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We previously showed that the kringle domains of plasmin and angiostatin, the N-terminal four kringles (K1–4) of plasminogen,
directly bind to integrins. Angiostatin blocks tumor-mediated angiogenesis and has great therapeutic potential. Angiostatin
binding to integrins may be related to the antiinflammatory action of angiostatin. We reported that plasmin induces
signals through protease-activated receptor (PAR-1), and plasmin-integrin interaction may be required for enhancing plasmin
concentration on the cell surface, and enhances its signaling function. Angiostatin binding to integrin does not seem to induce
proliferative signals. One possible mechanism of angiostatin’s inhibitory action is that angiostatin suppresses plasmin-induced
PAR-1 activation by competing with plasmin for binding to integrins. Interestingly, plasminogen did not interact with αvβ3,
suggesting that the αvβ3-binding sites in the kringle domains of plasminogen are cryptic. The kringle domain of urokinase-type
plasminogen activator (uPA) also binds to integrins. The uPA-integrin interaction enhances uPA concentrations on the cell surface
and enhances plasminogen activation on the cell surface. It is likely that integrins bind to the kringle domain, and uPAR binds
to the growth factor-like domain (GFD) of uPA simultaneously, making the uPAR-uPA-integrin ternary complex. We present a
docking model of the ternary complex.

1. The Kringle Domains of Plasmin
Interact with Integrins

The integrins are a superfamily of cell adhesion receptors that
bind to extracellular matrix ligands, cell-surface ligands, and
soluble ligands. They are transmembrane αβ heterodimers
and at least 18 α and eight β subunits are known in humans,
generating 24 heterodimers [1]. The α and β subunits have
distinct domain structures, with extracellular domains from
each subunit contributing to the ligand-binding site of the
heterodimer. The sequence arginine-glycine-aspartic acid
(RGD) was identified as a general integrin-binding motif, but
individual integrins are also specific for particular protein
ligands. Immunologically important integrin ligands are the
intercellular adhesion molecules (ICAMs), immunoglobulin
superfamily members present on inflamed endothelium and
antigen-presenting cells. On ligand binding, integrins trans-
duce signals into the cell interior; they can also receive intra-
cellular signals that regulate their ligand-binding affinity.

Angiostatin, a proteolytic fragment of plasminogen, con-
tains either the first three or four kringle domains of plas-
minogen and is a potent inhibitor of tumor-induced angio-
genesis in animal models [2, 3]. Angiostatin has promising
therapeutic potential and is now in clinical trials. Plas-
minogen is first converted to the two-chain serine protease
plasmin by cleavage of a single Arg561-Val562 peptide bond
by urokinase-type plasminogen activator (uPA), and plasmin
serves as both the substrate and enzyme for the generation
of angiostatin [4]. Several other mechanisms have been
proposed for the generation of angiostatin from the plas-
minogen molecule [5]. The antiangiogenic functions of plas-
minogen kringles have been extensively studied using recom-
binant plasminogen kringles and kringle fragments pro-
duced by elastolytic processing of native plasminogen.
Smaller fragments of angiostatin display differential effects
on the suppression of endothelial cell growth [6].

We found that bovine arterial endothelial (BAE) cells
adhere to angiostatin in an integrin-dependent manner and
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that integrins αvβ3, α9β1, and to a lesser extent α4β1, specif-
ically bind to angiostatin. αvβ3 is a predominant receptor for
angiostatin on BAE cells, since a function-blocking antibody
to αvβ3 effectively blocks adhesion of BAE cells to angio-
statin, but an antibody to α9β1 does not. ε-Aminocaproic
acid, a Lys analogue, effectively blocks angiostatin binding
to BAE cells, indicating that an unoccupied Lys-binding site
of the kringles may be required for integrin binding. It is
known that other plasminogen fragments containing three
or five kringles (K1–3 or K1–5) have an antiangiogenic effect,
but plasminogen itself does not. We found that K1–3 and
K1–5 bind to αvβ3, but plasminogen does not. These results
suggest that the anti-angiogenic action of angiostatin may
be mediated via interaction with αvβ3. Angiostatin binding
to αvβ3 does not strongly induce stress-fiber formation,
suggesting that angiostatin may prevent angiogenesis by
perturbing the αvβ3-mediated signal transduction that may
be necessary for angiogenesis [7].

Plasmin, the parent molecule of angiostatin and a major
extracellular protease, induces platelet aggregation, migra-
tion of peripheral blood monocytes, and release of arachi-
donate and leukotriene from several cell types [8]. We found
that plasmin specifically binds to αvβ3 through the kringle
domains and induces migration of endothelial cells. In
contrast, angiostatin does not induce cell migration. Notab-
ly, angiostatin, anti-αvβ3 antibodies, RGD-peptide, and a
serine protease inhibitor effectively block plasmin-induced
cell migration. These results suggest that plasmin-induced
migration of endothelial cells requires αvβ3 and the catalytic
activity of plasmin and that this process is a potential target
for the inhibitory activity of angiostatin [9].

We found that plasmin specifically interacts with integrin
(α9β1) and that plasmin induces migration of cells express-
ing recombinant α9β1 (α9-Chinese hamster ovary (CHO)
cells). Migration was dependent on an interaction of the
kringle domains of plasmin with α9β1 as well as the catalytic
activity of plasmin. Angiostatin, representing the kringle
domains of plasmin, alone did not induce the migration of
α9-CHO cells, but simultaneous activation of the G protein-
coupled protease-activated receptor (PAR)-1 with an agonist
peptide induced the migration on angiostatin, whereas PAR-
2 or PAR-4 agonist peptides were without effect. Further-
more, a small chemical inhibitor of PAR-1 (RWJ 58259) and
a palmitoylated PAR-1-blocking peptide inhibited plasmin-
induced migration of α9-CHO cells. These results suggest
that plasmin induces migration by kringle-mediated binding
to α9β1 and simultaneous proteolytic activation of PAR-1
[10]. It is likely that other integrins that bind to plasmin may
exert similar effects on plasmin signaling.

We propose a model (Figure 1) in which (1) upon plas-
minogen activation, integrin-binding site in plasmin is
exposed. Note that plasminogen does not bind to integrins
αvβ3 or α9β1. (2) Once activated, plasmin is able to bind
to integrins on the cell surface through the kringle domains
(since integrin-binding sites are exposed) and proteolytically
activates PAR-1, which induces intracellular signaling. Plas-
min is concentrated to the cell surface through integrin bind-
ing, and this process is probably critical since plasmin has
much lower affinity to PAR-1 than thrombin. Angiostatin,

in contrast, binds to integrins, but does not activate PAR-
1. Angiostatin is expected to suppress plasmin action by
competing with plasmin for binding to integrins.

It has been reported that integrins αMβ2 [11], αDβ2 [12],
and α5β1 [13] bind to plasminogen, while we did not detect
binding of αvβ3 or α9β1 to plasminogen. One possibility is
that integrins αMβ2, αDβ2, and α5β1 recognize plasminogen
in the ways different from those of αvβ3 or α9β1. Another
possibility is that integrin-binding sites in plasminogen
(perhaps kringle domains) are exposed in partially denatured
plasminogen. Supporting the second possibility we observed
that freshly prepared plasminogen did not significantly bind
to αvβ3, but plasminogen binding to αvβ3 appeared to
increase as plasminogen preparations aged (data not shown).
This issue should be clarified in future studies.

In conclusion, the kringle domains in plasmin are involv-
ed in direct integrin binding, in addition to binding to the C-
terminal Lysine residues of many proteins, and playing a role
in inducing intracellular signals through proteolytic activa-
tion of PAR-1. The kringle-integrin interaction may enhance
the cell surface concentration of plasmin, or directly induce
intracellular signals through outside-in integrin signaling.
Interestingly, plasminogen does not interact with integrins
αvβ3 or α9β1 (possibly the integrin-binding sites are cryptic
in plasminogen) (Figure 1) Based on our results on the
plasmin kringle-integrin interaction, we hypothesized that
the kringle domains of other serine proteases may interact
with integrins and the interaction may play a role in their
functions. Consistent with this idea, kringle domains from
other proteins such as tissue-type plasminogen activator
(tPA) [14] and apolipoprotein [15] have been reported to
interact with integrins. This suggests that kringle-integrin
interaction is a common mechanism in kringle-containing
proteins.

2. uPA Kringle-Integrin Interaction

uPA is a highly restricted serine protease that converts the
zymogen plasminogen to active plasmin. uPA binds with
high affinity to a cell-surface uPA receptor (uPAR) that
has been identified in many cell types. uPAR is a glyco-
sylphosphatidylinositol- (GPI-) anchored 35–55 kDa glyco-
protein. This system mediates pericellular proteolysis of
extracellular matrix proteins including fibrin degradation
(fibrinolysis) and plays an important role in cancer, inflam-
mation, and immune responses [16–19]. The single chain
form of uPA has three independently folded domains: the
growth factor-like domain (GFD) (residue 1–46), kringle
(residue 47–135) domain, and serine protease domain
(residue 159–411). Enzymatic digestion of single chain-uPA
yields an amino terminal fragment (ATF), which consists of
the GFD and kringle domains, and the low molecular weight
fragment (LMW-uPA), which consists of the serine protease
domain. The uPAR-binding site of uPA is located in the GFD
domain [20]; this binding is stabilized by the kringle [21].
It has generally been accepted that uPA signaling involves its
binding to uPAR through its GFD [22].

uPA binding to uPAR on the cell surface facilitates activa-
tion of plasminogen to plasmin in vitro by increasing the rate
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Figure 1: A model of plasmin-induced cell migration and the potential mechanism of angiostatin action. uPA activates plasminogen to
plasmin pericellularly. Plasmin is accumulated on the cell surface by binding to integrins and stabilized. Free plasmin would be rapidly
inactivated by circulating serine protease inhibitors (e.g., β2-antiplasmin). The catalytic activity of plasmin on the cell surface is directly
involved in signal transduction, possibly through activating G-protein coupled PARs. The binding of the kringle domain may not be directly
involved in signaling through integrin pathways. Angiostatin effectively blocks plasmin-induced cell migration possibly by competing with
plasmin for binding to integrins. Aprotinin, a serine protease inhibitor, also effectively blocks migration. It should be noted that other
antiangiogenic agents, RGD-peptide and anti-αvβ3, are effective inhibitors of this process.

of pro-uPA activation by plasmin, by decreasing the apparent
Km of uPA to plasmin, and by increasing the Kcat/Km of
uPA to plasmin [23]. It is interesting that uPA-knockout
mice do not have major thrombotic disorders [24]. This is
probably because of the redundant fibrinolytic function by
tPA. Indeed, combined uPA and tPA knockout mice show
extensive thrombotic disorders very similar to those observed
in plasminogen-knockout mice, but these are rarely detected
in animals lacking uPA or tPA alone [25]. In contrast to
uPA, studies performed in uPAR-knockout mice do not
really support a major role of uPAR in fibrinolysis. Fibrin
deposits are found within the livers of mice with a combined
deficiency in uPAR and tPA, but not in uPAR-knockout mice,
indicating a minor role for uPAR in plasminogen activation
[25]. The extraordinarily mild consequences of combined
uPAR and tPA deficiency raised the question of whether there
are other receptors for uPA that might facilitate plasminogen
activation [19, 25].

Besides plasminogen activation, uPA has been shown to
induce the adhesion and chemotactic movement of myeloid
cells [26, 27], to induce cell migration in human epithelial
cells [28] and bovine endothelial cells [29], and to promote
cell growth [30–32]. Notably these signaling functions of uPA
do not require its proteolytic activity. Several studies suggest
that uPA has additional, unidentified cell-surface receptor(s)
other than uPAR that are involved in signaling events. For

example, blocking of uPA binding to uPAR using a mono-
clonal antibody or by depletion of cell surface uPAR with
phosphatidylinositol-specific phospholipase C (PIPLC) did
not inhibit uPA-induced mitogenic effects in smooth muscle
cells [33]. uPA-induced mitogenic effects in melanoma cells
are independent of high-affinity binding to uPAR, and this
suggests the existence of a low-affinity binding site on this
cell type based on the kinetic data [34]. The chemotactic
action of uPA on smooth muscle cells depends on its kringle
domain, and kinetic evidence indicates that these cells
express a lower-affinity kringle receptor distinct from uPAR
[35]. The isolated uPA kringle augments vascular smooth
muscle cell constriction in vitro [36] and in vivo [37]. Taken
together these observations all suggest that cells express uPA-
binding proteins (other than uPAR) that mediate signaling
from uPA.

We found that uPA binds specifically to integrin αvβ3
on CHO cells depleted of uPAR (Figure 2). The binding of
uPA to αvβ3 required the uPA kringle domain (Figure 3).
The isolated uPA kringle domain binds specifically to purif-
ied, recombinant soluble, and cell surface αvβ3, and other
integrins (α4β1 and α9β1), and induces migration of CHO
cells in an αvβ3-dependent manner. The binding of the uPA
kringle to αvβ3 and uPA kringle-induced αvβ3-dependent
cell migration is blocked by angiostatin. We studied whether
the binding of uPA to integrin αvβ3 through the kringle
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Figure 2: uPA binding to the cell surface in an integrin αvβ3-dependent and uPAR-independent manner [38]. (a) and (b) Depletion of
uPAR from the cell surface blocked uPA binding to uPAR-CHO cells, but did not affect uPA binding to β3-CHO cells. To deplete GPI-linked
uPAR on the cell surface, β3-CHO, uPAR-CHO, or control mock-transfected CHO cells were treated with PIPLC. The treatment removed
more than 95% of human uPAR from uPAR-CHO cells as determined by flow cytometry with anti-uPAR mAb 3B10 (data not shown). uPA
was immobilized to wells of 96-well microtiter plates at the indicated coating concentrations, and incubated with cells without (a) or with
(b) pretreatment with PI-PLC. Bound cells were quantified. (c) uPA binding to β3-CHO cells is specific to αvβ3 and the kringle domain.
uPA (200 nM coating concentration) was immobilized to wells of 96-well microtiter plates and incubated with β3-CHO cells in the presence
of mAb 16N7C2 (anti-β3), Ab 963 (anti-kringle), mAb UNG-5 (anti-LMW-uPA), or RGD or RGE peptides (100 μM).

domain plays a role in plasminogen activation. On CHO cell
depleted of uPAR, uPA enhances plasminogen activation in a
kringle and αvβ3-dependent manner (Figure 4). Endothelial
cells bind to and migrate on uPA and uPA kringle in an αvβ3-
dependent manner. These results suggest that uPA binding

to integrins through the kringle domain plays an important
role in both plasminogen activation and uPA-induced intra-
cellular signaling. The uPA kringle-integrin interaction may
represent a novel therapeutic target for cancer, inflammation,
and vascular remodeling [38].
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Figure 3: The kringle domain of uPA mediates binding to αvβ3.
The uPA kringle domain was immobilized onto wells of 96-
well microtiter plates at the indicated coating concentrations and
incubated with β3-CHO, uPAR-CHO, or mock-CHO cells. The
ability of the uPA fragments to support adhesion of these cells was
determined [38].

We propose a model, in which the N-terminal GFD of
uPA binds to uPAR and the kringle domain of uPA binds to
integrins, leading to the uPAR-uPA-integrin ternary complex
on the cell surface. It is likely that the ternary complex for-
mation may be involved in uPA signaling and plasminogen
activation. The isolated kringle or the isolated GFD domain
may suppress uPA signaling or plasminogen activation by
suppressing the process. Indeed isolated kringle domain or
GFD have been shown to suppress tumorigenesis [39].

3. Another Example of the Role of αvβ3 in
uPA Signaling: uPA Kringle and Integrinαvβ3
in Neutrophil Activation

It has been reported that antibody to integrin αvβ3 and RGD
peptide suppress the signaling action of uPA in neutrophils,
although it is unclear if this include direct uPA-αvβ3 inter-
action [40]. The study examined the ability of specific
uPA domains to increase cytokine expression in murine
and human neutrophils stimulated with lipopolysaccharides
(LPS). Whereas the addition of intact uPA to neutrophils
cultured with LPS increased mRNA and protein levels of
interleukin-1β, macrophage-inflammatory protein-2, and
tumor necrosis factor α, deletion of the kringle domain from
uPA resulted in loss of these potentiating effects. Addition of
purified uPA kringle domain to LPS-stimulated neutrophils
increased cytokine expression to a degree comparable with
that produced by single-chain uPA. Inclusion of the RGD
but not the RGE peptide to neutrophil cultures blocked uPA
kringle-induced potentiation of proinflammatory responses,
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Figure 4: Integrin-dependent plasminogen activation on the cell
surface. Parental CHO cells and β3-CHO cells in wells of 96-well
plates were treated with PIPLC to deplete uPAR, and incubated with
wt or delta kringle (ΔK) uPA in the cold binding buffer for
1 h at 4◦C. The cells were washed with the binding buffer, and
plasminogen activation was determined using Glu-plasminogen
and SpectrozymePL chromogenic substrate at 37◦C. We found that
β3-CHO cells showed much higher ability to activate plasminogen
in a manner dependent on the uPA added. Deletion of the
kringle domain (with ΔK-uPA) markedly reduced the plasminogen
activation on β3-CHO, indicating that αvβ3 and uPA-dependent
plasminogen activation required the kringle domain of uPA. These
results suggest that the binding of uPA kringle to integrin αvβ3
induces plasminogen activation [38].

demonstrating that interactions between the kringle domain
and integrins are involved. Antibodies to the αv or β3 subunit
or to αvβ3 heterodimer prevented uPA kringle-induced
enhancement of expression of proinflammatory cytokines
and also of adhesion of neutrophils to the uPA kringle
domain. These results demonstrate that the kringle domain
of uPA, through interaction with αvβ3 integrins, potentiates
neutrophil activation.

4. A Docking Model of uPAR-uPA
Kringle-Integrin Interaction

How does integrin αvβ3 interact with uPA kringle? This has
recently been predicted by docking simulation [41]. They
modeled the interaction of uPA on two integrins, αIIbβ3 in
the open configuration and αvβ3 in the closed configuration.
They found that multiple lowest energy solutions point to an
interaction of the kringle domain of uPA at the boundary
between α and β chains on the surface of the integrins.
This region is not far away from peptides that have been
previously shown to have a biological role in uPAR/integrins
dependent signaling. They demonstrated that in silico dock-
ing experiments can be successfully carried out to identify the
binding mode of the kringle domain of uPA on the scaffold of
integrins in the open and closed conformation. Importantly
they found that the binding mode is the same on different
integrins and in both configurations. To get a molecular
view of the system is a prerequisite to unravel the complex
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Table 1: Amino acid residues involved in αvβ3-uPA kringle interaction in the docking model. Amino acid residues at the binding interface
(within the 6 Angstrom) were selected using Swiss pdb viewer (v. 4.02).

αv β3 uPA kringle

Ala149, Asp150, Tyr178,
Gln214, Ala215, Ile216,
Asp218, Asp219, Arg248

Tyr122, Ser123, Met124, Lys125, Asp126, Asp127,
Asp179, Met180, Lys181, Thr182, Arg214,
Arg216, Asp217, Ala218, Asp251, Ala252, Lys253,
Thr311, Glu312, Asn313, Val314, Asn316, Val332,
Leu333, Ser334, Met335, Asp336, Ser337

Ser47, Lys48, Thr49, Tyr51, Glu52, Gly53, Asn54,
Gly55, His56, Phe57, Tyr58
Arg59, Tyr84, Asp90, Leu92, Gln93, Leu94,
Asn104, Pro105, Asp106, Asn107, Arg108,
Arg109, Arg110, Glu125

uPA GFD

uPAR
uPA kringle

domain

β3 I-like domain

αvβ-propeller

domain

Figure 5: A model of integrin, uPA kringle, and uPAR complex.
We performed docking simulation of the interaction between uPA
kringle (PDB code 2URK) and integrin αvβ3 (PDB code 1L5G)
using Autodock3. The simulation predicted the poses in which uPA
kringle interacts with αvβ3. The uPA kringle-integrin complex was
superposed with the ATF-uPAR complex (PDB code 2I9B).

protein-protein interactions underlying uPA/uPAR/integrin
mediated cell motility, adhesion, and proliferation, and to
design rational in vitro experiments.

However, in their paper which amino acid residues in
uPA kringle are involved in integrin interaction is unclear.
Thus, we presented our model here (Figure 5). We performed
docking simulation of the interaction between uPA kringle
(PDB code 2URK) and integrin αvβ3 (PDB code 1L5G) using
Autodock3. The simulation predicted the poses in which uPA
kringle interacts with αvβ3 (docking energy−22.3 kcal/mol).
The amino acid residues involved in the interaction are
shown in Table 1. The uPA kringle-binding site in αvβ3
appears to be common to other known αvβ3 ligands. The
uPA kringle-integrin complex was superposed with the
ATF-uPAR complex (PDB code 2I9B). Our model predicts
that integrin αvβ3 and uPAR can bind to ATF (GFD and
kringle) simultaneously without steric hindrance. Obviously,
it would be important to identify amino acid residues in
uPA kringle that are critical for integrin binding by site-
directed mutagenesis. In future studies, using uPA kringles
that cannot bind to integrins or uPAR, it would be important
to study the role of uPA kringle-integrin interaction in the
proinflammatory action of uPA and to establish the role of
uPAR in this process.

5. uPAR-Integrin Interaction

Previous studies suggest that uPAR directly binds to integrins
[42–44]. How can our hypothesis explain this interaction?
Our preliminary docking simulation studies of interaction
between uPAR and integrin αvβ3 did not detect high-affinity
αvβ3 binding sites in uPAR (not shown). In contrast the
docking simulation of interaction between uPA kringle and
αvβ3 predicted high affinity binding of αvβ3 to uPA kringle
(as shown above). Since uPA binds to uPAR at high-affinity
through GFD of uPA, one possibility is that previous studies
detected interactions between the uPA-uPAR complex and
integrins, in which integrins bind indirectly to uPAR through
uPA kringle, but not those between uPAR and integrins. uPA
is widely expressed in different cell types and tissues. This
hypothesis should be rigorously tested in future studies.

References

[1] Y. Takada, X. Ye, and S. Simon, “The integrins,” Genome Bio-
logy, vol. 8, no. 5, article 215, 2007.

[2] M. S. O’Reilly, L. Holmgren, Y. Shing et al., “Angiostatin: a cir-
culating endothelial cell inhibitor that suppresses angiogenesis
and tumor growth,” Cold Spring Harbor Symposia on Quanti-
tative Biology, vol. 59, pp. 471–482, 1994.

[3] Y. Cao, M. S. O’Reilly, B. Marshall, E. Flynn, R. W. Ji, and
J. Folkman, “Expression of angiostatin cDNA in a murine
fibrosarcoma suppresses primary tumor growth and produces
long-term dormancy of metastases,” Journal of Clinical Inves-
tigation, vol. 101, no. 5, pp. 1055–1063, 1998.

[4] S. Gately, P. Twardowski, M. S. Stack et al., “The mechanism of
cancer-mediated conversion of plasminogen to the angiogene-
sis inhibitor angiostatin,” Proceedings of the National Academy
of Sciences of the United States of America, vol. 94, no. 20, pp.
10868–10872, 1997.

[5] A. J. Lay, X. M. Jiang, O. Kisker et al., “Phosphoglycerate kinase
acts in tumour angiogenesis as a disulphide reductase,” Nature,
vol. 408, no. 6814, pp. 869–873, 2000.

[6] Y. Cao, R. W. Ji, D. Davidson et al., “Kringle domains of human
angiostatin: characterization of the anti- proliferative activity
on endothelial cells,” Journal of Biological Chemistry, vol. 271,
no. 46, pp. 29461–29467, 1996.

[7] T. Tarui, L. A. Miles, and Y. Takada, “Specific interaction of
angiostatin with integrin αvβ3 in endothelial cells,” Journal of
Biological Chemistry, vol. 276, no. 43, pp. 39562–39568, 2001.

[8] T. Syrovets, B. Tippler, M. Rieks, and T. Simmet, “Plasmin is
a potent and specific chemoattractant for human peripheral
monocytes acting via a cyclic guanosine monophosphate-de-
pendent pathway,” Blood, vol. 89, no. 12, pp. 4574–4583, 1997.

[9] T. Tarui, M. Majumdar, L. A. Miles, W. Ruf, and Y. Takada,
“Plasmin-induced migration of endothelial cells: a potential



Journal of Biomedicine and Biotechnology 7

target for the anti-angiogenic action of angiostatin,” Journal of
Biological Chemistry, vol. 277, no. 37, pp. 33564–33570, 2002.

[10] M. Majumdar, T. Tarui, B. Shi, N. Akakura, W. Ruf, and
Y. Takada, “Plasmin-induced migration requires signaling
through protease-activated receptor 1 and integrin α9β1,”
Journal of Biological Chemistry, vol. 279, no. 36, pp. 37528–
37534, 2004.

[11] E. Pluskota, D. A. Soloviev, K. Bdeir, D. B. Cines, and E.
F. Plow, “Integrin αMβ2 orchestrates and accelerates plas-
minogen activation and fibrinolysis by neutrophils,” Journal of
Biological Chemistry, vol. 279, no. 17, pp. 18063–18072, 2004.

[12] V. P. Yakubenko, S. P. Yadav, and T. P. Ugarova, “Integrin αDβ2,
an adhesion receptor up-regulated on macrophage foam cells,
exhibits multiligand-binding properties,” Blood, vol. 107, no.
4, pp. 1643–1650, 2006.

[13] V. K. Lishko, V. V. Novokhatny, V. P. Yakubenko, H. V. Sko-
morovska-Prokvolit, and T. P. Ugarova, “Characterization of
plasminogen as an adhesive ligand for integrins αMβ2 (Mac-
1) and α5β 1,” Blood, vol. 104, no. 3, pp. 719–726, 2004.

[14] H. K. Kim, D. S. Oh, S. B. Lee, J. M. Ha, and A. J. Young,
“Antimigratory effect of TK1-2 is mediated in part by interfer-
ing with integrin α2β1,” Molecular Cancer Therapeutics, vol. 7,
no. 7, pp. 2133–2141, 2008.

[15] L. Liu, A. W. Craig, H. D. Meldrum, S. M. Marcovina, B. E.
Elliott, and M. L. Koschinsky, “Apolipoprotein(a) stimulates
vascular endothelial cell growth and migration and signals
through integrin αVβ3,” Biochemical Journal, vol. 418, no. 2,
pp. 325–336, 2009.

[16] H. A. Chapman, “Plasminogen activators, integrins, and the
coordinated regulation of cell adhesion and migration,” Cur-
rent Opinion in Cell Biology, vol. 9, no. 5, pp. 714–724, 1997.

[17] P. A. Andreasen, L. Kjoller, L. Christensen, and M. J. Duffy,
“The urokinase-type plasminogen activator system in cancer
metastasis: a review,” International Journal of Cancer, vol. 72,
no. 1, pp. 1–22, 1997.

[18] K. Danø, J. Rømer, B. S. Nielsen et al., “Cancer invasion
and tissue remodeling—cooperation of protease systems and
cell types,” Acta Pathologica, Microbiologica et Immunologica
Scandinavica, vol. 107, no. 1, pp. 120–127, 1999.

[19] A. Mondino and F. Blasi, “uPA and uPAR in fibrinolysis, im-
munity and pathology,” Trends in Immunology, vol. 25, no. 8,
pp. 450–455, 2004.

[20] E. Appella, E. A. Robinson, and S. J. Ullrich, “The receptor-
binding sequence of urokinase. A biological function for the
growth-factor module of proteases,” Journal of Biological
Chemistry, vol. 262, no. 10, pp. 4437–4440, 1987.

[21] K. Bdeir, A. Kuo, B. S. Sachais et al., “The kringle stabilizes
urokinase binding to the urokinase receptor,” Blood, vol. 102,
no. 10, pp. 3600–3608, 2003.

[22] D. A. Waltz, R. M. Fujita, X. Yang et al., “Nonproteolytic role
for the urokinase receptor in cellular migration in vivo,” Amer-
ican Journal of Respiratory Cell and Molecular Biology, vol. 22,
no. 3, pp. 316–322, 2000.

[23] V. Ellis, C. Pyke, J. Eriksen, H. Solberg, and K. Dano, “The
urokinase receptor: involvement in cell surface proteolysis and
cancer invasion,” Annals of the New York Academy of Sciences,
vol. 667, pp. 13–31, 1992.

[24] P. Carmeliet, L. Schoonjans, L. Kieckens et al., “Physiological
consequences of loss of plasminogen activator gene function
in mice,” Nature, vol. 368, no. 6470, pp. 419–424, 1994.

[25] T. H. Bugge, M. J. Flick, M. J. S. Danton et al., “Urokinase-type
plasminogen activator is effective in fibrin clearance in the
absence of its receptor or tissue-type plasminogen activator,”

Proceedings of the National Academy of Sciences of the United
States of America, vol. 93, no. 12, pp. 5899–5904, 1996.

[26] D. A. Waltz, L. Z. Sailor, and H. A. Chapman, “Cytokines
induce urokinase-dependent adhesion of human myeloid
cells. A regulatory role for plasminogen activator inhibitors,”
Journal of Clinical Investigation, vol. 91, no. 4, pp. 1541–1552,
1993.

[27] M. R. Gyetko, R. F. Todd, C. C. Wilkinson, and R. G. Sitrin,
“The urokinase receptor is required for human monocyte
chemotaxis in vitro,” Journal of Clinical Investigation, vol. 93,
no. 4, pp. 1380–1387, 1994.

[28] N. Busso, S. K. Masur, D. Lazega, S. Waxman, and L. Ossowski,
“Induction of cell migration by pro-urokinase binding to its
receptor: possible mechanism for signal transduction in hu-
man epithelial cells,” Journal of Cell Biology, vol. 126, no. 1, pp.
259–270, 1994.

[29] L. E. Odekon, N. Gilboa, P. Del Vecchio, and P. W. Gudewicz,
“Urokinase in conditioned medium from phorbol ester-pre-
treated endothelial cells promotes polymorphonuclear leuko-
cyte migration,” Circulatory Shock, vol. 37, no. 2, pp. 169–175,
1992.

[30] S. A. Rabbani, A. P. Mazar, S. M. Bernier et al., “Structural
requirements for the growth factor activity of the amino- ter-
minal domain of urokinase,” Journal of Biological Chemistry,
vol. 267, no. 20, pp. 14151–14156, 1992.

[31] J. A. Aguirre Ghiso, K. Kovalski, and L. Ossowski, “Tumor
dormancy induced by downregulation of urokinase receptor
in human carcinoma involves integrin and MAPK signaling,”
Journal of Cell Biology, vol. 147, no. 1, pp. 89–103, 1999.

[32] K. Fischer, V. Lutz, O. Wilhelm et al., “Urokinase induces pro-
liferation of human ovarian cancer cells: characterization of
structural elements required for growth factor function,” FEBS
Letters, vol. 438, no. 1-2, pp. 101–105, 1998.

[33] S. M. Kanse, O. Benzakour, C. Kanthou, C. Kost, H. Roger
Lijnen, and K. T. Preissner, “Induction of vascular SMC prolif-
eration by urokinase indicates a novel mechanism of action in
vasoproliferative disorders,” Arteriosclerosis, Thrombosis, and
Vascular Biology, vol. 17, no. 11, pp. 2848–2854, 1997.

[34] J. L. Koopman, J. Slomp, A. C. W. de Bart, P. H. A. Quax, and
J. H. Verheijent, “Mitogenic effects of urokinase on melanoma
cells are independent of high affinity binding to the urokinase
receptor,” Journal of Biological Chemistry, vol. 273, no. 50, pp.
33267–33272, 1998.

[35] S. Mukhina, V. Stepanova, D. Traktouev et al., “The chemotac-
tic action of urokinase on smooth muscle cells is dependent
on its kringle domain. Characterization of interactions and
contribution to chemotaxis,” Journal of Biological Chemistry,
vol. 275, no. 22, pp. 16450–16458, 2000.

[36] A. Haj-Yehia, T. Nassar, B. S. Sachais et al., “Urokinase-derived
peptides regulate vascular smooth muscle contraction in vitro
and in vivo,” The FASEB Journal, vol. 14, no. 10, pp. 1411–
1422, 2000.

[37] T. Nassar, A. Haj-Yehia, S. Akkawi et al., “Binding of urokinase
to low density lipoprotein-related receptor (LRP) regulates
vascular smooth muscle cell contraction,” Journal of Biological
Chemistry, vol. 277, no. 43, pp. 40499–40504, 2002.

[38] T. Tarui, N. Akakura, M. Majumdar et al., “Direct interaction
of the kringle domain of urokinase-type plasminogen activa-
tor (uPA) and integrin αvβ3 induces signal transduction and
enhances plasminogen activation,” Thrombosis and Haemosta-
sis, vol. 95, no. 3, pp. 524–534, 2006.

[39] A. P. Mazar, “Urokinase plasminogen activator receptor chore-
ographs multiple ligand interactions: implications for tumor



8 Journal of Biomedicine and Biotechnology

progression and therapy,” Clinical Cancer Research, vol. 14, no.
18, pp. 5649–5655, 2008.

[40] S. H. Kwak, S. Mitra, K. Bdeir et al., “The kringle domain
of urokinase-type plasminogen activator potentiates LPS-
induced neutrophil activation through interaction with α vβ3
integrins,” Journal of Leukocyte Biology, vol. 78, no. 4, pp. 937–
945, 2005.

[41] B. Degryse, J. Fernandez-Recio, V. Citro, F. Blasi, and M. V.
Cubellis, “In silico docking of urokinase plasminogen activa-
tor and integrins,” BMC Bioinformatics, vol. 9, no. 2, article S8,
2008.

[42] Y. Wei, J. A. Eble, Z. Wang, J. A. Kreidberg, and H. A. Chap-
man, “Urokinase receptors promote β1 integrin function
through interactions with integrin α3β1,” Molecular Biology of
the Cell, vol. 12, no. 10, pp. 2975–2986, 2001.

[43] D. I. Simon, N. K. Rao, H. Xu et al., “Mac-1 (CD11b/CD18)
and the urokinase receptor (CD87) form a functional unit on
monocytic cells,” Blood, vol. 88, no. 8, pp. 3185–3194, 1996.

[44] Y. Wei, M. Lukashev, D. I. Simon et al., “Regulation of integrin
function by the urokinase receptor,” Science, vol. 273, no. 5281,
pp. 1551–1555, 1996.



Submit your manuscripts at
http://www.hindawi.com

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

 Anatomy 
Research International

Peptides
International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation 
http://www.hindawi.com

 International Journal of

Volume 2014

Zoology

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Molecular Biology 
International 

Genomics
International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

The Scientific 
World Journal
Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Bioinformatics
Advances in

Marine Biology
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Signal Transduction
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

BioMed 
Research International

Evolutionary Biology
International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Biochemistry 
Research International

Archaea
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Genetics 
Research International

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Advances in

Virolog y

Hindawi Publishing Corporation
http://www.hindawi.com

Nucleic Acids
Journal of

Volume 2014

Stem Cells
International

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Enzyme 
Research

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

International Journal of

Microbiology


