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Abstract

Angiogenesis is the process of new blood vessel formation, and it plays a key role in various
physiological and pathological conditions. The B>-glycoprotein | (3o-GPl) is a plasma glyco-
protein with multiple biological functions, some of which remain to be elucidated. This study
aimed to identify the contribution of B>-GPI on the angiogenesis induced by vascular endo-
thelial growth factor (VEGF), a pro-angiogenic factor that may regulate endothelial remodel-
ing, and its underlying mechanism. Our results revealed that $,-GPI dose-dependently
decreased the VEGF-induced increase in endothelial cell proliferation, using the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) and the bromodeoxyuridine
(BrdU) incorporation assays. Furthermore, incubation with both B,-GPI and deglycosylated
B>-GPl inhibited the VEGF-induced tube formation. Our results suggest that the carbohy-
drate residues of B>-GPI do not participate in the function of anti-angiogenesis. Using in vivo
Matrigel plug and angioreactor assays, we show that B>-GPI remarkably inhibited the
VEGF-induced angiogenesis at a physiological concentration. Moreover, B>-GPI inhibited
the VEGF-induced phosphorylation of extracellular signal-regulated kinase 1/2 (ERK1/2),
Akt, and endothelial nitric oxide synthase (eNOS). In summary, our in vitro and in vivo data
reveal for the first time that B,-GPI inhibits the VEGF-induced angiogenesis and highlights
the potential for B-GPI in anti-angiogenic therapy.

Introduction

B,-glycoprotein I (B,-GPI) is a 50 kDa plasma glycoprotein possessing 326 amino acids with 5
homologous domains and four N-glycosylation sites [1-3]. The functions of B,-GPI are
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involved in a variety of physiological processes including triglyceride metabolism, vascular
homeostasis, and blood coagulation [4,5]. Our previous studies demonstrated that ,-GPI induces
endothelial nitric oxide synthase (eNOS) activation and nitric oxide (NO) production through
the NF-«B signaling pathway, thereby modulating vascular cell migration [6]. The endothelium
serves as an interface between the circulating blood system and vascular homeostasis. Several
studies have shown that ,-GPI could bind to endothelial cells through candidate receptors [7,8],
although the underlying mechanism activated by ,-GPI in endothelial cells remains unknown.

Vascular endothelial growth factor (VEGF) signaling has an important role as a pro-
angiogenic factor, permitting physiological revascularization. Therefore, drug or biological
components targeting the VEGF signaling pathway have been extensively used as potential anti-
angiogenic agents [9,10]. Recently, we found that B,-GPI has the ability to inhibit the VEGEF-
induced cell growth and migration in human aortic endothelial cells (HAECs) [11]. Alterations
in endothelial cell migration and proliferation are associated with diverse vascular pathologies
such as angiogenesis, restenosis in grafted or injured vessels, and atherogenesis [12,13].

Angiogenesis plays a major role in the pathogenesis of several diseases such as rheumatoid
arthritis [14], cerebral ischemia [15], tumor growth and metastasis [16], and wounded skin
[17]. The main member of the VEGF family, VEGF-A (referred to as VEGF hereafter), has
been shown to activate signaling enzymes including mitogen-activated protein kinase
(MAPK), Akt, protein kinase C (PKC), and eNOS primarily through its receptor, VEGFR2
[18-20]. Recent studies have shown that activation of extracellular signal-regulated kinase
(ERK)1/2 and Akt pathways is involved in the upregulation of VEGF and intervention of
angiogenesis [21,22]. However, the molecular mechanisms by which B,-GPI regulates the
VEGF-induced angiogenesis within vascular endothelial cells still remain unclear. Therefore,
we aimed to determine the effect of B,-GPI on the VEGF-induced angiogenesis in HAECs;
also, we investigated whether the phosphorylation of ERK1/2, Akt, and eNOS was regulated by
B,-GP1I. This study could provide new ideas for therapeutic strategies that ameliorate the vascu-
lar pathology observed in neovascularization and endothelial remodeling.

Materials and Methods
Reagents and antibodies

VEGF-A was purchased from Sigma-Aldrich (St. Louis, MO, USA). Rabbit anti-f,-GPI anti-
body was prepared as described previously [23]. The growth factor-reduced matrigel and the
anti-eNOS antibody were purchased from BD Biosciences (Bedford, MA, USA). Antibodies
against phospho-ERK1/2, phospho-Akt, phospho-eNOS, and ERK1/2 were purchased from
Cell Signaling Technology (Beverly, MA, USA). The antibody against Akt was purchased from
Santa Cruz Biotechnology (Santa Cruz, CA, USA).

Cell culture

Human aortic endothelial cells (HAECs) were purchased from Cascade Biologics (Portland, OR,
USA) and were cultured at 37°C in Medium 200 (Cascade Biologics) supplemented with low
serum growth supplement (LSGS, Cascade Biologics) containing 2% fetal bovine serum (FBS),

1 pg/ml hydrocortisone, 10 ng/ml human epidermal growth factor, 3 ng/ml basic fibroblast growth
factor, 10 pg/ml heparin, and 1% antibiotic mixture according to the manufacturer’s instructions.

Purification and deglycosylation of f5-GPI

B,-GPI was purified from human plasma by methods that have been previously used [6].
Briefly, B,-GPI was isolated and purified by a 3% perchloric acid precipitation and a Heparin-
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Sepharose affinity chromatography (HiTrap Heparin, GE healthcare Bio-Sciences, Uppsala,
Sweden). The purity of the B,-GPI was determined through 10% SDS-PAGE and Western blot
analysis. The purified ,-GPI showed a single band in the SDS-PAGE, at approximately 50
kDa. For the deglycosylation assay, B,-GPI was denatured in 0.5% SDS and 40 mM DTT at
37°C for 10 min. After boiling the sample, peptide-N-glycosidase F (PNGase F, New England
Biolabs, Ipswich, MA, USA) was added and incubated at 37°C for 72 h. The deglycosylated B,-
GPI was detected by SDS-PAGE.

Cell proliferation assay

HAECs were seeded in 96-well plates (2 x 10* cells/well) and incubated in media with a LSGS
containing 0.5% FBS for 24 h at 37°C. After treatment of B,-GPI or anti-B,-GPI antibody in the
presence or absence of VEGF for 72 h, cells were incubated with 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyl tetrazolium bromide (MTT, 0.5 mg/ml, Sigma, St. Louis, MO, USA) for another 4
h. Then, medium was removed and the formazan crystals were dissolved in isopropanol. The
amount of solubilized blue formazan was quantified by previously described methods [6].
Albumin (200 pg/ml) was used as a control protein. For the bromodeoxyuridine (BrdU) incor-
poration assay, cells were cultured on a 96-well plate and incubated with B,-GPI or anti-f,-GPI
antibody in the presence of VEGF for 72 h. Cells were then labeled with BrdU and quantifica-
tion was performed using a cell proliferation ELISA colorimetric kit (Roche Applied Science,
Mannheim, Germany) according to the manufacturer’s instructions.

In vitro angiogenic tube formation assay

The p-slide (ibidi GmbH, Martinsried, Germany) coated with growth factor-reduced basement
membrane extract (BME, Trevigen, Gaithersburg, MD, USA) was allowed to polymerize at
37°C for 30 min. Cells (7x10 cells/well) were plated onto the p-slide and treated with B,-GPI
and VEGF for 14 h. After incubation, the morphology of cells was visualized, the degree of tube
formation in each group was estimated by the presence of total length, and images were ana-
lyzed by the Metamorph tube formation module (Molecular Devices, San Diego, CA, USA).

Animals

Forty-eight male C57BL/6 mice (6- to 8-weeks-old; Jackson Laboratories, Bar Harbor, ME,
USA) were randomly allocated to one of the four groups (n = 6). Mice were housed with steril-
ized stainless steel cover and bedding, under 12 hour circadian cycle of artificial light, 22+2°C
temperature, and 40-60% relative humidity. Food and drinking water were supplied ad libi-
tum. All experiments involving mice were approved by the Institutional Animal Care and the
Use Committee (IACUC) of National Yang-Ming University. The care of animals was con-
ducted in accordance with the guidelines established by the U.S. National Institutes of Health
Guide for the Care and Use of Laboratory Animals.

Angiogenesis assay

For the in vivo Matrigel plug assay, male C57BL/6 mice were anesthetized by intraperitoneal (i.
p.) injection of 15 pl of 2.5% avertin before the experiment. Following euthanasia, mice were
injected subcutaneously with 500 ul Matrigel containing VEGF (20 ng/ml), heparin (50 U/ml),
and either ,-GPI (200 pg/ml) or phosphate buffered saline (PBS) as a control. After 14 days,
mice were euthanized by CO, inhalation and Matrigel plugs were dissected out to quantify
hemoglobin using the Drabkin’s reagent kit (Sigma, St. Louis, MO, USA) according to the
manufacturer’s instructions. As a separate experiment of the in vivo angioreactor angiogenesis
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assay, we performed a procedure identical to the one described above, except for the Matrigel
with or without VEGF and B,-GPI, which was put into sterilized angioreactors. Physical
appearance, behavior and local clinical signs of the animals were daily observed throughout
experiment. Mice were sacrificed by CO, inhalation if they became clinically ill (weight loss
more than 20% or hunching behavior). All mice were treated humanely throughout the experi-
mental period.

Western blot analysis

The effects of B,-GPI on the VEGF-induced expression of cellular signaling proteins were
determined by Western blot analysis. HAECs were lysed in a buffer containing 1% Triton X-
100, 50 mM HEPES, 6 mM EDTA, a phosphatase inhibitor (Sigma, St. Louis, MO, USA), and a
complete protease inhibitor cocktail (Roche Applied Science, Mannheim, Germany). Whole
cell extracts were collected by centrifugation at 12,000 x g for 20 min at 4°C. Protein concentra-
tion was determined using the Bradford assay (Bio-Rad, Hercules, CA), with BSA as a standard.
Equal amount of proteins were subjected to 10% SDS-PAGE and transferred onto nitrocellu-
lose membranes (Pall corporation, Pensacola, FL, USA) after gel electrophoresis. Immunoblots
were blocked with 5% non-fat milk for 1 h and then incubated with primary antibodies for 16
h at 4°C. After washing, the transferred blots were incubated with horseradish peroxidase
(HRP)-conjugated secondary antibodies (Sigma, St. Louis, MO, USA) for 1 h at 4°C. The
bound IgG protein bands were visualized using an enhanced chemiluminescence detection kit
system (ECL, PerkinElmer, Boston, MA, USA). The relative intensity of the protein bands was
quantified by densitometry using the Image Quant software (Molecular Dynamics, Sunnyvale,
CA, USA).

Statistical analysis

The results are expressed as mean + SEM of at least three independent experiments. A Stu-
dent's t-test was used to evaluate statistically significant differences between two groups. Statis-
tical analyses between three or more groups were performed using one-way ANOV A with
Tukey's method as a post hoc test. A p < 0.05 was considered statistically significant.

Results

Both B.-GPI and deglycosylated B>-GPI inhibit the VEGF-induced cell
proliferation, tube formation, and angiogenesis

Incubation with B,-GPI dose-dependently decreased the VEGF-induced proliferation of
HAECs (Fig 1A and 1B). However, the suppressive effect of B,-GPI was not shown in cells
without VEGF treatment. Treatment of an anti-B,-GPI antibody and albumin did not show the
inhibitory effect on VEGF-induced proliferation. However, the VEGF-induced cell prolifera-
tion was inhibited by treatment with the deglycosylated B,-GPI (Fig 1C). An in vitro tube for-
mation assay was used to evaluate the role of B,-GPI in the angiogenic activity in HAECs. Both
B,-GPI (50, 100, 200 pg/ml) and deglycosylated B,-GPI (200 pg/ml) significantly inhibited the
VEGF-induced tube formation (Fig 2).

The effect of B,-GPI on angiogenesis, in vivo, was also determined using a mouse model
implanted with matrigel plugs. We observed that hemoglobin levels in the plugs containing f3,-
GPI and VEGF in mice was significantly lower when compared to plugs containing only VEGF
(Fig 3A and 3B). As an alternative approach, we used angioreactors and demonstrated that f,-
GPI had the same inhibitory effect on the VEGF-induced angiogenesis (Fig 3C), suggesting
that B,-GPI plays an essential role in the inhibition of neovascularization. Taken together,
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Fig 1. Bo-GPI and deglycosylated B,-GPI inhibits the VEGF-induced proliferation in HAECs. (A) HAECs
were treated with or without VEGF in combination with B,-GPI at indicated concentrations for 72 h and were
incubated with 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) for another 4 h. Then the
effect of B>-GPIl on VEGF-induced cell proliferation was determined by MTT assay. Treatment of anti-B.-GPI
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antibody and albumin was performed to confirm the specific effect of Bo-GPI on cell proliferation. (B) The
effect of B>-GPI on VEGF-induced cell proliferation was also determined by BrdU incorporation assay in
HAECs with or without VEGF. Cells were cultured on a 96-well plate and were incubated with $,-GPI in the
presence of VEGF for 72 h, and then labeled with BrdU. Quantification was performed using a cell
proliferation ELISA colorimetric kit. Treatment of anti-B,-GPI antibody and albumin was used as the
comparison group. (C) The purified B>-GPI was denatured and the carbohydrate residues of B,-GPI were
removed by peptide-N-glycosidase F. Then the effect of B,-GPI and deglycosylated B-GPI at 200 ug/ml on
cell proliferation was compared to the cells treated with VEGF by BrdU incorporation assay. Statistics were
done using one-way ANOVA and data are expressed as a percentage normalized to the control group (set as
100%). Results are expressed as mean + SEM of at least three independent experiments. **p < 0.01 versus
control group; *p < 0.05, **p < 0.01, **p < 0.001 versus VEGF treatment alone.

doi:10.1371/journal.pone.0161950.g001

these results provide evidence that both ,-GPI and deglycosylated B,-GPI inhibit the VEGEF-
induced cell growth and angiogenesis.

Effects of 32-GPI on the VEGF-induced ERK1/2 and Akt expression in
HAECs

To determine whether the inhibitory effect of B,-GPI on the VEGF-induced cell growth and
angiogenesis is mediated through ERK1/2 and Akt pathways, we examined the expression lev-
els of phosphorylated ERK1/2 and Akt in B,-GPI-treated cells. VEGF treatment induced the
phosphorylation of ERK1/2 and Akt apparently after 10 min and 15 min, respectively (Figs 4A
and 5A). Furthermore, B,-GPI treatment significantly attenuated the VEGF-induced ERK1/2
and Akt phosphorylation in a dose-dependent manner (Figs 4B and 5B). Expression levels of
phospho-ERK1/2 and Akt were unaltered in B,-GPI-treated cells, when compared to the group
without VEGF treatment. These findings clearly demonstrate that 3,-GPI inhibits the VEGF-
induced ERK1/2 and Akt phosphorylation in HAECs.

Bo-GPI decreases the VEGF-induced eNOS activation in HAECs

We also examined whether ,-GPI could affect eNOS phosphrylation in HAECs. As shown in
Fig 6A, the levels of phosphorylated eNOS at Ser''”” were highest after treatment with 20 ng/
ml VEGF for 15-30 min. Furthermore, ,-GPI treatment dose-dependently decreased the
stimulatory effect of VEGF on eNOS phosphorylation at 15 min (Fig 6B). In contrast, ,-GPI
treatment alone had no effect on the phosphorylation of eNOS (when compared to the group
without VEGF treatment). These results show that 8,-GPI inhibits the VEGF-induced eNOS
phosphorylation in HAECs.

Discussion

Neovascularization is associated with diverse pathological processes such as atherosclerotic
plaque rupture, ischemic retinopathies, and carcinogenesis [24-26]. Angiogenesis is a main
process of neovascularization, therefore, management of angiogenesis is a high value therapeu-
tic approach. Although we have reported that ,-GPI is able to inhibit endothelial migration
and VEGF-induced cell growth [6,11], the effect of B,-GPI on angiogenesis of HAECs is

still unknown. B,-GPI is a glycoprotein with a circulating concentration of approximately

200 pg/ml in human plasma [27]. We postulated that physiological concentrations of §,-GPI
could alter endothelial cell function, which could prevent or ameliorate the vascular pathology
observed in patients with angiogenesis or neovascularization. The results of this study support
the idea that ,-GPI counteracts the adverse effects of the VEGF-induced angiogenesis in
HAECs.
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seeded on the surface of a basement membrane extract and were treated with or without VEGF in combination with B>-GPI
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atindicated concentrations. The results are representative of those observed in four separate experiments (x40). (B) The
degree of tube formation in HAECs was estimated by the Metamorph tube formation module. Bar graphs represent the
quantitative analysis of tube formation. (C) Images were taken in HAECs treated with or without VEGF in combination with
Bo-GPI and deglycosylated B,-GPI. The results are representative of those observed in four separate experiments. (D) The
effect of Bo-GPI and deglycosylated B,-GPI on tube formation in HAECs was estimated by the Metamorph tube formation
module. Bar graphs represent the quantitative analysis of tube formation expressed as mean + SEM and representative of
more than three independent experiments. **p < 0.01 versus control; *p < 0.01 versus VEGF treatment alone.

doi:10.1371/journal.pone.0161950.g002

It has been shown that glycosylation affects the angiogenic activity of several proteins [28—
30], although not all of the angiogenic regulation comes from the carbohydrate-residues of the
proteins [31,32]. Several extracellular matrix proteins, such as endostatin, thrombospondin-1
(TSP-1), tumstatin, and their proteolytic fragments, have attracted considerable attention due
to their anticancer effects, which are mainly attributed to the inhibition of tumor cell angiogen-
esis [33]. To investigate if the carbohydrate moieties of ,-GPI are involved in its anti-angio-
genic activity, we determined the effect of a deglycosylated B,-GPI on angiogenic tube
formation. We showed that the deglycosylated B,-GPI has the same inhibitory effect as ,-GPI
in VEGF-treated HAECs. This suggests that the carbohydrate residues of B,-GPI are not
involved in the VEGF-induced angiogenic activity, consistent with findings reported by Yu P
et al., 2008 [34]. The B,-GPI structure contains a distinct kringle domain at the C-terminal,
which carries a lysine-rich sequence motif that binds negatively charged lipids or anionic lipid-
containing target membranes [35,36]. Previous studies have shown that B,-GP1 binds to the
surface of endothelial cells through TLR2 or annexin 2 [7,37]. Accumulated evidence shows
that plasmin cleavage, which changes the intact form to the nicked form, results in a kringle
domain alteration that dramatically switches the natural function of B,-GPI in pathophysiolog-
ical events [38].

B,-GPI behaves as a cell viability maintaining factor for endothelial cells [39]. Furthermore,
Ioannou et al., (2010) reported that the free thiol form of B,-GPI has a protective effect against
oxidative stress-induced endothelial cell death [40]. Recently, it has been demonstrated that
increased microvessel formation occurs in the B,-GPI-deficient mice [41]. Therefore, circulat-
ing levels of B,-GPI may play a role in vascular endothelial integrity. During fibrinolysis,
fibrin-catalyzed cleavage of plasminogen produces clot-digesting plasmin and the antiangio-
genic molecule, angiostatin [42]. Varying levels of a nicked B,-GPI, a protein form that has
been proteolytically cleaved at Lys>'”/Thr>'® residues, have been found in the plasma of leuke-
mia patients [38]. Moreover, several studies have reported that this nicked B,-GPI is able to
bind plasminogen and inhibits endothelial cell growth in vitro, and suppressed neovasculariza-
tion and tumor growth in vivo [43-45]. These observations raise the possibility that the kringle
domain may not be essential for the anti-angiogenic activity of f,-GPL. In the present study, we
show that native B,-GPI suppresses the VEGF-induced endothelial cell proliferation and angio-
genesis in HAECs. The antiangiogenic activity of endothelial cells provides a potential linkage
to the inhibition of neovascularization in vivo. In this study, ,-GPI also shows a potent antian-
giogenic activity in vivo, as demonstrated by matrigel plug and angioreactor assays.

Given the molecular basis underlying the inhibitory effects of B,-GPI in angiogenesis, we
highlighted changes in its signaling pathway and attempted to predict its functional implica-
tions. VEGF is known to be one of the most potent angiogenic factors that promote cell migra-
tion, cell proliferation, tumor angiogenesis, and tumor cell growth [20, 46-49]. Although the
VEGF signaling pathway in endothelial cells is not fully understood, molecules such as MAPK,
phosphatidylinositol 3-kinase (PI3K)/Akt, Src, and eNOS/NO have been reported to be
involved in the VEGF signaling pathway [18-20, 50-52]. Beecken et al., (2010) found that the
nicked B,-GPI is able to inhibit endothelial cell growth through cyclin proteins and the MAPK

PLOS ONE | DOI:10.1371/journal.pone.0161950 August 31,2016 8/16
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doi:10.1371/journal.pone.0161950.g003
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_'.

signaling pathway [53]. Activation of ERK1/2 has also been associated with cell growth, migra-
tion, and morphogenesis induced by angiogenic factors [54,55]. On the other hand, activation
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calculated as an expression fold (relative to the control, which was set as 1). (B) The effect of B>-GPI on the
VEGF-induced ERK1/2 phosphorylation was determined in HAECs treated with or without VEGF in
combination with B,-GPI at indicated concentrations. Results are expressed as mean + SEM and
representative of more than three independent experiments. *p < 0.05; **p < 0.01 versus control; *o < 0.05
versus VEGF treatment alone.

doi:10.1371/journal.pone.0161950.g004

of the PI3K/Akt signaling pathway has been associated with a variety of biological functions
including cell growth, survival, vascular remodeling, and angiogenesis [55,56]. Moreover,
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PLOS ONE | DOI:10.1371/journal.pone.0161950 August 31,2016 11/16



@‘PLOS | ONE

Bo-Glycoprotein | Inhibits VEGF-Induced Angiogenesis

A p-eNOS

(=) [0S T A ———

g
o
1

-
(4]
L

N
o
A

p-eNOS/eNOS
( Fold of control)

0.5+

0.0
VEGF (20 ng/mL) o 5 10 15 30

60 minutes

B

p-eNOS | ' —

eNOS s s caas s eamn ==

2.04

1.54 *

1.04

0.5+

p-eNOS/eNOS
( Fold of control)

0.0
B,-GPI (ug/mL) - - 50 100 200 200

VEGF (20 ng/mL)

Fig 6. B>-GPl inhibits the VEGF-induced eNOS phosphorylation in HAECs. (A) A time course of eNOS
phosphorylation in HAECs treated with VEGF was determined by Western blot analysis. The intensity of the
eNOS phosphorylation band was normalized against total eNOS expression and was calculated as the fold
of control (set as 1). (B) The effect of B-GPI on VEGF-induced eNOS phosphorylation was determined in
HAECs treated with or without VEGF in combination with B>-GPI at indicated concentrations. Results are
expressed as mean = SEM and representative of more than three independent experiments. *p < 0.05
versus control; *p < 0.05 versus VEGF treatment alone.

doi:10.1371/journal.pone.0161950.g006
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endothelium-derived NO appears to play a role in angiogenesis, particularly in endothelial cell
mobilization and tube formation [57-59]. Accumulating reports suggest that a decrease in
ERK1/2, Akt, or eNOS activation is one possible approach in angiogenesis-dependent diseases
[60-62]. In the present study, our data suggest that ,-GPI inhibits the VEGF-induced angio-
genesis by suppressing the phosphorylation of ERK1/2, Akt, and eNOS in HAECs.

In summary, our study provides evidence demonstrating that B,-GPI suppresses the VEGE-
induced angiogenesis in vitro and in vivo. Furthermore, we shed light to the mechanisms by
which B,-GPI affects its underlying signaling pathways; specifically, by suppressing the phos-
phorylation of ERK1/2, Akt, and eNOS. These results suggest a potential role for B,-GPI in
neovascularization and its therapeutic application for the prevention of angiogenesis-related
diseases.
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