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Integrin avB3 is not significantly implicated in the anti-migratory
effect of anti-angiogenic urokinase kringle domain
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Abstract. The recombinant kringle domain (UK1) of
urokinase-type plasminogen activator (uPA) has been shown
to possess anti-angiogenic activity in vitro and in vivo. It has
also been found to inhibit in vivo malignant glioma growth.
In contrast, direct interaction of the kringle domain of uPA and
integrin avB3 has been reported to be involved in plasminogen
and leukocyte activation by uPA. Since integrin avB3 is
involved in tumor angiogenesis, we investigated whether
integrin avB3 is involved in the inhibitory function of UK1 in
angiogenesis, by examining its anti-migratory activity. In a
modified Boyden chamber assay, the Pichia-expressed UK1
dose-dependently inhibited the VEGF-induced migration of
human umbilical vein endothelial cells (HUVECs). However,
in the absence of growth factor stimulation, soluble UK1
alone did not induce or inhibit HUVEC migration. In cell
adhesion, immobilized UK1 promoted HUVEC adhesion and
spreading which were compared to BSA. Pretreatment of the
anti-avB3 integrin antibody, significantly inhibited HUVEC
binding to immobilized UK1, whereas neither anti-a231 nor
anti-a5B1 integrin antibody had any effect, although pre-
treatment of the soluble UK1 showed no marked alteration of
the binding level of anti-avB3 antibody to HUVECs in FACS
analysis. In a modified Boyden chamber assay, the function
blocking antibodies against integrins avB83, a261 and a581
did not completely prevent the inhibitory effect of UKI1 in
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HUVEC migration. These results suggest that UK1 interacts
with integrin avf33, but its anti-migratory activity on endo-
thelial cells is not significantly mediated by integrin avB3.

Introduction

Angiogenesis is a multi-step process that occurs during normal
physiology such as wound healing, pregnancy, and develop-
ment, as well as under pathological conditions such as diabetic
retinopathy and tumorigenesis (1-3). Accordingly, inhibition
of angiogenesis has been proposed as a promising strategy
for treatment of these diseases (1). Various angiogenesis
inhibitors have been reported, such as angiostatin (4), endo-
statin (5), 16 kDa prolactin (6), kringle of prothrombin 2 (7),
kringle 5 of plasminogen (8), kringles 1-2 of the tissue-type
plasminogen activator (9), kringle 1 of the urokinase-type
plasminogen activator (uPA) (10), kringle 1 and NK4 derived
from hepatocyte growth factor (11,12), rhLK68 derived from
apolipoprotein (a) (13), tumstatin (14) and endorepellin (15).
Several angiogenesis inhibitors have a unique kringle archi-
tecture, and kringle domains are composed of ~80 amino acids
connected by conserved triple disulfide bonds. The kringle
domains derived from various proteins have been reported to
elicit anti-angiogenic activity which is different from the
parent molecules, but its exact function is unclear (16).

uPA is a serine protease involved in fibrinolysis, and it is
implicated in various cellular processes such as inflamma-
tion, metastasis and angiogenesis (17-21). uPA induces cell
adhesion and chemotactic movement, and its signaling requires
its binding to the uPA receptor (uPAR/CDS&7). In addition, the
binding of a uPA-uPAR complex to integrin a581 via uPAR
and signal transduction through o581 are required for uPA-
induced cell adhesion and migration (22). uPA consists of the
three domains of growth factor-like (1-43), kringle (47-135),
and carboxyl-terminal protease (136-411). The growth factor
domain mediates interaction with the uPA receptor.

In our previous study, we showed that the recombinant
kringle domain of uPA (UK1) inhibits the proliferation and
migration of endothelial cells (10,23), although UK1 has a
low amino acid sequence homology with angiostatin. Recently,
we found that UK1 inhibits in vivo malignant growth by the
suppression of angiogenesis (24). In order to initiate the
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study of the UK1 mechanism, we performed experiments and
observed that UK1 internalized into the nucleus and induced
the transient increase of the Ca?* flux, although possibly by not
mediating through interaction with uPAR (10,25). However,
its action mechanism is unclear.

In contrast, direct interaction of the kringle domain of
urokinase-type plasminogen activator and integrin av3 has
been reported to enhance plasminogen activation by uPA
(26). The kringle domain has been shown to potentiate LPS-
mediated neutrophil activation through interaction with the
avB3 integrin (27). Since one of the molecular targets of anti-
angiogenic angiostatin, with the first four kringles of plasmi-
nogen, has been reported as integrin av33 (28), we were very
interested in whether integrin av33 is an important molecular
target of UK1, albeit of low sequence identity with angiostain.
In this study, we tested this idea employing an endothelial
migration assay, one of the critical steps of angiogenesis.

Materials and methods

Materials. Mouse monoclonal blocking antibodies against
integrin avB3 (LM609), o261 (BHA2.1), or a561 (JBSS) were
purchased from Chemicon Inc. (Temecula, CA); anti-mouse-
IgG from Zymed Laboratories (San Francisco, CA); VEGF
from R&D Systems Inc. (Minneapolis, MN); EGM-2 MV
BulletKit medium from Cambrex (Walkersville, MD); fibro-
nectin (FN) and bovine serum albumin (BSA) from Sigma
(St. Louis, MO); actin cytoskeleton and focal adhesion staining
kit and FITC-conjugated goat anti-mouse antibodies from
Chemicon Inc.

Preparation of recombinant UKI. Recombinant UK1 was
expressed in Pichia pastoris, and purified by S-Sepharose and
Q-Sepharose column chromatography as previously described
(23). The bacteria endotoxin level of the protein solution was
determined to be <0.001 EU/mg using the limulus amebocyte
lysate (LAL) assay kit from Cambrex (Walkersville). Purified
protein was extensively dialyzed against PBS.

Cell culture. The human umbilical vein endothelial cells
(HUVECSs) were isolated from human cords as previously
described (29). The cells were maintained in M199 (JBI,
Daegu, Korea) supplemented with 20% FBS, 30 yg/ml endo-
thelial cell growth supplements (Sigma), 90 yug/ml heparin
and 1% antibiotics, at 37°C in a humidified atmosphere of
5% CO,. HUVECsS used for the experiments were passage 2-8.

Modified Boyden chamber assay. Chemotaxis assay for
endothelial cells was carried out by using a 48-well chemo-
taxis chamber (Neuro Probe, Inc., Cabin John, MD). Micropore
polycarbonate membranes (8 ym) were coated with 0.1%
gelatin overnight at 4°C. Detached HUVECs were treated
with UK1 or other inhibitors in EBM-2 medium for 30 min,
and placed into the upper chamber (2x10* cells). The lower
chamber was added with the buffer containing 0.1% BSA,
90 ug/ml heparin and 2 ng/ml VEGF in EBM-2. The
assembled chamber was incubated for 5 h at 37°C with 5%
CO,. Non-migrated cells on the upper side of the membrane
were removed by wiping with a paper towel. The migrated
cells were fixed, and stained with Diff-Quik solution (Sysmex
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Corp., Kobe, Japan). The stained cells were photographed and
counted.

Cell adhesion assay. Plates were coated with BSA, FN or
UKI1 overnight at 4°C and the remaining non-specific binding
sites were blocked by incubating with 1% heat-inactivated
BSA (70°C for 1 h) for 30 min at RT. Serum-starved HUVECs
were collected by trypsinization and this reaction was
stopped by serum-free EBM-2 media containing a trypsin
inhibitor (Sigma) and 2% BSA. The detached cells were
washed with serum-free EBM-2 and incubated in the
presence or absence of UK, or integrin antibody for 30 min.
The cells (3x10%) were plated on the protein-coated 96-well
plates and incubated at 37°C for 90 min. After non-bound cells
were removed by washing with PBS, the remaining bound
cells were fixed with 4% paraformaldehyde, and stained with
crystal violet. The stained dye was dissolved in 10% acetic
acid and quantified by measuring absorbance at 560 nm.

Immunofluorescent analysis of actin stress fibers and focal
adhesion. Glass cover slips were coated with BSA, FN or UK 1
overnight at 4°C. Non-specific adhesion sites were blocked by
incubating with 1% heat-inactivated BSA. Serum-starved
HUVECs collected by trypsinization were plated on the
coated plates for 90 min. The cells were fixed, permeabilized
and immunostained with anti-vinculin antibody and FITC-
conjugated secondary antibody, followed by staining with
TRITC-conjugated phalloidin and DAPI. The coverslips
were washed and mounted on slide glasses using mounting
solution. The fluorescent images were obtained using
fluorescence microscopy (Olympus AX70, Tokyo).

Fluorescence activated cell sorting (FACS) analysis. Serum-
starved HUVECSs were incubated with UK1 (1 M) in EBM-2
for 30 min at 37°C, and treated further with anti-a281, -avR3
or -a561 antibody (10 pg/ml) for 30 min at 4°C, followed by
incubation with the secondary antibody conjugated with
Cy3 (Chemicon Inc.). The cells were washed with FACS
buffer (2% FBS and 1% sodium azide in PBS), fixed with
1% paraformaldehyde and analyzed on a flow cytometer
(FACSCalibur; BD Biosciences). Normal mouse IgG was used
as a negative control antibody.

Results

Pichia-derived soluble UK inhibits VEGF-induced endothelial
cell migration. In a previous study, we showed that Pichia-
derived UK1 inhibits growth factor-stimulated endothelial
cell proliferation as effectively as E. coli-derived UK1 (23).
Since we have not tested for its anti-migratory activity, we
evaluated the inhibitory effect of Pichia-derived UK in a
modified Boyden chamber assay. As shown in Fig. 1A,
Pichia-derived UK1 potently inhibited VEGF-induced
migration in a dose-dependent manner. However, in the
absence of growth factor stimulation, soluble UK1 did not
significantly induce or inhibit endothelial cell migration on
the gelatin matrix (Fig. 1B).

Immobilized UKI promotes cell adhesion and spreading.
Integrin-mediated cell adhesion is a required step for cell
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Figure 1. Inhibitory effect of UK1 on VEGF-induced migration. However, no
effect on the basal movement in the absence of the growth factor occurred.
Chemotaxis assay for endothelial cells was carried out by using a 48-well
chemotaxis chamber. HUVECs were pretreated with soluble UK1 at the
indicated concentration for 30 min at 37°C. The cells were allowed to migrate
for 5 h in the presence or absence of 2 ng/ml VEGF. Cell migration is
presented as a relative percentage compared with the VEGF-induced control
group (A). Each value represents the mean + SE. "p<0.05 and “'p<0.01,
compared with the VEGF-induced control group.

migration. In addition, the kringle domain of uPA has been
shown to directly interact with integrin avB83. HUVECs
express integrin subunits 1, a2, a5 and av (30). Thus, we
examined whether UK1 binds to HUVECs and whether its
binding involves integrins including av3. We initially tested,
in cell adhesion assay, whether HUVECs interact with UK1
or not. In this assay, we found that adhesion of HUVECs to
UK1-coated dishes was increasingly dose-dependent (Fig. 2A).
When the actin filaments of attached cells were visualized by
fluorescence, the cells attached to immobilized UK 1 did not
form apparent actin stress fibers compared to the cells attached
to fibronectin (Fig. 2B). Accordingly, focal adhesion formation
visualized by anti-vinculin antibody staining was manifested
in the cells attached to fibronectin, but was rarely observed in
the cells attached to UK1 (data not shown). However, UK1-
attached cells were more disseminated than those attached
to BSA, which maintained their small round shape. Therefore,
we concluded that immobilized UK1 promotes endothelial
cell adhesion and spreading.

Binding of HUVECs to immobilized UKI is inhibited by
anti-avf33 integrin antibody. Since HUVECs adhere and
disseminate to immobilized UK1, we examined whether
integrin blocking antibodies affect the attachment of HUVECs
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Figure 2. Immobilized UK1 promotes cell adhesion and spreading. (A)
HUVECs were seeded on 96-well plates coated with BSA (1%), fibronectin
(10 ug/ml), or the indicated concentration of UK1, and incubated for 90 min.
After removing non-bound cells by washing with PBS, the attached cells
were stained with crystal violet, and the stained dye was dissolved, followed
by an absorbance measurement at 560 nm (mean + SE). "p<0.05, compared
with the UK1 (0.1 gM)-treated group. (B) HUVECs were attached to the
plates coated with BSA (1%), fibronectin (100 g g/ml), or UK1 (100 pg/ml)
for 90 min. Actin stress fibers of the attached cells were visualized by
staining with TRITC-conjugated phalloidin. The representative cell image is
shown. Red fluorescence is shown as a white color. Magnification, x400.

to immobilized UK1. The integrins al1B1, o281, o561 and
avB3 are up-regulated during tumor angiogenesis (31) and
integrin al is rarely expressed in HUVECs (30). Thus, we
examined the effects of anti-avB3, -a2B1 and -a5B1 anti-
bodies on HUVEC binding to immobilized UK1. As shown
in Fig. 3A, anti-avB3 integrin antibody treatment significantly
inhibited the HUVEC binding to immobilized UK1, whereas
the anti-a561 and -a281 antibodies did not show any inhibition
in cell adhesion. This result corresponds with the previous data
showing that recombinant soluble av3 binds to the immo-
bilized uPA kringle (26). When the cells were pretreated with
soluble UK prior to cell adhesion, the cellular attachment on
immobilized UK1 was decreased significantly, suggesting
that HUVEC adhesion on immobilized UK1 is not from non-
specific binding.

We examined whether soluble UK1 was able to bind to
integrins avB3, o261 or a5B1. In this experiment, we compared
the binding level of each monoclonal integrin antibody
between untreated or UK 1-pretreated cells (37°C, 30 min) by
FACS analysis, to assess the level of integrins bound to UK,
which would be accessible to the anti-integrin antibodies
(Fig. 3B). However, the pretreatment of UK1 did not show
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Figure 3. Adhesion of HUVECs to immobilized UK1 is blocked by anti-
avB3 integrin antibody. (A) HUVECs were incubated in the presence or
absence of UKI, or the integrin antibody (10 pg/ml for each integrin anti-

body) for 30 min. The cells (3x10%) were plated on immobilized UK1 (2 pM)
and incubated for 90 min at 37°C. The attached cells were stained with crystal
violet, and the stained dye was dissolved, followed by an absorbance
measurement at 560 nm (mean + SE). “p<0.05, compared with the relevant
control group. (B) HUVECs were incubated with UK1 (1 #M) for 30 min at
37°C, and treated further with anti-av83, -a281 or -a581 antibody (10 zg/ml)
for 30 min at 4°C, followed by incubation with the secondary antibody
conjugated with Cy3. The cells were washed, fixed, and analyzed by flow
cytometry. Mouse IgG was used as a negative control. The dark area
indicates mouse IgG control, the gray line UK 1-untreated cells and the black
line UK 1-treated cells.

any significant change in the binding level of the tested integrin
antibodies. One possible explanation for the lack of change in
the binding of anti-avB3 integrin antibody on UK1 treatment is
that the binding site of the small molecule UK is different
from the binding site of anti-avB3 integrin antibody or that
the binding of the small molecule UK1 does not hinder or
alter the binding site of anti-avB3 integrin antibody. Taken
together, we concluded that integrin avf33 may be involved in
UK1 binding to HUVECs.

Anti-avf33 integrin antibody does not completely prevent the
anti-migratory effect of UKI. Since the anti-avB3 integrin
antibody blocks HUVEC binding to immobilized UK1, we
examined the effects of anti-avB3 integrin antibody on the
anti-migratory effect of UK1, together with the anti-a261 and
-a5B1 integrin antibodies. When the cells were pretreated with
anti-integrin antibody at each optimal concentration prior to
UK treatment, notably, the tested integrin antibodies including
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Figure 4. Anti-migratory effect of UKI1 is not prevented by integrin avB3.
HUVECs were pretreated with either anti-avB3 (A), anti-a281 (B) or anti-
a5B1 (C) integrin antibody for 30 min at 37°C and then treated with UK1 for
another 30 min. The cells were allowed to migrate in the presence of VEGF
(2 ng/ml) for 5 h. Cell migration is presented as a relative percentage
compared with the relevant control group. *p<0.05 and “p<0.01, compared
with the relevant VEGF-induced, IgG-treated control group.

anti-avB3 did not completely prevent the inhibitory effect of
UK1 on VEGF-induced endothelial cell migration, despite
showing different levels of prevention (Fig. 4). Therefore, we
concluded that integrin av33 may not be significantly involved
in the anti-migratory effect of UK1.

Discussion

Recombinant UK1 inhibits angiogenesis in vivo, and in vitro
(10,23). We have shown that UK1 inhibits malignant glioma
growth by suppression of angiogenesis (24). In that study, we
showed that UK1 inhibits endothelial cell proliferation and
tube formation, but not the proliferation of glioma cells.
Various kringle domains with a wide range of sequence
identities between the kringles (32.5-83.3% to plasminogen
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kringle 5) have been reported to inhibit angiogenesis and
tumor growth, although they exhibit different levels of anti-
angiogenic activities. However, their action mechanisms
remain unclear.

In this study, we found that UK1 inhibited VEGF-induced
endothelial cell migration and that soluble UK1 alone did not
induce or inhibit endothelial cell migration on the gelatin
matrix. As reported by other researchers, we showed that
UK1 binding to HUVECsS involves integrin avi33, but not
integrins o261 and o561. However, we found that the anti-
avB3, anti-a2B1 and anti-a581 integrin antibodies did not
completely prevent the anti-migratory effect of UK1. We
concluded that integrin av33 may not play a major role in the
inhibition of endothelial cell migration by UK1, suggesting
that other mechanisms or other potential molecular targets
may be involved in the anti-angiogenic activity of UK1.

In a previous study, we compared the inhibitory effects
between the amino-terminal fragment of uPA (u-ATF) and
UK1 (25). The u-ATF domain has one additional functional
epitope, a growth factor-like domain, which interacts with the
uPA receptor. Notably, u-ATF exhibited far less sensitivity
than did UK1 in VEGF-induced migration. From that study,
we assumed that UK1 and u-ATF have different molecular
targets, and anti-angiogenic activity of UKI1 is not related to
the uPA receptor. We also observed that the internalization of
UK followed by the translocation from cytosol to the nucleus
within 30 min occurs in endothelial, but not in non-endothelial
cells (10). The present study provided some evidence that
integrin avB33 may not be the major receptor of UK1. Thus,
how UKI1 internalizes in cells remains unclear.

Apart from the anti-angiogenic activity, other researchers
reported on the role of the kringle domain of uPA. They
presented the positive role of the kringle domain in uPA
molecule by showing that direct interaction of the kringle
domain of uPA and integrin av3 induces signal transduction
and enhances plasminogen activation by uPA (26). The
kringle domain of uPA has been reported to potentiate LPS-
mediated neutrophil activation through interaction with
integrin avB3 (27). Integrin aMB2 also directly binds to the
kringle domain of uPA in neutrophil (32). Since endothelial
cells do not express aMB2, we focused on integrin avf33 in
order to investigate a potential molecular target of UKI.
Unlike the immobilized kringle domain of uPA that induced
migration of CHO cells in an avB3-dependent manner (26),
the soluble kringle domain appeared bound to integrin avi33,
but did not induce endothelial cell migration. The kringle
domain within uPA may play an important role in uPA
activation. However, the soluble kringle domain alone
behaves differently by showing anti-angiogenic activity,
unlike uPA. Accordingly, integrin av3 may not be dominantly
involved in the anti-angiogenic activity of UK.

A potential target of the anti-angiogenic action of angio-
statin has been proposed as integrin av3 (28). The uPA
kringle domain binding to integrin avB83 can be antagonized
by angiostatin (26). Our study showed that anti-av33 integrin
antibody inhibited HUVEC binding to immobilized UK.
Therefore, UK1 may act as an integrin av33 antagonist as
does angiostatin, and may partially play a role in the anti-
angiogensis of UK 1. However, the anti-av33 integrin antibody
did not completely prevent the anti-migratory effect of UKI.
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This result suggests that other plausible major molecular
targets of UK1 exist. For a complete explanation of the
mechanism of action of UK1 and elucidation of an important
functional epitope, which provides the basis for the develop-
ment of new anti-angiogenic and anti-tumoric agents, further
studies are necessary.

Acknowledgements

This work was supported by the Korea Research Foundation
Grant funded by the Korean Government (MOEHRD) (KRF-
2003-015-C00446).

References

1. Folkman J: Seminars in medicine of the Beth Israel Hospital,
Boston. Clinical applications of research on angiogenesis. N
Engl J Med 333: 1757-1763, 1995.

2. Bicknell R and Harris AL: Mechanisms and therapeutic
implications of angiogenesis. Curr Opin Oncol 8: 60-65, 1996.

3. Folkman J and Shing Y: Angiogenesis. J Biol Chem 267:
10931-10934, 1992.

4. O'Reilly MS, Holmgren L, Shing Y, Chen C, Rosenthal RA,
Moses M, Lane WS, Cao Y, Sage EH and Folkman J: Angiostatin:
a novel angiogenesis inhibitor that mediates the suppression of
metastases by a Lewis lung carcinoma. Cell 79: 315-328, 1994.

5. O'Reilly MS, Boehm T, Shing Y, Fukai N, Vasios G, Lane WS,
Flynn E, Birkhead JR, Olsen BR and Folkman J: Endostatin: an
endogenous inhibitor of angiogenesis and tumor growth. Cell
88:277-285,1997.

6. Duefias Z, Torner L, Corbacho AM, Ochoa A, Gutiérrez-Ospina G,
Lopez-Barrera F, Barrios FA, Berger P, Martinez de la Escalera G
and Clapp C: Inhibition of rat corneal angiogenesis by 16-kDa
prolactin and by endogenous prolactin-like molecules. Invest
Ophthalmol Vis Sci 40: 2498-2505, 1999.

7. Lee TH, Rhim T and Kim SS: Prothrombin kringle-2 domain
has a growth inhibitory activity against basic fibroblast growth
factor-stimulated capillary endothelial cells. J Biol Chem 273:
28805-28812, 1998.

8.Cao Y, Chen A, An SS, Ji RW, Davidson D and Llinas M:
Kringle 5 of plasminogen is a novel inhibitor of endothelial cell
growth. J Biol Chem 272: 22924-22928, 1997.

9. Kim HK, Lee SY, Oh HK, Kang BH, Ku HJ, Lee Y, Shin JY,
Hong YK and Joe YA: Inhibition of endothelial cell proliferation
by the recombinant kringle domain of tissue-type plasminogen
activator. Biochem Biophys Res Commun 304: 740-746, 2003.

10. Kim KS, Hong YK, Joe YA, Lee Y, Shin JY, Park HE, Lee IH,
Lee SY, Kang DK, Chang SI and Chung SI: Anti-angiogenic
activity of the recombinant kringle domain of urokinase and its
specific entry into endothelial cells. J Biol Chem 278: 11449-11456,
2003.

11. Kuba K, Matsumoto K, Date K, Shimura H, Tanaka M and
Nakamura T: HGF/NK4, a four-kringle antagonist of hepatocyte
growth factor, is an angiogenesis inhibitor that suppresses tumor
growth and metastasis in mice. Cancer Res 60: 6737-6743,
2000.

12. Xin L, Xu R, Zhang Q, Li TP and Gan RB: Kringle 1 of human
hepatocyte growth factor inhibits bovine aortic endothelial cell
proliferation stimulated by basic fibroblast growth factor and
causes cell apoptosis. Biochem Biophys Res Commun 277:
186-190, 2000.

13. Kim JS, Chang JH, Yu HK, Ahn JH, Yum JS, Lee SK, Jung KH,
Park DH, Yoon Y, Byun SM and Chung SI: Inhibition of
angiogenesis and angiogenesis-dependent tumor growth by the
cryptic kringle fragments of human apolipoprotein (a). J Biol
Chem 278: 29000-29008, 2003.

14. Maeshima Y, Colorado PC and Kalluri R: Two RGD-indepen-
dent alphavbeta 3 integrin binding sites on tumstatin regulate
distinct anti-tumor properties. J Biol Chem 275: 23745-23750,
2000.

15. Mongiat M, Sweeney SM, San Antonio JD, Fu J and lozzo RV:
Endorepellin, a novel inhibitor of angiogenesis derived from the
C terminus of perlecan. J Biol Chem 278: 4238-4249, 2003.

16. Cao Y, Cao R and Veitonmiki N: Kringle structures and anti-
angiogenesis. Curr Med Chem Anticancer Agents 2: 667-681,
2002.



636

17.

18.

19.

20.

21.

22.

23.

24.

25.

Reuning U, Magdolen V, Wilhelm O, Fischer K, Lutz V, Graeff H
and Schmitt M: Multifunctional potential of the plasminogen
activation system in tumor invasion and metastasis (Review).
Int J Oncol 13: 893-906, 1998.

Blasi F: uPA, uPAR, PAI-1: key intersection of proteolytic,
adhesive and chemotactic highways? Immunol Today 18: 415-417,
1997.

Carmeliet P and Collen D: Vascular development and disorders:
molecular analysis and pathogenic insights. Kidney Int 53:
1519-1549, 1998.

Tkachuk V, Stepanova V, Little PJ and Bobik A: Regulation and
role of urokinase plasminogen activator in vascular remodelling.
Clin Exp Pharmacol Physiol 23: 759-765, 1996.

Andreasen PA, Kjgller L, Christensen L and Duffy MJ: The
urokinase-type plasminogen activator system in cancer meta-
stasis: a review. Int J Cancer 72: 1-22, 1997.

Tarui T, Andronicos N, Czekay RP, Mazar AP, Bdeir K, Parry GC,
Kuo A, Loskutoff DJ, Cines DB and Takada Y: Critical role of
integrin alpha 5 beta 1 in urokinase (uPA)/urokinase receptor
(uPAR, CD87) signaling. J Biol Chem 278: 29863-29872,
2003.

Kim H-K, Hong Y-K, Park H-E, Hong S-H and Young Ae Joe:
Secretory production of recombinant urokinase kringle domain
in pichia pastoris. ] Microbiol Biotechnol 13: 591-597, 2003.
Kim CK, Hong SH, Joe YA, Shim BS, Lee SK and Hong YK:
The recombinant kringle domain of urokinase plasminogen
activator inhibits in vivo malignant glioma growth. Cancer Sci
98: 253-258,2007.

Kim KS, Hong YK, Lee Y, Shin JY, Chang SI, Chung SI and
Joe YA: Differential inhibition of endothelial cell proliferation
and migration by urokinase subdomains: amino-terminal
fragment and kringle domain. Exp Mol Med 35: 578-585,
2003.

26.

217.

28.

29.

30.

31.

32.

O et al: INTEGRIN avf33 IS NOT SIGNIFICANTLY IMPLICATED IN UK1 ACTIVITY

Tarui T, Akakura N, Majumdar M, Andronicos N, Takagi J,
Mazar AP, Bdeir K, Kuo A, Yarovoi SV, Cines DB and Takada Y:
Direct interaction of the kringle domain of urokinase-type
plasminogen activator (uPA) and integrin alpha v beta 3 induces
signal transduction and enhances plasminogen activation. Thromb
Haemost 95: 524-534, 2006.

Kwak SH, Mitra S, Bdeir K, Strassheim D, Park JS, Kim JY,
Idell S, Cines D and Abraham E: The kringle domain of urokinase-
type plasminogen activator potentiates LPS-induced neutrophil
activation through interaction with {alpha}V{beta}3 integrins. J
Leukoc Biol 78: 937-945, 2005.

Tarui T, Miles LA and Takada Y: Specific interaction of angio-
statin with integrin alpha(v)beta(3) in endothelial cells. J Biol
Chem 276: 39562-39568, 2001.

Jaffe EA, Nachman RL, Becker CG and Minick CR: Culture of
human endothelial cells derived from umbilical veins. Identi-
fication by morphologic and immunologic criteria. J Clin Invest
52:2745-2456, 1973.

Short SM, Derrien A, Narsimhan RP, Lawler J, Ingber DE and
Zetter BR: Inhibition of endothelial cell migration by thrombo-
spondin-1 type-1 repeats is mediated by betal integrins. J Cell
Biol 168: 643-653, 2005.

Riiegg C, Dormond O and Mariotti A: Endothelial cell integrins
and COX-2: mediators and therapeutic targets of tumor angio-
genesis. Biochim Biophys Acta 1654: 51-67,2004.

Pluskota E, Soloviev DA, Bdeir K, Cines DB and Plow EF:
Integrin alphaMbeta2 orchestrates and accelerates plasminogen
activation and fibrinolysis by neutrophils. J Biol Chem 279:
18063-18072, 2004.



