular
ions were confirmed by liquid chromatography-
electrospray ionization-tandem mass spectrometry.

Cell lines

Human osteosarcoma Saos-2 and MG-63 cell
lines (purchased from A7CC) and chondrosarcoma Sarc
cells, the last derived from a chondrosarcoma primary
culture [8], were grown in Dulbecco Modified Eagle
Medium (DMEM) supplemented with 10% fetal bovine
serum (FBS), 100 IU/mL penicillin and 50 pg/mL
streptomycin. Sarc transfectants, stably expressing
Green Fluorescent Protein (GFP), were obtained
using pEGFP-N1 vector (Clontech) and polyfectamin
transfection reagent (Quiagen). G418-resistant cells
expressing the highest levels of GFP were isolated
and amplified. Human umbilical vein endothelial cells
(HUVEC)s, purchased by Lonza, and employed between
the third and the seventh passage, were grown in Eagle
Basal Medium (EBM) supplemented with 4% FBS,
0.1% gentamicin, 1 pg/mL hydrocortisone, 10 pg/mL
epidermal growth factor and 12 pg/mL bovine brain
extract (Cambrex, Bio Science).

Fluorescence microscopy

Cells, seeded on glass slides (30%-40% confluence),
were fixed with 2.5% formaldehyde in PBS for 10 min
at 4°C, than incubated 2 h at 23°C with 2 pg/mL R4
anti-uPAR monoclonal antibody or 1:100 anti-FPR1
polyclonal antibody (Ab), the first kindly provided by G.
Hoyer-Hansen (Finsen Institute, Copenhagen, Denmark),
the last purchased from Santa Cruz Biotechnology.
Immunofluorescence was carried out by incubating
slides with 1:700 diluted Alexa 488-coniugated F(ab’)2
fragment of rabbit anti-mouse IgG or goat anti-rabbit IgG
(Molecular Probes) 40 min at 23°C. After nuclear staining
with 4—-6-diamidino-2-phenylindole dye (DAPI), cells
were mounted using 20% (w/v) mowiol, and visualized
with the Axiovert 200M inverted fluorescent microscope
connected to a video camera (Carl Zeiss).

Western blotting

Cells detached using 200 mg/L EDTA, 500 mg/L
trypsin (Cambrex), were lysed in RIPA buffer (10 mM
Tris pH 7.5, 140 mM NaCl, 0.1 % SDS, 1% Triton X-100,
0.5% NP40) containing protease inhibitor mixture. Protein
content of cell lysates was measured by a colorimetric
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assay (BioRad). Twenty and forty picrograms of proteins
from each cell lysate were separated on 10% SDS-PAGE
and transferred onto a polyvinylidene fluoride membrane.
The membranes were blocked with 5% non-fat dry milk
and probed with 1 pg/mL R4 anti-uPAR monoclonal
antibody recognizing uPAR D3 domain, 1 pug/mL anti-
FPR1 polyclonal antibody (Abcam), or 0.2 pg/mL
GAPDH Ab (Santa Cruz Biotechnology). Washed filters
were incubated with horseradish peroxidase-conjugated
anti-mouse or anti-rabbit antibody and detected by
ECL (Amersham- GE Healthcare). Densitometry was
performed using the NIH Image 1.62 software (Bethesda,
MD). Each experiment was performed three times.

Cell migration in Boyden chamber

Cell migration in Boyden chambers was carried
out as described [17]. Briefly, cell suspension (1 x10°
viable cells/mL serum free medium) was seeded in each
upper chamber. Lower chambers were filled with DMEM
alone, DMEM containing 10 nM SRSRY, 10 nM fMLF,
or 10% FBS with/without 10 nM [SRSRY]. A subset of
experiments were performed on cells desensitized with
100 nM fMLF for 30 min at 37°C in humidified air
with 5% CO, as described [21]. The two compartments
were separated by 8 um pore size polycarbonate filters
(Neuroprobe) coated with 2.5 pg/mL vitronectin
(Corning). Incubation, was carried out for 4 h at 37°C
in humidified air with 5% CO,. At the end of the assay,
cells on the lower filter surface were fixed with ethanol,
stained with haematoxylin and 10 random fields/filter
were counted at 200x magnification. Each experiment was
performed three times in triplicate.

Migration Kinetic of cells monitored in real time

Kinetic of cell migration was monitored in real
time using the xCELLigence Real Time Cell Analysis
(RTCA) technology (Acea Bioscience) as described [28].
For these experiments we used CIM-16-well plates which
are provided with interdigitated gold microelectrodes on
bottom side of a filter membrane interposed between a
lower and an upper compartment. The lower chamber was
filled with serum-free medium or growth medium with/
without 10 nM [SRSRY]. Cells (2 x 10* cells/well) were
seeded on filters in serum-free medium. Microelectrodes
detect impedance changes which are proportional to the
number of migrating cells and are expressed as cell index.
Migration was monitored in real-time for 12 h. Each
experiment was performed at least twice in quadruplicate.

Invasion Kinetic of cells monitored in real time

This assay was performed using E-16-well plates
and the xCELLigence RTCA technology as described
[28]. Bottom wells were coated with 20 pg/well matrigel

diluted in serum free medium. Matrigel was allowed to
polymerize for 1 h at 37°C prior to seeding cells (1 x 10*
cells/well) suspended in growth medium plus/minus 10 nM
[SRSRY]. Cells that cross matrigel adhere to the bottom of
plates causing impedance changes which are proportional
to the number of invading cells. Matrigel invasion was
monitored in real-time for 18 h. The impedance value of
each well was automatically monitored and expressed as
a cell index value. The experiments were performed three
times in in quadruplicate.

Cell proliferation

Cell proliferation of Sarc cells was assessed using
the xCELLigence technology as described [28]. Briefly,
cells (2 x 10%well) were seeded in E-16-well plates
in growth medium and left to growth for 92 h in the
presence or the absence of 10 uM [SRSRY] or diluents.
Microelectrodes placed on the bottom of plates, detect
impedance changes which are proportional to the number
of adherent cells and are expressed as cell index. Growth
medium with/without [SRSRY] was replaced every 24 h.
The experiments were performed twice in quadruplicate.

Tube formation in a non-contact co-culture
system

Sarc cells were grown to 80% confluence (1.5 x 10°
cells/well) on 24 well plates and kept serum free for 18 h
prior to the experiment. Growth factor reduced matrigel
(100 pl/well) (Becton Dickinson, cat. 356230) was
allowed to polymerize on a polyester membrane in an
intercup chamber. Subsequently, the intercup chamber was
introduced in the wells filled with DMEM or conditioned
medium of Sarc cells. When indicated, 4 pg/ml rabbit
anti-uPAR_, - polyclonal antibody, 4 pug/mL a-tubulin
polyclonal antibody or 10 nM [SRSRY] were added to
well and kept during the assay. HUVEC (2 x 10* cells/
sample) were seeded on matrigel at 37°C, 5% CO, for
4 h. To quantify tube formation five random areas/well
at 100x magnification were imaged and the number of
tubes formed by cord-like structures exceeding 100 pm in
length [21], measured using Axiovision 4.4 software (Carl
Zeiss), were counted. The experiments were performed
three times in duplicate.

Trans-endothelial migration

To assess the ability of Sarc cells to adhere onto and/
or cross endothelium, GFP-tagged Sarc cells were seeded
on an endothelial monolayer as previously described
[25]. Briefly, sterile round glass coverslips (12 mm in
diameter) were coated with 1:8 diluted matrigel (Becton
Dickinson). HUVEC (5x10* cells in 200 pL/well) were
seeded onto matrigel and allowed to attach and to growth
for 24 h at 37°C, 5% CO, prior to seeding GFP-Sarc cells
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(1 x 10* cells/well) suspended in complete endothelial
medium plus/minus diluents, 10 nM [SRSRY], 4 ng/
ml anti-uPAR,, ;- or 4 ug/mL anti-a-tubulin antibodies
for 2 h at 37°C, 5% CO,. Then, slides were fixed and
permeabilized with 2.5% formaldehyde-0.1% Triton
X-100 in PBS for 10 min at 4°C, washed in PBS and
then incubated with 0.1 pg/mL rhodamine-conjugated
phalloidin (Invitrogen) at 23°C for 45 min. Finally,
GFP-Sarc cells were identified and counted on multiple
z-series collected at 0.25 um intervals using a confocal
microscope (Carl Zeiss). Trans-endothelial migration
assays were performed using the xCELLigence RTCA
technology as described [28]. Briefly, HUVECs (1x10*
cells/well) suspended in growth medium, were seeded in
E-16-well plates and allowed to grow for ~24 h until they
form a confluent monolayer, prior to seeding osteosarcoma
or chondrosarcoma cells (1x10* cells/well) in growth
medium plus/minus 10 nM [SRSRY]. When HUVECs are
challenged with crossing cells, there is a drop in electrical
resistance which is monitored in real-time for 2 h as the
cell index changes due to crossing of the endothelial
monolayer. The experiment was performed twice in
quadruplicate.

Growth and vascularization of tumors in mice

To evaluate the effect of [SRSRY] on tumor growth
and vascularization, Sarc cells were injected, as a single-
cell suspension (1 x 106 cells in 100 pl of sterile PBS, 97%
viability), subcutaneously in the flanks of ten six-eight
week old, Foxnlnu/nu female nude mice (Harlan). Animals
were randomized into two groups of five with the treatment
group receiving 6 mg/kg [SRSRY] by intra-peritoneal
injection every 24 h and the control group receiving an
equivalent injected volume of vehicle (PBS) only. Time-
dependent average weight was monitored every two days.
The length and the width of the tumors were measured at
different time points with the help of a calliper and the
volume was calculated using the formula: % x (width)? x
length (mm). After 10 days, blood samples (at least 500
pL/mouse) from the retroorbital venous plexus of mice
anesthetized with 1% isoflurane were collected using a
heparinized capillary tube and processed for determination
of the Circulating Tumor Cells (CTC)s. Then, animals
were sacrificed and the excised tumors were fixed in
buffered formalin and processed for paraffin sectioning.
Tumor vascularization was assessed by counting vascular
channels harbouring red blood cells on CD31 immuno-
stained sections in 5 randomly chosen fields per section, in
at least two sections per tumor at x 200 as described [28].

Isolation and enumeration of CTCs

To quantify CTCs, DNA from nucleated cells of
murine blood samples (500 pl/mouse) was purified using
the QIAamp DNA Mini Kit (Qiagen), according to the

manufacturens protocol. Quantitative RT-PCR (7900 HT
Fast Real-Time PCR System, Applied Biosystems) was
performed using 18 ng DNA and the SYBR Select Master
Mix (Applied Biosystems ). Primers targeting human Alu-
sequences [FW 5'- CACCTGTAATCCCAGCACTTT-3"/
RW 5-CCCAGGCTGGAGTGCAGT-3'] were employed
to a final concentration of 0.5 uM. The number of CTCs
was calculated by comparing the obtained CT with
a standard amplification curve generated in spiking
experiments (1 to 50 cells were collected by pipetting
under microscopic control) which were included in every
run. DNA from murine blood was included as a negative
control.

Statistical analysis

The data were analysed for significance using
Student’s #-test. Differences were considered statistically
significant at a level of p < 0.05.
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uPAR, urokinase receptor; ECM, extracellular
matrix; fMLF, N-formyl-Met-Leu-Phe; FPR, formyl-
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phosphate-buffered saline; GFP, green fluorescent protein;
HUVEC, human umbilical vein endothelial cell; CTC,
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ACKNOWLEDGMENTS

We thank G. Hoyer-Hansen (Finsen Institute,
Copenhagen, Denmark) who kindly provided R4
anti-uPAR monoclonal antibodies. We are grateful to
Dr. Gioconda Di Carluccio (Istituto Nazionale Tumori
“Fondazione G. Pascale”-IRCCS, Naples, Italy) for the
technical assistance.

CONFLICTS OF INTEREST

The authors declared no potential conflicts of
interest with respect to the authorship and/or publication
of this article.

GRANT SUPPORT

This work was supported by AIRC (Associazione
Italiana per la Ricerca sul Cancro) 2013, project 14225
and by Italian Ministry of Health RF-2010-2316780.

www.impactjournals.com/oncotarget

54485

Oncotarget



REFERENCES

10.

11.

12.

Gaspar N, Di Giannatale A, Geoerger B, Redini F, Corradini N,
Enz-Werle N, Tirode F, Marec-Berard P, Gentet JC,
Laurence V, Piperno-Neumann S, Oberlin O, Brugieres L.
Bone sarcomas: from biology to targeted therapies. Sarcoma.
2012;2012:301975. doi: 10.1155/2012/301975.

Angelini A, Guerra G, Mavrogenis AF, Pala E, Picci P,
Ruggieri P. Clinical outcome of central conventional
chondrosarcoma J Surg Oncol. 2012; 106:929-37. doi:
10.1002/js0.23173.

. Zhu L, McManus MM, Hughes DP. Understanding

the Biology of Bone Sarcoma from Early Initiating
Events through Late Events in Metastasis and Disease
Progression. Front Oncol. 2013; 17;3:230. doi: 10.3389/
fonc.2013.00230.

Sidenius N, Blasi F. The urokinase plasminogen activator
system in cancer: recent advances and implication for prognosis
and therapy. Cancer Metastasis Rev. 2003; 22: 205-22.

Carriero MYV, Stoppelli MP. The urokinase-type
plasminogen activator and the generation of inhibitors of
urokinase activity and signaling. Curr Pharm Des. 2011;
17:1944-61.

Lund IK, Illemann M, Thurison T, Christensen 1J, Hoyer-
Hansen G. uPAR as Anti-Cancer Target: Evaluation of
Biomarker Potential, Histological Localization, and
Antibody-Based Therapy. Current Drug Targets. 2011;
12:1744-60.

Taubert H, Wiirl P, Greither T, Kappler M, Bache M,
Lautenschldger C, Fissel S, Meye A, Eckert AW,
Holzhausen HJ, Magdolen V, Kotzsch M. Co-detection of
members of the urokinase plasminogen activator system in
tumor tissue and serum correlates with a poor prognosis for
soft-tissue sarcoma patients. Br J Cancer. 2010; 102:731-7.
doi: 10.1038/sj.bjc.6605520.

Bifulco K, Longanesi-Cattani I, Masucci MT, De Chiara A,
Fazioli F, Di Carluccio G, Pirozzi G, Gallo M, La Rocca A,
Apice G, Rocco G, Carriero MV. Involvement of the soluble
urokinase receptor in chondrosarcoma cell mobilization.
Sarcoma. 2011; 2011:842842. doi: 10.1155/2011/842842.

. Dass CR, Nadesapillai AP, Robin D, Howard ML, Fisher JL,

Zhou H, Choong PF. Downregulation of uPAR confirms
link in growth and metastasis of osteosarcoma. Clin
Exp Metastasis. 2005; 22:643-52.

Jacobsen B, Ploug M. The urokinase receptor and its
structural homologue C4.4A in human cancer: expression,
prognosis and pharmacological inhibition. Curr Med Chem.
2008; 15:2559-73.

Hoyer-Hansen G, Renne E, Solberg H, Behrendt N,
Ploug M, Lund LR, Ellis V, Dang K. Urokinase plasminogen
activator cleaves its cell surface receptor releasing the
ligand-binding domain. J Biol Chem. 1992; 5;267:18224-9.
Mazar AP. Urokinase plasminogen activator receptor
choreographs multiple ligand interactions: implications

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

for tumor progression and therapy. Clin Cancer Res. 2008;
14:5649-55. doi: 10.1158/1078-0432.CCR-07-4863.

Carriero MV, Del Vecchio S, Franco P, Potena M, Botti G,
Stoppelli MP, Salvatore M. Vitronectin binding to urokinase
receptor in human breast cancer. Clin Cancer Res. 1997;
3:1299-308.

Carriero MV, Del Vecchio S, Capozzoli M, Franco P,
Fontana L, Zannetti A, Botti G, D’Aiuto G, Salvatore M,
Stoppelli MP. Urokinase receptor interacts with alpha(v)
beta5 vitronectin receptor, promoting urokinase-dependent
cell migration in breast cancer. Cancer Res. 1999;
15;59:5307-14.

Resnati M, Pallavicini I, Wang JM, Oppenheim J,
Serhan CN, Romano M, Blasi F. The fibrinolytic receptor
for urokinase activates the G protein-coupled chemotactic
receptor FPRL1/LXA4R. Proc Natl Acad Sci USA. 2002;
99:1359-64.

Montuori N, Carriero MV, Salzano S, Rossi G, Ragno P.
The cleavage of the urokinase receptor regulates its multiple
functions. J Biol Chem. 2002; 6;277:46932-9.

Gargiulo L, Longanesi-Cattani I, Bifulco K, Franco P,
Raiola R, Campiglia P, Grieco P, Peluso G, Stoppelli MP,
Carriero MV. Cross-talk between fMLP and vitronectin
receptors triggered by urokinase receptor-derived SRSRY
peptide. J Biol Chem. 2005; 280:25225-32.

Blasi F, Sidenius N. The urokinase receptor: focused cell
surface proteolysis, cell adhesion and signaling. FEBS Lett.
2010; 584:1923-30. doi: 10.1016/j.febslet.2009.12.039.

Smith HW, Marshall CJ. Regulation of cell signaling
by uPAR. Nat Rev Mol Cell Biol. 2010; 11:23-36. doi:
10.1038/nrm2821.

Fazioli F, Resnati M, Sidenius N, Higashimoto Y,
Appella E, Blasi F. A urokinase-sensitive region of the
human urokinase receptor is responsible for its chemotactic
activity. EMBO J. 1997; 15;16:7279-86.

Bifulco K, Longanesi-Cattani I, Gala M, DI
Carluccio G, Masucci MT, Pavone V, Lista L,
Arra C, Stoppelli MP, Carriero MV. The soluble
form of urokinase receptor promotes angiogenesis
through its Ser88-Arg-Ser-Arg-Tyr92 chemotactic
sequence. J Thromb Haemost. 2010; 8:2789-99. doi:
10.1111/7.1538-7836.2010.04075.x.

Huai Q, Mazar AP, Kuo A, Parry GC, Shaw DE, Callahan J,
LiY, Yuan C, Bian C, Chen L, Furie B, Furie,BC, Cines DB,
et al. Structure of human urokinase plasminogen activator in
complex with its receptor. Science. 2006; 311:656-9.

Barinka C, Parry G, Callahan J, Shaw DE, Kuo A, Bdeir K,
Mazar A, Lubkowski J. Structural basis of interaction
between urokinase-type plasminogen activator and its
receptor. J Mol Biol. 2006; 363:482-95.

Xu X, Gardsvoll H, Yuan C, Lin L, Ploug M, Huang M.
Crystal structure of the urokinase receptor in a ligand-
free form. J Mol Biol. 2012; 416:629—41. doi: 10.1016/].
jmb.2011.12.058.

WWW

.impactjournals.com/oncotarget

54486

Oncotarget



25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Yousif AM, Minopoli M, Bifulco K, Ingangi V, Di
Carluccio G, Merlino F, Motti ML, Grieco P, Carriero MV.
Cyclization of the urokinase receptor-derived ser-arg-
ser-arg-tyr Peptide generates a potent inhibitor of trans-
endothelial migration of monocytes. PLoS One. 2015;
10:e0126172.

Genua M, Ingangi V, Fonteyne P, Piontini A, Yousif AM,
Grieco P, Malesci A, Carriero MV, Danese S. Treatment
with a urokinase receptor-derived cyclized peptide improves
experimental colitis by preventing monocyte recruitment
and macrophage polarization. Inflamm Bowel Dis. 2016;
22:2390-401.

Bifulco K, Longanesi-Cattani I, Liguori E, Arra C, Rea D,
Masucci MT, De Rosa M, Pavone V, Stoppelli MP,
Carriero MV. A urokinase receptor-derived peptide
inhibiting VEGF-dependent directional migration and
vascular sprouting. Mol Cancer Ther. 2013; 12:1981-93.
doi: 10.1158/1535-7163.MCT-13-0077.

Bifulco K, Votta G, Ingangi V, Di Carluccio G, Rea D,
Losito S, Montuori N, Ragno P, Stoppelli MP, Arra C,
Carriero MV. Urokinase receptor promotes ovarian cancer
cell dissemination through its 84-95 sequence. Oncotarget.
2014; 5:4154-69. doi: 10.18632/oncotarget.1930.

Bielack SS, Kempf-Bielack B, Branscheid D, Carrle D,
Friedel G, Helmke K, Kevric M, Jundt G, Kiihne T, Maas R,
Schwarz R, Zoubek A, Jiirgens H. Second and subsequent
recurrences of osteosarcoma: presentation, treatment, and
outcomes of 249 consecutive cooperative osteosarcoma
study group patients. J Clin Oncol. 2009; 27:557—65. doi:
10.1200/JC0O.2008.16.2305.

O’Halloran TV, Ahn R, Hankins P, Swindell E, Mazar AP.
The many spaces of uPAR: delivery of theranostic agents
and nanobins to multiple tumor compartments through a
single target. Theranostics. 2013; 3:496-506. doi: 10.7150/
thno.4953.

Panaro MA, Acquafredda A, Sisto M, Lisi S, Maffione AB,
Mitolo V. Biological role of the N-formyl peptide receptors.
Immunopharmacol Immunotoxicol. 2006; 28:103-27.

Chakravarti N, Peddareddigari VG, Warneke CL,
Johnson MM, Overwijk WW, Hwu P, Prieto VG.
Differential expression of the G-protein-coupled formyl
Peptide receptor in melanoma associates with aggressive
phenotype. Am J Dermatopathol. 2013; 35:184-90. doi:
10.1097/DAD.0b013e31825b2506.

Zhang L, Wang H, Yang T, Su Z, Fang D, Wang Y, Fang J,
Hou X, Le Y, Chen K, Wang JM, Su SB, Lin Q, Zhou Q.
Formylpeptide receptor 1 mediates the tumorigenicity of
human hepatocellular carcinoma cells. Oncoimmunology.
2015; 5:¢1078055.

Huang J, Chen K, Gong W, Zhou Y, Le Y, Bian X, Wang JM.
Receptor “hijacking” by malignant glioma cells: a tactic for

3s.

36.

37.

38.

39.

40.

41.

42.

43.

tumor progression. Cancer Lett. 2008 ;267:254-61. doi:
10.1016/j.canlet.2008.03.014.

Liu M, Zhao J, Chen K, Bian X, Wang C, Shi Y, Wang IM. G
protein-coupled receptor FPR1 as a pharmacologic target in
inflammation and human glioblastoma. Int Immunopharmacol.
2012; 14:283-8. doi: 10.1016/j.intimp.2012.07.015.

Boer JC, van Marion DM, Joseph JV, Kliphuis NM,
Timmer-Bosscha H, van Strijp JA, de Vries EG, den
Dunnen WF, Kruyt FA, Walenkamp AM. Microenvironment
involved in FPR1 expression by human glioblastomas. J
Neurooncol. 2015; 123:53-63.

Yuan C, Huang M. Does the urokinase receptor exist in a
latent form? Cell Mol Life Sci. 2007; 64:1033-7.

Gardsvoll H, Jacobsen B, Kriegbaum MC, Behrendt N,
Engelholm L, Ostergaard S, Ploug M. Conformational
regulation of urokinase receptor function: impact of receptor
occupancy and epitope-mapped monoclonal antibodies on
lamellipodia induction. J Biol Chem. 2011; 286:33544-56.
doi: 10.1074/jbc.M111.220087.

Bifulco K, Longanesi-Cattani I, Franco P, Pavone V,
Mugione P, Di Carluccio G, Masucci MT, Arra C, Pirozzi G,
Stoppelli MP, Carriero MV. Single amino acid substitutions
in the chemotactic sequence of urokinase receptor modulate
cell migration and invasion. PLoS One. 2012;7:¢44806. doi:
10.1371/journal.pone.0044806.

Bifulco K, Longanesi-Cattani I, Gargiulo L, Maglio O,
Cataldi M, De Rosa M, Stoppelli MP, Pavone V,
Carriero MV. An urokinase receptor antagonist that inhibits
cell migration by blocking the formyl peptide receptor. FEBS
Lett. 2008; 582:1141-6. doi: 10.1016/j.febslet.2008.03.001.
Carriero MV, Longanesi-Cattani I, Bifulco K, Maglio O,
Lista L, Barbieri A, Votta G, Masucci MT, Arra C, Franco R,
De Rosa M, Stoppelli MP, Pavone V. Structure-based design
of an urokinase-type plasminogen activator receptor-derived
peptide inhibiting cell migration and lung metastasis. Mol
Cancer Ther. 2009; 8:2708—17. doi: 10.1158/1535-7163.
MCT-09-0174.

Sun X, Charbonneau C, Wei L, Yang W, Chen Q, Terek RM.
CXCR4-targeted Therapy Inhibits VEGF Expression and
Chondrosarcoma Angiogenesis and Metastasis. Molecular
Cancer Therapeutics. 2013; 12:1163-70. doi: 10.1158/1535-
7163.MCT-12-1092.

Yao XH, Ping YF, Chen JH, Chen DL, Xu CP,
Zheng J, Wang JM, Bian XW. Production of angiogenic
factors by human glioblastoma cells following activation
of the G-protein coupled formylpeptide receptor FPR.
J Neurooncol. 2008; 86:47-53.

WWW

.impactjournals.com/oncotarget

54487

Oncotarget



