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Abstract

Cleaved high molecular weight kininogen (HKa), as well as its domain 5 (D5), inhibits migration
and proliferation induced by angiogenic factors and induces apoptosis in vitro. To study its effect on
tube formation we utilized a collagen-fibrinogen, three-dimensional gel, an in vitro model of
angiogenesis. HKa, GST-D5 and D5 had a similar inhibitory effect of tube length by 90+4.5%, 86
+5.5% and 77+12.9%, respectively. D5-derived synthetic peptides: G440-H455 H475-H485 and
G486-K502 inhibited tube length by 51+3.7%, 54+3.8% and 77+1.7%, respectively. By acomparison
of its inhibitory potency and its sequences, a functional sequence of HKa was defined to G486-G496.
PP2, a Src family kinase inhibitor, prevented tube formation in a dose-dependent manner (100-
400nM), but PP3 at 5 uM, an inactive analogue of PP2, did not. HKa and D5 inhibited Src 416
phosphorylation by 62+12.3% and 83+6.1%, respectively. The C-terminal Src kinase (Csk) inhibits
Src kinase activity. Using a siRNA to Csk, expression of Csk was down-regulated by 86+7.0%, which
significantly increased tube length by 27+5.8%. The addition of HKa and D5 completely blocked
this effect. We further showed that HKa inhibited Src family kinase activity by disrupting the complex
of UPAR, avp3 integrin and Src. Our results indicate that the anti-angiogenic effect of HKa and D5
is mediated at least in part through Src family kinases and identify a potential novel target for
therapeutic inhibition of neovascularization in cancer and inflammatory arthritis.
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INTRODUCTION

Angiogenesis is the formation of new capillaries from preexisting blood vessels [1].
Extracellular matrix (ECM) proteins play an important role in physiological and pathological
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processes such as wound healing and tumor angiogenesis. Elevated tissue factor (TF)
expression has been frequently observed in many types of tumor cells [2]. The TF-activated
coagulation cascade leads to thrombin formation, which in turn promotes the pericellular
deposition of fibrin in which thrombin is trapped [3,4]. The resulting exposed collagen and
fibrin/fibrinogen fragments in tissues form a provisional matrix suitable for attachment and
invasion of tumor cells. This mixture also facilitates endothelial cells to invade the tumor in
an attempt to provide the neoplastic mass with the necessary vasculature for growth [5]. Thus,
anti-angiogenic therapy is an important goal for cancer therapy [1].

High molecular weight kininogen (HK) is a plasma protein that was initially identified as a
precursor of bradykinin, a potent vasodilator that regulates many vascular functions. HK is
recognized as a multifunctional protein that plays important roles in many pathophysiologic
processes, such as fibrinolysis, thrombosis, inflammation and coagulation [6,7]. HK can
specifically bind to endothelial cells, where it can be cleaved by plasma kallikrein to release
bradykinin [8]. The remaining portion of the molecule, cleaved HK or HKa, contains a heavy
chain and light chain linked through a disulfide bond. Domain 5 (also known as kininostatin)
is located in the light chain of HKa. We have shown that HKa as well as D5 inhibited migration,
proliferation [9] and induced apoptosis in vitro [10,11]. In ovo, these proteolytic derivatives
of HK inhibit neovascularization [9,10]. In this study, compared the inhibitory effect of HKa
with D5 (its functional domain) and also used different synthetic peptides derived from D5 to
narrow down the D5’s sub-domains which could exert the inhibitory effect of HKa on tube
formation. Knowledge is incomplete regarding the HKa or D5-driven signal-transduction
pathways leading to the inhibition of capillary morphogenesis. In order to delineate this
mechanism, we focused on Src family kinases (SFKSs). The role of SFKs in angiogenesis has
been well appreciated. Recent studies from several other laboratories [12] demonstrated that
SFKs promoted the formation of tubes and prevented their regression. SFKs suppressed
regression by activating the ERK pathway that antagonized the Rho/ROCK pathway. In vivo,
in a rat model of retinopathy of prematurity, a pronounced increase of retinal SFK Tyr-416
phosphorylation was observed that was specifically associated with pathologic angiogenesis
[13]. Pyrazolo-pyrimidine-derived c-Src inhibitor reduces angiogenesis by suppressing
vascular endothelial growth factor production and ERK activity [14]. Integrins have been
shown to direct the activation of SFKs. The engagement of integrins by extracellular matrix
ligands triggers “outside-in” signals that activate SFKs by direct interaction with the integrin
f cytoplasmic domain [15]. An antibody to avp3 can block human breast cancer growth and
angiogenesis in human skin [16]. It has been well documented that uPAR associates with
integrin av33 and a5p1 by its domain 2 and 3 and modulates the “outside-in” signal of integrins
[17,18]. Since uPAR is a major receptor of HKa and D5, we will now test this hypothesis that
the inhibitory effect of HKa and D5 is by down-regulating the activity of Src family kinases
(SFKs).

Materials and Methods

Reagents and antibodies

PP2, PP3, fibrinogen and vascular endothelial growth factor (VEGF) were purchased from
Calbiochem (San Diego, CA). FGF-2 was purchased from Life Technologies (Grand Island,
NY). Hiperfect transfect reagent, sSiRNA against Csk and scrambled siRNA were purchased
from Qiagen (Valencia, CA). Phorbol myristate acetate (PMA) and monoclonal antibody
against actin were purchased from Sigma Co. (St. Louis, MO). Collagen solution (purified type
I collagen), monoclonal antibodies against caveolin-1 and caveolin-1 (pY14), and antibody
against Csk were purchased from BD Biosciences (Bedford, MA). Anti-uPAR mAb was from
American Diagnostica Inc (Stamford, CT). Polyclonal antibody against avp3 integrin
(LM609), against o531, and monoclonal antibody against integrin $1 subunit were from

Exp Cell Res. Author manuscript; available in PMC 2009 July 7.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Liuetal.

Cell culture

Page 3

Chemicon (Temecula, CA). Monoclonal antibody against integrin av was from Santa Cruz
Biotechnology (Santa Cruz, CA). Rabbit anti-active Src (p416) antibody was from Cell
Signaling (Beverly, MA). Monoclonal antibody against tubulin was from Oncogene (Boston,
MA).

HUVECs and endothelial cell culture media were purchased from Cambrex (Walkersville,
MD). HUVECs were maintained in endothelial cell growth medium (EGM) containing 10%
fetal calf serum in cell culture dishes coated with 0.2% gelatin at 37°C in a humidified incubator
(5% CO,, 95% air). Cells were split at a ratio of 1:3 every passage. Cells from three to eight
passages were used in this study.

Coating of fibrin, fibrinogen or collagen for two dimension (2D) endothelial cell culture

Coating of fibrin: 12-well microplates were coated with fibrinogen mixed with 0.5U/ml (final
concentration) of thrombin for 1h. The fibrin excess was aspirated. Plates were washed three
times with Dulbecco’s Phosphate Buffered Saline (DPBS) and incubated with EGM for 1h in
order to inactivate any residual thrombin. Coating of fibrinogen or collagen: 12-well
microplates were coated with fibrinogen or collagen for 1h. The solution of fibrinogen or
collagen was removed by aspiration. Plates washed three times with DPBS. HUVECs
(0.12x10%) were placed on each well previously coated with fibrin, fibrinogen or collagen and
incubated for 3h. The medium was replaced with endothelial basal medium (EBM) plus 15
uM ZnCl, and 1% fetal bovine serum and incubated for an additional hour. FGF-2 (20 ng/ml)
and HKa or D5 (100 nM) were added into medium and incubated for 26h. HUVECs were fixed
with 4% formaldehyde for 20 min and photographed with a digital camera.

Preparation of collagen gel matrices and 3 dimensional (3D) cell culture

Collagen and fibrinogen are two matrix proteins that have been used in 3D cell culture.
Collagen is a major component of the basement membrane. Fibrin, the cleaved product of
fibrinogen by thrombin, constitutes the predominant protein of the provisional matrix at wound
sites where neovascularization is a prominent event. Therefore, collagen and fibrinogen/fibrin
serve as scaffold proteins for vessel formation at angiogenic sites. In this study, 3D cell culture
was performed according to the method initially described by Davis and Camarillo [19] with
modifications as following [20]: Collagen gel solution was prepared on ice as: 3.5 mg/ml
collagen solution, 7 mg/ml fibrinogen, 1xM199 medium, and 10 mM HEPES adjusted pH to
7.4 by 7.5% NaHCO,. HUVECs grown in EGM on 2D cell culture dishes (100% confluence)
were detached with a trypsin solution (0.025% trypsin and 0.01% EDTA). After washing with
EGM to inactivate trypsin, cells were resuspended in EBM containing 40 ng/ml FGF-2, 10 ng/
ml VEGF and 25 nM PMA, referred to as angiogenic stimulators. The gel and cell solutions
were mixed together in a ratio 2:1 (by volume). The resulted cell suspension contained a final
concentration of 1.17 mg/ml of collagen, 2.34 mg/ml of fibrinogen and 1x106 cells/ml. Cells
suspension (200ul) was transferred to a well of 48-well tissue culture plate and kept at 37°C
for 20 minutes to allow gel formation. The gel matrices were then filled with EBM medium
containing angiogenic stimulators. Cells embedded in gel matrices were incubated at 37°C in
a humidified incubator (5% CO5, 95% air) for the time intervals indicated.

Preparation of recombinant D5 of HK and synthetic peptides of D5

Glutathione-S-transferase (GST) and recombinant GST-D5 were prepared as previously
described [9]. Briefly, GST was removed from GST-D5 by digestion with thrombin, which
was neutralized with D-phenylalanyl-L-prolyl-L-arginine chloromethyl ketone (PPACK). Free
GST was removed with Glutathione Sepharose 4 Fast Flow column (Amersham Pharmicia
Biotech, Piscataway, NJ). Residual thrombin and PPACK were removed with Amicon
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Centriprep YM-30 (Millipore Corp., Bedford, MA). Using Y M-10, D5 solution was exchanged
into 50 mM HEPES, 150 mM NaCl, pH 7.5 buffer. Endotoxin levels in the preparations were
determined with the chromogenic limulus amebocyte lysate assay by use of an endotoxin
testing kit (Cambrex, Walkersville, MD). Endotoxin level in D5 was below detectable limits
(<0.1U/ml). D5 was visualized on 20% SDS PAGE and detected by Western blotting as a
single band. Synthetic D5-peptides were produced as described previously [9].

Csk siRNA “knock down” experiment

The sequence 5-CCCAACTGGTACAAAGCCAAA-3", corresponding to 545-565
nucleotide of human Csk cDNA was the target region. A nonsilencing siRNA (Scrambled
SiRNA), 5-AACCTGCGGGAAGAAGTGG-3', was used as a control [17] Csk siRNA “knock
down” experiments were performed according to the manufacturer’s instruction with the
following modifications: HUVECs (0.80x108) were seeded into each dish (10 cm?2), incubated
3hin 12 ml EGM at 60% confluence. Csk siRNA and transfection reagent “Hiperfect” with
the Opti-MEM medium were mixed and incubated at room temperature about 20 min. The
mixture was then added into dishes containing a final concentration of 10 nM Csk siRNA.
Twenty-four hours later, the medium was replaced with fresh EGM and cells incubated with
Csk siRNA again as the first day. On the third day, the medium was replaced with fresh EGM.
In the fourth day, cells were split into two sets. Set one was subjected to Western blotting to
evaluate Csk expression and quantified by densitometry. Set two was further split into several
groups, which were used in 3D gel experiments to evaluate effects of HKa and D5 on tube
formation and Src family kinases.

Immunoprecipitation (IP) and Immunoblotting (IB)

HUVECs in matrix gel were washed with ice-cold PBS containing 0.7 mM CaCl,, 0.5 mM
MgCl, and ImM Na3zVV Oy prior to harvesting in extraction buffer A: 1% Triton X-100, 60 mM
octyl glucoside, 10 mM Tris-HCI, pH 7.6, 50 mM NaCl, 30 mM NayP,07, 50 mM NaF, 1 mM
NazVOy, 2 mM CaCly, plus mammalian protease inhibitor mixture (Sigma). After
solubilization on ice for 15 min with intermittent vortexing, the extract was microcentrifuged
for 10 min at 13,000xg and the supernatant recovered.

The complex formation of uPAR with other signaling molecules was determined by
immunoprecipitation according to the methods described by Wei et al [18] with some
modifications. Cell lysate was incubated with antibodies to avp3 or a5p1 followed by
incubation of protein A/G beads. The immunoprecipitates were subjected to SDS-PAGE under
non-reduced conditions, and immunoblot analysis was performed as described below.

Separately, the immunoprecipitated complex or the cell lysate containing equal amounts of
protein (10-20 pg) were solubilized in Laemmli’s sample buffer, separated by SDS-PAGE,
and transferred to polyvinylidene difluoride membrane (Millipore, Bedford, MA). The
membranes were blocked with 5% milk, 0.05% Tween 20 in Tris-buffered saline, pH 7.5, and
probed sequentially with primary and secondary antibodies diluted in the milk-containing
buffer. Detection was by enhanced chemiluminescence (PerkinElmer Life Sciences, Shelton,
CT)[21,22]. Analysis of scanned images was performed using Quantity One software (BioRad,
Hercules, CA).

Tube length analysis procedure

Endothelial cell tube length was quantified following the protocol published by Yang et al
[23]. Experiments were done in triplicates; five digital images per well were taken. The images
were analyzed using Image Pro-Plus 4.1 software (Media Cybernetics, Silver Springs, MD).
A blinded observer measured the total length of each tube (defined as structures exceeding 100
micrometers in length) that was in clear focus in the image field. In those instances where
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several tube-like structures merged together or branched, the total length of the tube was
calculated as the sum of the length of the individual branches. The results are reported as um
per square millimeter and standardized as percentages. Statistical analyses were performed by
One Way Analysis Of Variance (ANOVA) and all pairwise multiple comparison procedures
(Student-Newman-Keuls Method).

Effect of HKa, GST-D5 and D5 on tube formation of HUVECSs in a collagen-fibrinogen 3D gel

We have shown that HKa and GST-D5 inhibited endothelial cell proliferation and migration
as well as induced apoptosis of endothelial cells by targeting uPAR [9]. The inhibitory effect
of HKaand GST-D5 on angiogenesis was also shown in the chicken chorioallantoic membrane.
However, there are several questions remaining to be answered: what is the potency of
inhibitory effect of HKa and D5; who is the sub-domains of D5 which exert its inhibitory effect;
what is the mechanism by which HKa and D5 inhibit angiogenesis. In this study, we utilized
an in vitro model, a collagen-fibrinogen gel, to address these issues. In this 3D gel, HUVECs
underwent a series of morphologic changes. At 6h, small vacuoles appeared in HUVECs
(results not shown). These vacuoles coalesced to form tube-like structures containing lumens
at 22 hours. This optimal time for tube formation was utilized to determine the effect of HKa
and D5 on tube-like structure. The addition of HKa, GST-D5 as well as D5 inhibited the
formation of tube-like structures at 22 hours as shown in figure 1A.

In order to determine the extent of inhibition of tube formation, quantification of tube length
was carried out as indicated in Methods and Materials. Our data showed that HKa, GST-D5
and D5 significantly inhibited tube formation by 90+4.5%, 86+5.5% and 77+12.9%,
respectively (figure 1B, 1C). No significant difference was found among HKa, GST-D5 and
D5, suggesting that GST did not influence the results and HKa as well as D5 had similar effects
on inhibition of tube formation.

Effect of synthetic D5-peptides on tube formation

In a previous study [9], we showed that synthetic D5-peptides, such as G486-K502, H475-
H485 and G440-H455, had different potency on either migration or proliferation, both of which
are critical steps in angiogenesis. The percentages of endothelial cell migration inhibition
induced by G486-K502, G440-H455 and H475-H485 were 51, 16 and 12 respectively at 0.2
uM concentration. In contrast, the concentration of G486-K502, G440-H455 and H475-H485
to yield 50% inhibition of endothelial cell proliferation was 55+ 15uM, 0.11+ 0.08uM and 1.1
+ 0.5uM, respectively [9]. The same peptides were evaluated in 3D collagen-fibrinogen gel
for their effect on tube formation. In figure 2, G440-H455, H475-H485 and G486-K502
significantly inhibited tube formation by 51+3.7%, 54+3.8% and 77+1.7%, respectively. There
were significant differences when comparing G486-K502 to either G440-H455 or H475-H485.
No significant difference was found between G440-H455 and H475-H485.

Role of Src family kinases in 3D gel and effect of HKa and D5 on Src family kinases

Liu et al demonstrated that collagen initiates capillary morphogenesis, which coincides with
activation of Src family kinases [24]. A novel Src kinase inhibitor AZM475271 inhibit
metastasis and tumor angiogenesis in human pancreatic cancer by its inhibition of migration
and proliferation of HUVECs [25]. In agreement with this finding, PP2 (5 uM), a potent and
selective Src family kinase inhibitor, almost completely inhibit tube formation (figure 3A).
The tube length was significantly decreased to 9.1+1.1% by PP2 but not by PP3 (to 91+2.9%,
figure 3B). Besides inhibiting Src family kinases, PP2 may inhibit other tyrosine kinases (JAK,
ZAP-70 and EGF-R). At the concentration used in our studies (5uM) PP2 does not inhibit JAK
or ZAP-70. Much higher concentration of PP2 is required to inhibit JAK or ZAP-70 since the
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ICsgq for JAK is 50uM and for ZAP-70 is 100uM. However PP2 could potentially inhibit
epidermal growth factor receptor (EGF-R; 1C50=480nM), which is expressed by tumor cells
and contributes to tumor progression. The 1Csq of PP3 needed to inhibit EGF-R kinase is
2.7uM. PP3 at 5uM in our study had no significant effect on tube formation, so, EGF-R did
not contribute appreciably to tube formation [26]. This result is expected because normal
endothelial cells do not express EGFR and are not responsive to EGF [27]. To further address
this issue, we performed a PP2 dose experiment shown as in figure 3C. PP2 dose-dependently
inhibited tube formation in a very low concentration at 100, 200 and 400 nM by 69+1.9%, 43
+3.2% and 18+1.3%, respectively. As shown as in figure 3E, HUVEC express very high level
of UPAR but very low level of EGFR compared to DU145, indicating that the activity of SFK
is specifically required in tube formation.

The Src family has nine members including Src, Lck, Hck, Fyn, BIk, Lyn, Fgr, Yes and Yrk.
All family members share a conserved domain structure consisting of consecutive SH3, SH2
and tyrosine kinase (SH1) domains [28]. Src family members require phosphorylation within
a segment of the kinase domain termed the activation loop (at Tyrosine residue 416) for full
catalytic activity [28]. Recent data have demonstrated that Src can be immunoprecipitated by
an antibody to the B3 integrin. Furthermore, upon adhesion, the Src co-immunoprecipitating
with the B3 integrin is activated. The Src-integrin interaction is mediated by the SH3 domain
of Src [15]. Considering that uPAR clusters with integrins [17,18], we thought that HKa and
D5 might interfere with the Src kinase activity by binding to uPAR (figure 4A). As shown in
figure 4B, HKa and D5 each significantly decreased the activity of Src family kinases by 62
+12.3% and 83+6.1% (figure 4C), respectively as measured by the decrease in phosphorylation
of tyrosine 416. The downstream target of Src family kinases, caveolin tyrosine-14 reflected
more precisely the inhibition of Src family kinases by HKa and D5. HKa and D5 (figure 4B)
decreased caveolin-1 phosphorylation to 44+19.0% and 14+0.7%, respectively (figure 4C).
Antibody against Tyr 416 recognized a number of Src family members. Yes (62KD), Src
(60KD) and Lyn (56/53 KD) are indicated in figure 4B based on the molecular weight of each
member of Src family kinases [29,30].

The inactivating phosphorylation on Tyr 527 of Src is carried out by the Src C-terminal kinase
(Csk), or its homology kinase (Chk). However, only Csk exists in endothelial cells [31]. The
phosphorylation of tyrosine residue 527 at the Src C-terminal tail leads to its intramolecular
interaction with the SH2 domain of Src, and promotes an intramolecular SH3 domain-mediated
interaction, which inhibits catalytic activity. Mouse knockout studies revealed that complete
deficiency of Csk caused embryonic death by day 9.5. Csk —/— embryos display branching
defects during vascular development. Remarkable, Csk —/— yolk sacs have fewer but larger
blood vessels than the healthy control, suggesting that enhanced activity of Src family kinases
will increase the size of vessels [32]. These results suggest that if we can decrease Csk
expression in 3D gel, it would increase tube length. We carried out in vitro Csk “knock down”
experiments by using a specific SiIRNA (figure 5A). Csk siRNA decreased Csk expression by
86+7.0% (figure 5A). Consistent with the in vivo studies of others, down regulation of Csk
expression significantly enhanced tube length by 27+5.8% (figure 5B). The addition of HKa
and D5 not only completely reversed this effect, but also decreased the basal tube length by
78+3.9% and 42+4.8% (respectively) compared with the control group (figure 5B). Genetic
targeting Csk results in enhanced Src kinase activity [33]. As shown in figure 5B bottom panel,
down-regulating Csk expression would increase the Tyr 416 phosphorylation of Src family
kinase by Csk siRNA while HKa and D5 inhibited it.

Effect of HKa and D5 on endothelial cell adhesion to extracellular matrix

Fibrin/fibrinogen is not a component of the normal constitutive extravascular matrix, while
collagen is a constituent of interstitial matrix. Fibrin/fibrinogen is usually present in the
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provisional matrix found in wound healing and tumor angiogenesis [2]. In the early stage of
wound healing, cytokines, growth factors and bradykinin stimulate endothelial cells to form
new capillaries, which are surrounded by fibrin, fibrinogen and collagen matrix. In the later
stage of wound healing, those capillaries attached to fibrin and fibrinogen, but not collagen,
would be expected to regress and disappear. Thus, the HKa inhibitory effect would first start
by detach endothelial cells from fibrinogen therefore inducing apoptosis of the detached cells
and inhibiting cell migration and spreading. In view of that, we performed cell detachment
experiments to confirm our hypothesis (figure 6). HUVECs spread and coalesced well when
cultured on fibrin, collagen or fibrinogen. When HUVECSs were cultured on fibrinogen
(control) and treated with HKa or D5, cell spreading was inhibited and the cells detached from
the culture dish matrix (the lower panel of figure 6A). Similar results were found when
HUVECs were cultured on fibrin (data not shown). In contrast, neither HKa nor D5 inhibited
spreading of HUVECs or caused cell detachment when HUVECs were cultured on collagen
alone (the upper panel of figure 6A). HKa decreased the number of cells per high power field
by 91+2.4% and D5 by 80+4.2% (figure 6B). Our results suggest that the receptors required
by HKa and D5 to exhibit an anti-adhesive effect are expressed on fibrin/fibrinogen but not on
collagen, allowing the selective detachment of endothelial cells from fibrin/fibrinogen by HKa
and D5.

Several receptors have been implicated in mediating fibrinogen binding to endothelial cells.
These include avp3 and a5p1 integrins [34]. Receptors for collagen are the p1 containing
integrins a1pl, a2f1, a10p1 and a11p1 [35]. None of them has been shown to associate with
UPAR. However, several papers reported that uPAR associated with avp3, a3p1 and a5p1
integrins [36]. Since HKa and D5 selectively detached endothelial cells from fibrinogen but
not from collagen, we wondered whether avp3 or a5p1 integrin plays a role in cell detachment
and tube formation. As shown in figure 7A, cell lysates from 3D gels were precipitated by an
antibody to either avp3 or a5B1, indicating that uPAR, avB3 or a5B1, and Src form a complex.
However, HKa prevents the antibody to avp3 from precipitating Src by 87+3.3% and uPAR
by 56+6.4% but has not effect on immunoprecipitation by the antibody to o581 (Figure 7B).
The presence of integrin avB3 and a5p1 was confirmed by probing the immunoprecipitates
with anti-integrin av or f1 subunit, respectively.

Because UPAR can form complexes with several integrins, including a3p1, a5p1 and avp3
[36], it is possible that HKa or D5 disrupt integrins “outside-in” signaling pathways by
dissociating those complexes.

DISCUSSION

In previous studies, we showed that HKa can disrupt the uPAR-integrin complex [37], but no
evidence has been provided to illustrate the downstream signaling events that were modified
by the HKa-uPAR-integrin complex interaction. For the first time, we demonstrate that HKa
and its D5 domain inhibit Src family kinase 416 phosphorylation, which reflects the Src family
kinase activity, as well as caveolin-1 14 phosphorylation, which is a downstream effector of
Src Kinase. Down-regulating Csk expression increases the Src family kinase activity as shown
by increase in Src 416 phosphorylation and vessel size as reflected by increase in tube length.
HKa and D5 completely reversed this effect. We further demonstrate that HKa disrupts the
UPAR-avB3-Src complex, but not the uPAR-a531-Src complex, to modulate the Src kinase
activity.

Smaller functional peptides can be easily synthesized and used in in vivo angiogenesis
experiments. In order to find out the functional sub-domains of HKa. We uitilized HKa, GST-
D5, D5 and synthetic D5-peptides to test its inhibitory effect in a collagen-fibrinogen three
dimensional gel. As shown as figure 1 and 2, HKa, D5 and peptide G486-K502 has a similar
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inhibitory effect. Mahdi F, et al. [38] identified a higher affinity site in the light chain
(His*"7-Gly*%) and a lower affinity site in the heavy chain (Cys333-Lys34%) for HKa binding
to SUPAR. Domain 5 (K420-S513) overlaps the entire high affinity uPAR-binding site, while
the peptides G486-K502 and H475-H485 only contain a portion of that sequence. However,
G486-K502, the most potent peptide in inhibiting migration, has a similar inhibitory effect
(77%) on tube formation with D5, which could narrow down the most important uPAR-binding
and migration-inhibiting sequence to G486-G496, not H477-H485. In contrast, the G440-H455
peptide, a Zn binding site for D5 [39], exerts most of the inhibitory effect of D5 on proliferation,
which only has a modest inhibition of tube formation. Thus, it is indicated that the functional
subdomain of D5 for tube formation is G486-G496, not G440-H455. But G440-H455 is still
an important area for D5 binding to endothelial cells.

In 2D cell culture, HKa and D5 detach cells from fibrin/fibrinogen but not collagen, suggesting
that HKa and D5 recognize cells attached to fibrin/fibrinogen. Therefore, in the later stage of
wound healing, HKa and D5 would only induce the regression of blood vessels attached to
fibrin/fibrinogen in a (provisional) extracellular matrix and not of the resting vessels
surrounded by collagen. HKa and D5 detach endothelial cells from fibrin/fibrinogen in a 2D
system and inhibit tube formation in 3D gels. These results suggest that HKa and D5 exert an
inhibitory effect on tumor cell growth by preventing endothelial cells from invading the fibrin/
fibrinogen matrix around tumor cells. Thereby, these HK fragments arrest the formation of
new blood vessels which would offer nutrients and oxygen for tumor cell growth.

Src family kinases have been implicated in angiogenesis, especially in regulating vascular
permeability, cell motility and endothelial cell differentiation [24,40]. We demonstrated that
Src family kinase selective inhibitor PP2, but not, PP3 (an inactive analogue) inhibited tube
formation. Although PP2 also can inhibit EGFR activation, most of studies suggested that
HUVECs do not express EGFR. Di Fulvio et al [41] recently showed that HUVECSs do response
to EGF. By using Western blot techniques, we found that HUVECs expressed a very low level
of EGFR compared with DU145 tumor cells (Figure 3E). Since PP2 significantly inhibited
tube formation in a very low concertion (100-400nM), indicating SFKSs play a critical role in
angiogenesis. The fact that HKa and D5 significantly decreased the phosphorylation of Src
family kinases 416 and caveolin-1 14 provides a mechanistic explanation of the inhibitory
effect of HKa and D5 in tube formation. Caveolin-1 was first identified as a major tyrosine-
phosphorylated protein in v-Src-transformed embryo fibroblast. In endothelial cells,
phosphorylation of caveolin-1 on tyrosine 14 is required for caveolin-1 accumulation in the
leading extension of transmigrating endothelial cells, a process essential for the initiation of
angiogenesis [42].

Other investigators have indicated that Src, Yes, and Lyn are expressed in endothelial cells
[29,43,44] We confirmed that an antibody to phospho-tyrosine 416 in Src recognized several
bands around 50-60 KD in figure 4B. Based on the molecular weight of each member in the
Src family kinases, we suggest that the top band is Yes (62KD), the band below Yes is Src (or
Fyn, 60KD) and the bottom two bands are Lyn (56/53KD).

In Figure 5, both D5 and HKa inhibited the phosphorylation of Src 416 and the increase of
tube length seen in Csk —/— endothelial cells. However, D5 shows a more potent effect on
phosphorylation of Src, while HKa is a more potent inhibitor of tube length. In this case, the
deficiency of Csk enhanced the proliferation of endothelial cells, which would increase the
size of vessels, not only by increased phosphorylation of Src family kinases, but also by
disassociating the complex with VE-cadherin. Csk suppress cell growth by a binding via its
SH2 domain to the phosphorylated tyrosine 685 of VE-cadherin [45]. Cadherin and
intermediate filament (such as cytokeratin) form cell-cell junction known as desmosome. HK
binds to cytokeratin 1 in a zinc-dependent manner via its domain 3 (D3) in the heavy chain of
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HK, which is lacking in D5. An antibody against domain 3 blocks the binding of HK to
endothelial cells about 30% [46]. Two D3 derived peptides potently inhibited endothelial cell
proliferation with 1Csq values of 5-10 pM [47]. Colocalization of cytokeratin 1 and uPAR on
endothelial cells [48] indicate HKa can bridge cytokeratin 1 and uPAR together via its domain
3 and domain 5. The additional domain 3 effect of HKa might inhibit the secondary effect of
deficiency of Csk, which D5 might have less effect. Thus, HKa can completely reverse the
effect of Csk deficiency. The mechanism via cytokeratin-cadherin-contact inhibition of cell
growth by which domain 3 inhibits cell proliferation is not completely understood at this
moment. It would be nice to further address this issue in the future.

The inhibitory effect of HKa on Src family kinase activity might be through an interaction of
HKa with its receptors: cytokeratin 1, gC1gR, tropomyosin and uPAR. [48-50]. The
association of uPAR with a3p1, avp3 and a5p1 integrins has been well appreciated for many
years [36]. Although uPAR can cluster with either B3 or 1[17], B3 integrin can associate with
almost all Src kinases such as Src, Fyn, Lyn and Yes while 1 integrin only can associate with
Lyn and Yes [15]. The antibody against total Src also detects other Src family members. The
data in figure 7A can be explained as integrin 3 associated with Yes, Fyn and Src (figure 7A,
left panel) while integrin B1 associates only with Yes in figure 7A right panel. Src has been
shown to bind constitutively and selectively to B3 integrin through an interaction involving the
Src SH3 domain and carboxyl-terminal region of the B3 cytoplasmic tail. Clustering of 3
integrin activates Src and induces phosphorylation of Tyr-416 in the Src activation loop. Thus,
the interaction of B3 integrin and Src plays an essential role in angiogenesis. Colman R, et al.
[49] showed that HKa binds to Domain 2 and 3 of the uPAR, indicating that HKa can either
dissociate uPAR-integrin complex directly or interfere with the integrin conformational change
needed to associate with UPAR, and may thus dissociate integrins and Src, which would
inactivate Src kinase. In contrast, avp3 integrin is not a receptor for HKa as evidenced by the
observation that the binding of HKa to endothelial cells was not inhibited by either a known
avp3 ligand, fibrinogen, or a specific anti-p3 integrin antibody. We now present a working
model of how HKa disrupts signaling, based on the data presented in this study (figure 8). uPA
can interact with avp3, but not o531 [51]. We speculate that endogenous uPA can be a bridge
between avp3 and uPAR, but not a5p1 and uPAR. In this case quantification demonstrates that
HKa disrupts uPAR-avB3-Src (figure 7B left panel), but not uPAR-a5B1-Src complex (figure
7B right panel) by removing endogenous uPA.

The role of integrin avB3 and a5B1 in tumor angiogenesis has been argued for a decade. Early
data showed that the disruption of avp3 integrin ligation by either blocking antibodies or cyclic
peptide antagonists prevented blood vessel formation in mouse retina, rabbit cornea, and chick
chorioallantoic membrane [52]. However, the tumors in these mice lacking integrin 33 or both
B3 and 5 integrins display enhanced angiogenesis and tumor growth, strongly suggesting that
neither B3 nor B5 integrins are essential for neovascularization [53]. To clarify this issue,
Mahabelshwar et al. [54] recently generated knock-in mice that express a mutant B3 integrin
unable to undergo tyrosine phosphorylation, demonstrating defective tyrosine phosphorylation
in mutant B3 knock-in cells resulted in impaired adhesion, spreading, and migration of
endothelial cells, indicating integrin 3 signaling is critical for pathologic angiogenesis. At the
initial experiment, we thought that HKa might affect integrin a5p1 function since volociximab,
a chimeric integrin alphabbetal antibody, inhibits the growth of VX2 tumors in rabbits [55],
but actually not. Instead, HKa disrupted uPAR-avB3-Src complex. We think that is reasonable
because c-Src via its SH3 domain binds to the cytoplasmic tail of integrin 3.

In this study, we first narrowed down the functional sequence of HKa to G486-G496. Such
small peptide can be easily used in in vivo study for the therapeutic purpose. Then, we showed
that HKa and D5 can inhibit SFKs phosphorylation, which is required in angiogenesis.
Scrambled siRNA did not inhibit Csk expression, which means that SFKSs is still a key in
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prompting tube formation in the control. However, Csk siRNA decreased Csk expression
resulting two effects. In the one hand, it increased SFKs phosphorylation. In the other hand, it
loosed cell-cell junction, which Csk normally binds to VE-cadherin and tightens cell-cell
junction. Both events increased cell proliferation prompting tube formation. Our experiment
indicated that HKa and D5 could reverse both effects with different potency. Integrin avp3
and a5B1 mediate “outside-in” signal which is critical in tumor angiogenesis. Our data
suggested that HKa affected Integrin avp3 function resulting disruption of integrin “outside-
in” signal which is required for c-Src activation. Although the function of the integrin a5p1 is
important in angiogenesis, HKa seems not to affect it. Taken together, we demonstrated that
HKa suppress angiogenesis by affecting the uPAR-intergrin avB3-Src signaling axis.
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Figure 1. The effect of HKa, GST-D5 and D5 on tube formation in 3D gel

A, HUVECs were cultured in 3D collagen-fibrinogen gel matrices for 22 hours at 37°C
(Magpnification of control and GST: 200X on left panels and 400X on right panels). White
arrows point to lumens. B, HUVECs plus angiogenic stimulators with or without 300 nM GST,
HKa, GST-D5 or D5, respectively. The image magnification of GST, HKa, GST-D5 and D5:
top is 100X; bottom is 200X. The black arrows point to vacuoles. The lumens which white
arrows point to were magnified. The addition of GST to the 3D gel matrices did not modify
the appearance of endothelial cell tubes. C, tube formation in B was analyzed as described in
Materials and Methods. Each bar represents the mean percentage of tube length £ SEM.
(***p<0.005; HKa and D5 compared to control; GST-D5 compared to GST). n=3.
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Figure 2. The effect of D5 peptides G440-H455, G486-K502 and H475-H485 on tube formation in
3D gel

A, HUVECswere cultured in 3D collagen-fibrinogen gel matrices in the presence of angiogenic
stimulators plus 300 nM D5 peptides. The magnification of images: top is 100X; bottom is
200X. The black arrows point to vacuoles. The lumens which white arrows point to were
magnified. B, the analysis of tube formation was similar to figure 1C. Each bar represents the
mean percentage of tube length £ SEM. (***p<0.005 compared to control). n=3.
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Figure 3. Inhibition of Src family kinase inhibitor PP2 on tube formation in 3D gel

A, totest the effect of PP2 on tube formation, HUVECs were cultured in 3D collagen-fibrinogen
gel matrices in the presence of angiogenic stimulators with or without PP2 and PP3 at 5uM.
The images were described as seen in figure 2A. Bar=100 pm. Experiments were repeated
three times independently with similar results. B, the analysis of tube formation was performed
as described in figure 1C. Each bar represents the mean percentage of tube length £ SEM.
(***p<0.005 compared to control). C, The PP2 dose dependent experiments were performed
in 0, 100, 200, 400 nM concentration. Black arrows point to vacuoles. White arrows point to
lumens. The magnification of upper panel is 100%, bottom is 200%, bar=100 um. D, The
analysis of tube formation was performed as described in figure 1C (n=3). E, Western blotting
was performed as described as in “Materials and Methods” The expression of EGFR and uPAR
was detected by antibodies against EGFR (Santa Cruz, CA)and uPAR. DU145 (prostate cancer
cell) and CRL-1642 (lung carcinoma cell) are from ATCC (Manassas, VA ). The data was
represented experiments of 2.
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Figure 4. HKa and D5 inhibited Tyr 416 phosphorylation of Src family kinases

A, fibrinogen binds to the integrin avp3 or a5p1, resulting the conformational change of
integrins. The outside-in signal of integrin avf3 induces the association of SH3 domain of Src
with the intracellular tail of integrin f3. This association results from Src activation by
dephosphorylation of Tyr 527 and auto-phosphorylation of Tyr416. In contrast, Csk inactivates
Src by phosphorylating Tyr 527. B, HUVECs were cultured in 3D collagen-fibrinogen gel
matrices for 22 hours at 37°C in the presence of angiogenic stimulators plus 300 nM HKa or
D5. The gel containing cells was washed once with ice-cold Dulbecco’s PBS and then the cells
were lyzed by adding extraction buffer. The gel was removed by centrifugation at 5000xg for
5min at 4°C. The protein concentration was measured by Coomassie Blue Plus (PIERCE).
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Proteins were separated on SDS PAGE and membranes were probed with an antibody to Src
phospho-tyrosine 416 as well as an antibody to caveolin-1 phospho-tyrosine 14. Total Src and
caveolin-1 showed equal loading. C, Src phospho-tyrosine 416 and caveolin-1 phospho-
tyrosine 14 were quantified by densitometry. The data were collected from three independent
experiments, represented as mean + SEM (*p<0.05 compared to control).
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Figure 5. Effect of HKa and D5 on Csk “knockdown” endothelial cells

Csk siRNA “knock down” experiments were performed according to the method described in
Materials and Methods. A, after 48 hours, one half of the cells were subjected to Western
Blotting for total Csk expression evaluation (Top) and densitometry quantification (Bottom).
B, the remaining cells were used for 3D experiments with or without 300 nM HKa or D5
(***p<0.005 compared to control). Tube formation was measured as described in figure 1C.
Src 416 phosphorylation was probed by an antibody as described in figure 4. Data represents
three independent experiments (Mean + SEM).
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Figure 6. The antiadhesive effect of HKa and D5 on plates coated with fibrin and fibrinogen

A series of 12-well microplates were coated with fibrinogen or collagen as described in
materials and methods. A, HUVECs 0.12x106 were placed on each well and incubated for 3h.
Then, the medium was replaced with EBM plus 15uM ZnCl, and 1% fetal bovine serum and
incubated for an additional 1h. FGF-2 (20 ng/ml) and HKa or D5 (100 nM) were added into
medium and incubated for 26h. HUVECs were fixed with 4% formaldehyde for 20min and
photographed with a digital camera. Control coated fibrinogen/collagen wells were treated
identically except that they received neither D5 nor HKa. Experiments were repeated three
times independently. B, three different 200X fields from each well were photographed and the
attached cells counted. Results are plotted as mean cell number+ SEM (***p<0.005 compared
to control).
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Figure 7. The complex disruption of uPAR-integrin-Src complex by HKa

A, HUVECs were cultured in 3D collagen-fibrinogen gel matrices for 22 hours at 37°C in the
presence of angiogenic stimulators with or without 300 nM HKa. The gel containing cells was
washed once with ice-cold Dulbecco’s PBS and then the cells were lyzed by adding extraction
buffer. The gel was removed by centrifugation at 5000xg for 5min at 4°C. The protein
concentration was measured by Coomassie Blue Plus. Immunoprecipitation procedures were
performed as described in Materials and Methods using antibodies to avB3 or a5p1. B-actin
showed equal protein loading. B, Src and uPAR to avp3 (n=3) and a5p1 (n=4) were quantified
by densitometry. The data were represented as mean = SEM (*p<0.05 compared to control).
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Figure 8. lllustration of Src activity modulated by HKa in response to outside-in signaling of
avp3 integrin

A, Src remains an inactive form where SH2 domain is engaged with phosphorylated Tyr 527,
SH3 domain is engaged with the SH2-kinase-linker and Tyr416 (SH1) is unphosphorylated.
B, the binding of fibrinogen to the avp3 integrin on the cell membrane results the
conformational change of integrin avp3 and initiates the outside-in signaling, which induces
the association of the intracellular tail of the B3 integrin with SH3 domain of Src. This
association facilitates de-phosphorylation of pTyr 527 and auto-phosphorylation of Tyr 416 in
Src kinase, which results in Src activation. The clustering of uPAR to avp3 integrin in response
to integrin activation modulates the bidirectional signaling of avp3 integrin. C, addition of
HKa decreases Src kinase activity by targeting uPAR.
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