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ORIGINAL ARTICLE

Contribution of vascular endothelial growth factor receptor-2
sialylation to the process of angiogenesis

P Chiodelli', S Rezzola', C Urbinati', F Federici Signori', E Monti?, R Ronca', M Presta’ and M Rusnati’

Vascular endothelial growth factor receptor-2 (VEGFR2) is the main pro-angiogenic receptor expressed by endothelial cells (ECs).
Using surface plasmon resonance, immunoprecipitation, enzymatic digestion, immunofluorescence and cross-linking experiments
with specific sugar-binding lectins, we demonstrated that VEGFR2 bears both a,1-fucose and a(2,6)-linked sialic acid (NeuAc).
However, only the latter is required for VEGF binding to VEGFR2 and consequent VEGF-dependent VEGFR2 activation and
motogenic response in ECs. Notably, downregulation of B-galactoside a(2,6)-sialyltransferase expression by short hairpin RNA
transduction inhibits VEGFR2 a(2,6) sialylation that is paralleled by an increase of 3-galactoside a(2,3)-sialyltransferase expression.
This results in an ex-novo a(2,3)-NeuAc sialylation of the receptor that functionally replaces the lacking a(2,6)-NeuAc, thus allowing
VEGF/VEGFR2 interaction. In keeping with the role of VEGFR2 sialylation in angiogenesis, the a(2,6)-NeuAc-binding lectin Sambucus
nigra (SNA) prevents VEGF-dependent VEGFR2 autophosphorylation and EC motility, proliferation and motogenesis. In addition,
SNA exerts a VEGF-antagonist activity in tridimensional angiogenesis models in vitro and in the chick-embryo chorioallantoic
membrane neovascularization assay and mouse matrigel plug assay in vivo. In conclusion, VEGFR2-associated NeuAc plays an
important role in modulating VEGF/VEGFR2 interaction, EC pro-angiogenic activation and neovessel formation. VEGFR2 sialylation
may represent a target for the treatment of angiogenesis-dependent diseases.
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INTRODUCTION

Angiogenesis, the formation of new blood vessel from pre-existing
ones, plays a key role in different physiological and pathological
settings, including embryonic development, inflammation, wound
repair, tumor growth and metastasization.! At the molecular level,
neovascularization results from the interactions of angiogenic
growth factors with tyrosine kinase receptors, complex lipids and
sugars present in the extracellular milieu or exposed on the
endothelial cell (EC) surface. In particular, variations in the EC
glycophenotype may modulate angiogenesis by displaying or
masking binding sites for pro- or antiangiogenic factors, thus
translating glycan composition into functional responses.?

Vascular endothelial growth factors (VEGFs) play a pivotal role in
mediating the angiogenic response in several physiological and
pathological processes.® VEGF family comprises six subgroups:
VEGF-A, -B, -C, -D, -E and placental growth factor (PIGF), with
VEGF-A representing the most important member involved in
angiogenesis. Different isoforms of VEGF-A exist, composed of
121,165, 189, and 206 amino acids. Only the two shorter forms are
efficiently secreted, thus representing the most important
angiogenic stimula. VEGF-A,45 (hereafter abbreviated in VEGF),
but not VEGF-A,,;, possess a cationic heparin-binding domain*
required for the binding of the growth factor to heparan sulfate
proteoglycans (HSPGs) that, together with a,B; integrin® and
neurophilin-1,° act as VEGF-coreceptors.

The primary pro-angiogenic receptors for VEGFs are repre-
sented by three distinct tyrosine kinase receptors: VEGFR1 (flt-1),
VEGFR2 (KDR) and VEGFR3, among which VEGFR2 (KDR) is the
most important mediator of VEGF-A angiogenic activity. VEGFR1 is

also able to bind to VEGF-A, while VEGFR3 preferentially binds to
VEGF-C and VEGF-D and is mainly implicated in
limphangiogenesis.”

The extracellular region of VEGFR2, composed of 762 amino
acids folded into seven immunoglobulin domains? harbors
several N-linked glycosylation sites. VEGFR2 glycosylation is
necessary for receptor stability, exposure on the cell surface®'®
and even for its activation upon VEGF binding.'"'? However, the
molecular mechanism(s) linking the glycan moiety of VEGFR2 to
its pro-angiogenic activity have not been fully elucidated. Relevant
to this point, a direct binding of glycan-binding proteins galectin-1
and -3 to complex N-glycans on VEGFR2 are required to activate a
VEGF-like signaling.”>"*

Various glycans are associated to cell-surface receptors. Among
these, sialic acid (NeuAc) encompasses a large family of sugars
characterized by a nine-carbon acidic sugar found mainly as
terminal component of glycoproteins where it regulates various
molecular interactions.'® Many observations suggest a possible
involvement of NeuAc in VEGFR2 pro-angiogenic activity: it is the
major surface anion on ECs,'®"” whose expression is regulated
during neovascularization.'® Also, NeuAc linked to glycosylated
receptors participates to EC activation induced by platelet
endothelial cell adhesion molecule,”® galectin-1'* and HIV-1
Tat.2° More to the point, NeuAc is found associated to VEGFR2
glycans' and itraconazole inhibits VEGFR2 glycosylation and
signaling in ECs.'® Accordingly, lithocholic acid analogs, that act as
sialyltransferase  (ST) inhibitors, inhibit angiogenesis in
human umbilical vein ECs (HUVECs).?! Finally, it is interesting to
note that high-molecular-weight VEGF isoforms (including
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VEGF,45) possess a cationic domain necessary for the binding to
polyanionic HSPGs,>* inferring the possibility that the same
domain mediates VEGF,45 binding to anionic NeuAc residues of
VEGFR2.

Taken together, these evidences prompted us to demonstrate
the association of NeuAc to VEGFR2 and its role in mediating the
binding of the receptor to VEGF and in inducing EC pro-
angiogenic activation.

RESULTS
VEGFR2 glycosylation

Lectins with specific sugar-binding capacity are a valuable tool for
the characterization of the cell glycophenotype.?® Also, surface
plasmon resonance (SPR) analysis represents an efficient techni-
que to investigate lectin-sugar interactions.>* Thus, in order to get
novel insights about VEGFR2 glycosylation, different lectins
(Table 1) were assessed for their capacity to bind to the
extracellular moiety of VEGFR2 (VEGFR2-Fc) when immobilized
to a SPR sensorchip.

In preliminary experiments, fully glycosylated VEGFR2-Fc
purified from murine myeloma cells was immobilized to a SPR
sensorchip and evaluated for its capacity to interact with its
physiological ligand VEGF. As shown in Figure 1 (upper panels),
VEGF binds to the immobilized receptor in a dose-dependent and
saturable manner (Table 1), indicating that VEGFR2 retains its
binding capability after immobilization.

On this basis, a series of sugar-binding lectins were analyzed for
their capacity to interact with immobilized VEGFR2: L-PHA, that
recognizes complex type N-glycans containing a {31,6-linked
branch to which both fucose and NeuAc are attached;*> UEA-1,
that recognizes terminal fucose residues;?® SNA and MAA, that
recognize terminal NeuAc linked to a(2,6)- and a(2,3)-NeuAc,
respectively.?”?® As shown in Figure 1 and Table 1, SNA and UEA-1
bind to immobilized VEGFR2-Fc in a dose-dependent and
saturable manner whereas L-PHA/VEGFR2-Fc interaction does
not reach saturation at the concentrations tested. Noticeably,
MAA, that binds NeuAc residues with a different glycosidic bond
when compared to SNA, shows a very limited capacity to interact
with immobilized VEGFR2.

In conclusion, by using sugar-binding lectins was possible to
demonstrate that both fucose and a(2,6)- but not a(2,3)-NeuAc are
linked to glycans of VEGFR2 purified from murine myeloma cells.

Since dramatic changes in glycosylation pattern can occur
among individual cell types,®® we investigated the association of
NeuAc and fucose to VEGFR2 directly at the surface of ECs. Firstly,
the total extent of VEGFR2 glycosylation was assessed by treating
HUVECs with tunicamycin, in order to block protein N-glycosyla-
tion. This was followed by cell-surface biotinylation and

immunoprecipitation with anti-VEGFR2 antibody. As shown in
Figure 2a, the mature form of VEGFR2 is characterized by an
apparent molecular weight (MW) of 250 kDa. Treatment with
tunicamycin causes the accumulation of a low MW 150 kDa
receptor at the surface of HUVECs, indicating that it inhibits
VEGFR2 glycosylation without interfering with the intracellular
trafficking and surface expression of the receptor.
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Figure 1. SPR analysis of the interaction of VEGFR2 with VEGF or
lectins. Left panels: representative blank subtracted sensorgram
overlays resulting from the injection of increasing concentrations of
VEGF (2.5, 5, 10, 20, 40, 80 nm) or of the different lectins (25, 50, 100,
200, 400 nm) onto sensorchip-immobilized VEGFR2. Right panels:
steady-state analysis obtained by fitting the proper form of
Scatchard’s equation for the plot of the bound RU at equilibrium
versus the concentration of VEGF or of lectins in solution.

Table 1. Binding parameters of the interaction of lectins or of VEGF to sensorchip-immobilized VEGFR2
Lectin (MW) Sugar residues specificity Kg (nm)
kinetic equilibrium
SNA (140) Neu5Aca6Gal(NAc) 135 110
MAA (130) Neu5Ac/Gca3Galp4GlcNAc ND ND
UEA-1 (63) aFuc 316 140
L-PHA (126) Galp4GIcNACB6(GIcNAcB2Mana3)Mana3 633 > 400
GSL-IB, (113) oGal Not analyzed Not analyzed
LEL (71) (GICNACQ)».4 Not analyzed Not analyzed
ECL (54) Galp4aGIcNAc Not analyzed Not analyzed
VEGF 19.8 18.0
Ky values were either derived from the association/dissociation constants ratio (kinetic) or by Scatchard plot analysis of the equilibrium binding data. The
results shown are representative of two other experiments that gave similar results. ND, not determinable. The molecular weight (MW, in kDa) of the various
lectins and the specific sugar residues recognized are also reported.
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Figure 2. Glycosylation of VEGFR2 at the EC surface. (a) Proteins
associated to the surface of HUVECs left untreated (-) or treated
with tunicamycin (tun) or with vehicle methanol (met) were
biotinylated, immunoprecipitated with streptavidin and analyzed
by WB with anti-VEGFR2 antibody. (b) HUVECs were left untreated or
treated with neuraminidase (nrmd), lysed, and analyzed by WB with
anti-VEGFR2 antibody. In both the panels, black arrows point to the
high molecular band corresponding to fully glycosylated VEGFR2.
White arrows point instead to the low molecular weight bands
corresponding to the de-glycosylated (a) or de-sialylated (b) forms
of the receptor. HUVECs (c) or GM7373-VEGFR2 cells (e) were
immunoprecipitated with the indicated biotinylated lectins
(b-lectins) and analyzed by WB with anti-VEGFR2 antibody. Alter-
natively, HUVECs were immunoprecipitated with anti-VEGFR2 anti-
body and analyzed by WB with the indicated b-lectins (d). The
experiments shown are representative of other 2-3 that gave similar
results.

Next, the specific presence of NeuAc on VEGFR2 was
investigated by neuraminidase digestion of the HUVEC surface.
As shown in Figure 2b, incubation with neuraminidase causes a
partial but significant decrease of the apparent MW of EC surface
VEGFR2, thus indicating the presence of NeuAc residues on the
receptor.

In a further series of experiments, sugar-binding lectins and
immunoprecipitation experiments were used to characterize the
linking of NeuAc to different positions on VEGFR2 glycans. In
agreement with SPR analysis, both UEA-1 and SNA bind to
endothelial VEGFR2 while the binding of MAA is negligible
(Figure 2c). The selective binding of SNA, but not of MAA, to
endothelial VEGFR2 was confirmed when the receptor was

© 2017 Macmillan Publishers Limited, part of Springer Nature.
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Figure 3. NeuAc and VEGF/VEGFR2 interaction at the EC surface.
(@) Chlorate-treated fluorescent ECD-VEGFR2-EYFP GM7373 were
incubated with neuraminidase (nrmd), with VEGF and the indicated
lectins and analyzed in immunofluorescence with anti-VEGF anti-
body. Fluorescence intensity was expressed as described in material
and methods. Data represent the media of 15-30 measurements for
each sample. (*P < 0.01 and **P < 0.001, respectively in respect to
cell treated with VEGF alone). (b) Representative microphotographs
of chlorate-treated ECD-VEGFR2-EYFP GM7373 cells incubated with
VEGF and SNA. (c) HUVECs were incubated with VEGF and the
indicated lectins, subjected to cross-linking, immunoprecipitated
with anti-VEGFR2 antibody and analyzed by WB with anti-VEGF
antibody (upper bands). Uniform loading was confirmed by WB with
anti-VEGFR2 antibody of total lysates (lower bands). The experiment
shown is representative of another one that gave similar results.

immunoprecipitated with anti-VEGFR2 antibody and analyzed
by Western blot (WB) with biotinylated lectins (Figure 2d). To
evaluate the presence of NeuAc also on VEGFR2 expressed at
the surface of ECs different from HUVECs, the experiments were
repeated on bovine ECs overexpressing human VEGFR2
(GM7373-VEGFR2 cells),*® obtaining basically the same results
(Figure 2e).

Taken together, all these results demonstrate that VEGFR2
expressed by different cell types contains glycans bearing fucose
and a(2,6)-NeuAc, but not a(2,3)-NeuAc.
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NeuAc and VEGF/VEGFR2 interaction at the EC surface

To assess whether VEGFR2-linked NeuAc contributes to the
interaction of the receptor with VEGF, we used ECD-VEGFR2-
EYFP GM7373 cells that overexpress VEGFR2 extracellular portion
fused to the enhanced yellow fluorescent protein (EYFP).3" Before
each experiment, these cells were treated with chlorate to remove
HSPGs, whose binding to VEGF could mask the specific interaction
of the growth factor with VEGFR2. Under these experimental
conditions, VEGF colocalizes with EYFP-labeled VEGFR2 at the
surface of ECD-VEGFR2-EYFP GM7373 cells. This association is
prevented by pretreatment of ECs with neuraminidase or by
incubation with SNA, but not with UEA-1 (Figures 3a and b),
indicating that a(2,6)-linked NeuAc, but not fucose, mediates
VEGF/VEGFR2 interaction. This was confirmed by the capacity of
SNA, but not of UEA-1, to prevent VEGF/VEGFR2 interaction in cell-
surface cross-linking experiments performed on HUVECs incu-
bated with VEGF and lectins (Figure 3c). Thus, SNA retains its
capacity to binds VEGFR2 also at the cell surface in the presence of
VEGF, a condition in which receptor homodimerization and/or its
coupling with coreceptors are favored.

NeuAc and VEGF/VEGFR2-mediated pro-angiogenic activation of
ECs

As mentioned above, VEGF engagement causes VEGFR2 homo-
dimerization and autophosphorylation.® To better investigate the
involvement of NeuAc in this process, VEGFR2 phosphorylation
was evaluated in neuraminidase-treated or control ECs stimulated
with VEGF in the absence or presence of SNA: the removal of
surface-associated NeuAc by neuraminidase or its masking by SNA
reduces the capacity of VEGF to induce VEGFR2 phosphorylation
in HUVECs and GM7373-VEGFR2 cells, whereas UEA-1 is ineffective
(Figure 4a). In a second set of experiments, to fully validate the
specificity of the inhibitory effect of SNA on VEGFR2 phosphoryla-
tion, other lectins were taken in consideration. As shown in
Supplementary Figure 1, PHA-L, GSL-IB, and MAA do not inhibit
VEGF-dependent phosphorylation of VEGFR2. Importantly, with
the exception of UEA-1, all the lectin tested are endowed with a
MW that is similar to that of SNA (Table 1), ruling out the
possibility that their different inhibitory capacity depends on their
different size.

Beside VEGFR2, VEGF binds and activates also VEGFR1.” Thus, a
possible involvement of NeuAc in VEGF-dependent activation of
VEGFR1 was evaluated. As shown in Figure 4b, the removal of
surface-associated NeuAc by neuraminidase reduces also the
capacity of VEGF to induce VEGFR1 phosphorylation in HUVECs.

As already mentioned, different isoforms of VEGF-A exist,
including the two 121 and 165 amino acid isoforms (VEGF;,;
and VEGF4s5) that differ for the presence of the cationic heparin-
binding domain involved in the interaction of VEGF;s5 with
polyanionic HSPGs. Due to the anionic nature of NeuAc, we
decided to investigate whether the heparin-binding domain of
VEGF;¢5 was involved in its binding to VEGFR2-associated NeuAc.
As shown in Figure 4c, SNA inhibits VEGFR2 autophosphorylation
mediated by VEGF,¢5 but not by VEGF;,;, suggesting that the
lectin specifically interferes with the interaction of VEGF4s
heparin-binding domain with NeuAc residues of VEGFR2 rather
than by changing the stability of ligand-receptor complex.

Following VEGFR2 activation by VEGF, ECs acquire a pro-
angiogenic phenotype characterized by increased cell motility and
proliferation. Thus, the involvement of NeuAc in VEGF-dependent
EC motility was evaluated in control and neuraminidase-treated
HUVECs: VEGF induces an increase of HUVEC motility that is
significantly reduced by neuraminidase treatment (Figure 4d). No
effect was instead exerted by neuraminidase on basal cell motility,
indicating that the enzymatic treatment does not cause a general
impairment of the cell machinery. Accordingly, SNA inhibits
HUVEC motility in response to VEGF whereas UEA-1 was
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Figure 4. NeuAc and VEGF/VEGFR2-dependent pro-angiogenic
activation of ECs in vitro. (a, b) ECs were treated with neuraminidase
(nrmd) and stimulated with VEGF in the absence or in the presence
of lectins. (c) ECs were stimulated with or without VEGFg5 or
VEGF,; in the presence of SNA. At the end of incubations, cells
were lysed and analyzed by WB with anti-P-VEGFR2 antibody (a, c),
or immunoprecipitated with anti-VEGFR1 antibody and analyzed by
WB with anti-phospho-tyrosine antibody (P-tyr) (b). Uniform loading
was confirmed by WB with anti-FAK antibody. The experiments
shown are representative of two other that gave similar results.
HUVECs were treated with VEGF after neuraminidase (nmrd)
treatment (d) or in the presence of lectins (e) and assessed for
motility (*P < 0,01). The experiments shown are representative of
two other that gave similar results. Alternatively, HUVECs were
stimulated with VEGF or PMA and lectins (50 nw) for 24 or 48 h (f) or
with increasing concentrations of lectins for 48 h (g). Then, cells
were counted. Each value is the mean + s.e.m. of three independent
experiments.

ineffective (Figure 4e). In addition, SNA does not inhibit EC
motility induced by the PKC-activating phorbol-12-myristate-13-
acetate (PMA),*? further supporting the specificity of the effect
(data not shown).

We then investigated the role of NeuAc on VEGF-dependent EC
proliferation: HUVECs undergo 1.5 and 1.8 cell population
doublings at 24h and 48h after stimulation with VEGF,
respectively (Figure 4f). SNA inhibits VEGF-dependent HUVEC
proliferation in a time- and dose-dependent manner (Figures 4f
and g). The inhibition is specific since UEA-1 is ineffective

© 2017 Macmillan Publishers Limited, part of Springer Nature.



VEGFR?2 sialylation and angiogenesis
P Chiodelli et al

é a E a HUVECs 53 20 1p L
% 100 1 ctrl ST6GAL-1s 2y
= & § = 151 Bl sT6Gal-1 mRNA
2y 75 ST3Gal-1 £ [ sT3Gal-1 mRNA
s 8 58 10t--pgm------
T 50 T v 9
E] o -
08 B
3 2 5 ST6Gal-1 2 § 05
- =
£ =]
S TE 00
= VEGF +UEA +SNA GAPDH ST6Gal-1s ST3/6Gal-1s
HUVECs
c x d
2 100 1
5 15 | I no lectins . c " d
g3 [ + UEA - VEGF a— | (
» o [ +SNA 5 I
s a 10 o \
o £ T © 60 A ] [l
g2 ? N
£ 5 N ctrl + [
= 40 A ctr 4 ctrl
2 .| VEGF+SNA g HUVECs [\ HUVECs |‘ |
5 20 [ - [
no VEGF +VEGF c 4 )1\
s o X
Figure 5. Effect of lectins on VEGF-dependent EC motogenesis and & . T T T
sprouting. (@) HUVEC monolayers were wounded and incubated with 10° 10+ 104 10% 107 10 10" 10° 10° 107 10° 10
VEGF and lectins. Then, the extension of the repaired wound area was SNA-FITC relative intensity MAA-FITC relative intensity
evaluated (*P<0.05). (b) Representative microphotographs of
wounded HUVEC monolayers taken at the start of experiment (t,) HUVECs v HUVECs
and after 24 h of incubation with VEGF and SNA. Dashed lines mark ctrl ST6GAL-1s ctrl  ST6
the edge of the wound at t,. White areas mark the wound extension CALLs
after 24 h. (c) HUVEC spheroids embedded in fibrin gel were incubated IP:SNA - e
with VEGF and lectins. Then, radially growing cell sprouts were v WB: VEGFR2
counted. (*P < 0.05). (d) Representative microphotographs of spher- § IP-MAA
oids incubated with VEGF and SNA. Each value is the mean +s.e.m. of o WB: VEGFR2 N,
three independent experiments. a a
WB: VEGFR2 e
Table 2. Cell viability assay
g HUVECs - h
Time (h) untreated + SNA + UEA-1 + neuraminidase ctrl  ST6  ST6/3 = ’
D
GAL-1s GAL-1s| § T
6 100 104 +6 109+5 89+9 " " L] EE 10
24 100 98+8 107+6 Not performed VEGF - - - P
48 100 1017 115+8 Not performed WB: & ™ g ‘uw? 05 i .
; . . . P-VEGFR2 ga
HUVECs were incubated at 37 °C for the indicated periods of time in the . 5 <
absence (untreated) or in the presence of the indicated lectins (50 nwm) or we:FAk I U0 op o0 = = = 0.0
after treatment with neuraminidase (125 mU/ml). Then cells were ' > T o o
S ST F T
subjected to MTT assay. Data are expressed as percentage of surviving FE R SR

cells after the various treatment in respect to untreated cells.

(Figures 4f and g) and both lectins do not affect PMA-induced
proliferation (Figure 4g) nor HUVEC vitality (Table 2). At variance
with EC motility, VEGF-dependent proliferation is unaffected when
measured at 24 and 48 h after neuraminidase treatment (data not
shown), likely due to the rapid recovery of VEGFR2 sialylation at
the EC surface that occurs within 4-6 h after enzymatic digestion
(Supplementary Figure 2A).

The ability of VEGF to induce proliferation and motility results in
an increased regenerative potential that allows the repair of a
mechanically wounded EC monolayer (motogenic activity).>* As
shown in Figures 5a and b, SNA inhibits VEGF motogenic activity
in wounded HUVEC monolayers whereas UEA-1 is ineffective.

Finally, the effect of lectins was evaluated in an in vitro
tridimensional model of angiogenesis in which EC spheroids
stimulated by angiogenic growth factors invade a three-
dimensional fibrin matrix, generating endothelial sprouts as a
result of the localized breakdown of the extracellular matrix that
occurs together with EC migration and growth.>* As shown in
Figure 5¢, VEGF increases the number of sprouts that originate
from EC spheroids. SNA, but not UEA-1, causes a reduction of
VEGF-dependent HUVEC sprouting (Figures 5¢ and d).

© 2017 Macmillan Publishers Limited, part of Springer Nature.

Figure 6. Effect of STs knockdown on VEGFR2 glycosylation, VEGF
binding and VEGFR2 autophosphorylation. (a) RT-PCR analysis of
ST6Gal-1 and ST3Gal-1 mRNA levels in HUVECs. GAPDH: 23,
ST6Gal-1 and ST3Gal-1: 28 amplification cycles. (b) Quantitative
RT-PCR analysis of ST6Gal-1 and ST3Gal-1 mRNA levels in
ST6GAL-1s- and ST3/6GAL-1s-HUVECs. Data are expressed as fold
change of target gene transcription in respect to ctrl-HUVECs (red
dashed line), normalized to the internal standard control gene
(GAPDH). (¢, d) Ctrl- or ST6GAL-1s-HUVECs were stained with SNA-
FITC or MAA-FITC and analyzed by flow cytometry. (e) Representa-
tive microphotographs of ctrl- or ST6GAL-1s-HUVECs decorated
with SNA-FITC and analyzed by immunofluorescence using a Zeiss
Axiovert 200M epifluorescence microscope. (f) Ctrl- and ST6GAL-T1s-
HUVECs were immunoprecipitated with the indicated biotinylated
lectins and analyzed by WB with anti-VEGFR2 antibody. (g) Ctrl-,
ST6GAL-1s- and ST3/6GAL-1s-HUVECs were stimulated with or
without VEGF and analyzed by WB with anti-P-VEGFR2 antibody.
Uniform loading was confirmed by WB with anti-FAK antibody. The
experiments shown are representative of another one (a, c-f) or
two (b, g) that gave similar results. (h) Quantification of the
fluorescence intensity (expressed as VEGF/VEGFR2 ratio) of
fluorescent ECD-VEGFR2-EYFP-A745 CHO-K1 treated with or with-
out neuraminidase (nrmd) and incubated with VEGF and the
indicated lectins and analyzed in immunofluorescence with anti-
VEGF antibody. Data represents the media of 10-20 measurements
for each sample. (*P < 0.001).
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In conclusion, various in vitro observations demonstrate that a
(2,6)-linked NeuAc mediates VEGF/VEGFR2 interaction and con-
sequent activation of a pro-angiogenic phenotype in ECs.

Sialyltransferase knockdown, VEGFR2 glycosylation and biological
activity

ST6Gal-1 and ST3Gal-1 catalyze the addition of NeuAc to galactose
residues of glycoprotein polysaccharide chains via a(2,6) and
a(2,3) glycosidic bonds, respectively.®®

To investigate the role of a(2,6)-NeuAc in VEGFR2 activation, the
ST6GAL-1 gene was silenced in HUVECs using a lentiviral vector
harboring an appropriate short hairpin RNA (shRNA). As shown in
Figure 6a, semi-quantitative reverse transcription PCR (RT-PCR)
analysis indicates that HUVECs express ST6GAL-T and ST3GAL-1 at
similar levels. ST6GAL-1 knockdown in ST6GAL-1 silenced HUVECs
(ST6GAL-1s-HUVECs) causes a dramatic decrease of the steady-
state levels of the corresponding transcript in parallel with an
increase of ST3GAL-1 transcription. These results were confirmed
by quantitative RT-PCR (qRT-PCR) analysis, where the increase of
ST3GAL-1 transcription was even more evident (Figure 6b). Taken
together, these results suggest that a ‘compensation’ links the
decrease of ST6Gal-1 mRNA to the increase of ST3Gal-1 mRNA. In
agreement with these transcriptional changes, ST6GAL-1 silencing
inhibits the binding of SNA to the surface of ST6GAL-1s-HUVECs
(Figures 6c—e) and to endothelial VEGFR2 in particular (Figure 6f).
Again in keeping with the increase of ST3GAL-1 transcription,
ST6GAL-1 silencing causes an increase of the interaction of MAA
with the surface of ST6GAL-1s-HUVECs and with VEGFR2 in
particular (Figures 6d and f). These data prompted us to evaluate
if the increase of a(2,3)-linked NeuAc represents a compensatory
mechanism to overcome the reduction of a(2,6)-linked NeuAc.
Indeed, VEGF retains its capacity to induce VEGFR2 activation in
ST6GAL-1s-HUVECs at levels comparable to control cells
(Figure 6g), suggesting that a(2,3)-linked NeuAc can functionally
replace a(2,6)-linked NeuAc.

To confirm this possibility, we studied VEGF binding to VEGFR2
in A745 CHO-K1 cells that spontaneously lack the ST6Gal-1
enzyme,*® express low levels of HSPGs®” and that were stably
transfected to overexpress an EYFP-tagged VEGFR2 (ECD-VEGFR2-
EYFP-A745 CHO-K1 cells). In these cells, VEGF/VEGFR2 interaction
occurs also in the absence of a(2,6)-linked NeuAc and is inhibited
by neuraminidase treatment and, due to the specific a(2,3)
sialylation of these cells, by MAA. The specificity of this latter
inhibitory effect is proven by the observation that, in the same
experimental conditions, lectins SNA, UEA-1, LEL or ECL are
ineffective (Figure 6h). Together, these data confirm that a(2,3)-
linked NeuAc can functionally replace a(2,6)-linked NeuAc on
VEGFR2.

In a final effort, we sought to evaluate if the functional ST3Gal-1-
dependent compensation observed after ST6GAL-1 silencing could
be abolished by neutralizing the two STs at once. To this purpose,
a double knockout was performed to silence both the ST6GAL-1
and ST3GAL-1 genes simultaneously, generating the ST3/6GAL-1s-
HUVECs. qRT-PCR analysis revealed that the double silencing
effectively inhibits the transcription of both the targeted STs
(Figure 6b). At a functional level, the simultaneous silencing of
ST6GAL-1 and ST3GAL-1 genes prevents VEGF-dependent autop-
hosphorylation of VEGFR2 in ST3/6GAL-1s-HUVECs (Figure 69),
further sustaining the role of VEGFR2 sialylation in mediating the
pro-angiogenic activity of VEGF.

SNA and VEGF/VEGFR2-dependent angiogenesis

Our observations rise the hypothesis that NeuAc-binding lectin(s)
may represent a novel tool to suppress VEGF/VEGFR2-dependent
neovascularization. To confirm this possibility, the VEGF-inhibitory
activity of SNA was assessed in different ex vivo and in vivo models
of angiogenesis. To this aim, SNA was evaluated in a murine retina
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Figure 7. Effect of lectins in ex vivo and in vivo models of VEGF/

VEGFR2-dependent angiogenesis. Fragments of murine retina
(@) or human artery ring (c) embedded in fibrin gel were
incubated with VEGF and lectins. Then, radially growing cell
sprouts were counted. (*P < 0.05). Representative microphoto-
graphs of murine retina fragments (b) or human artery ring
(d) incubated with VEGF and SNA. (e) CAMs were implanted with
alginate beads adsorbed with VEGF and lectins. Then the
angiogenic response was scored. (f) Representative photographs
of CAMs incubated with VEGF and SNA. Each value is the
mean + s.e.m. of two (a, e) or three (c) independent experiments.
(g) C57BL/6 mice were injected subcutaneously with Matrigel
containing FGF2 and VEGF in the absence or the presence of the
indicated lectins. One week later plugs were harvested and
processed for gRT-PCR. The mRNA expression levels of murine
CD31 were normalized to the levels of human GAPDH and
expressed as murine CD31/human GAPDH mRNA ratio.
(*P < 0.05). (h) Representative photographs of Matrigel plugs in
the indicated experimental conditions.
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angiogenesis (EMRA) assay, an ex vivo model that allows the
maintenance of the integrity of the retinal structure and
represents a valid method to assess the response of sprouting
ECs to chemical modulation.®® As shown in Figures 7a and b, VEGF
induces an increase of the number of EC sprouts that originate
from retina fragments and this activity is fully inhibited by SNA but
not by UEA-1. Similar results were obtained when the two lectins
were tested for the capacity to affect the VEGF-induced sprouting
of ECs in a human umbilical artery ring aorta assay° (Figures 7c
and d).

Finally, the effect of SNA was evaluated in vivo. In a first series of
experiments, the chick-embryo chorioallantoic membrane (CAM)
assay>® was exploited. As shown in Figures 7e and f, VEGF induces
a potent neovascular response in the CAM that is fully inhibited by
SNA whereas UEA-1 is again ineffective. Notably, SNA does not
affect the spontaneous developmental neovascularization that
occurs in the CAM in the absence of VEGF, thus confirming the
specificity of the effect. Then, to further support the possibility
that NeuAc blockage by lectins possesses a therapeutic value in
inhibiting VEGF/VEGFR2-mediated neovascularization, Matrigel
plug assay in mice was performed. As shown in Figure 7g, a
mixture of VEGF and FGF2 induces a significant neovascularization
in mice injected subcutaneously with Matrigel and this angiogenic
response is significantly inhibited by SNA but not by UEA-1.

DISCUSSION

VEGF represents the most important angiogenic growth factor
able to activate EC surface VEGFR2.2 Even though the structural
determinants of VEGFR2 protein required to bind VEGF have been
deeply investigated,*®™*? the contribution of VEGFR2 glycosylation
to VEGF engagement remains to be fully elucidated. Indeed,
although VEGFR2 activity has been proposed to be glycosylation-
independent,’® experimental evidences indicate that an appro-
priate glycosylation is crucial for VEGFR2 stability, intracellular
delivery, surface expression®'® and pro-angiogenic activity.'®'® A
first effort at profiling VEGFR2 glycosylation has been made by
Chandler et al.*® that, by means of mass spectrometry, demon-
strated the presence of NeuAc on N-glycans of VEGFR2. However,
since NeuAc residues have been found also on the receptor
O-glycans,** further studies are required to fully characterize its
sialylation.

We found that tunicamycin, by inhibiting VEGFR2 glycosylation,
causes the accumulation at the cell surface of a low molecular
weight VEGFR2 that is unable to undergo VEGF-dependent
autophosphorylation in ECs (P Chiodelli, unpublished observa-
tions). On these bases, the role of VEGFR2 glycosylation in
angiogenesis was here investigated by a comprehensive approach
based on pharmacologic, enzymatic and genetic methods.

The use of the specific sugar-binding lectins SNA and MAA, that
bind NeuAc linked to different glycan positions, demonstrated
that NeuAc is present on VEGFR2-associated glycans in position
a(2,6), but not in position a(2,3), when ECs are grown under
standard conditions. Masking of a(2,6)-linked NeuAc by SNA
inhibits VEGF/VEGFR2 interaction and VEGFR2 autophosphoryla-
tion. At variance, fucose-binding UEA-1 interacts with VEGFR2
without hampering VEGF/VEGFR2 interaction nor VEGFR2 autop-
hosphorylation. Together, these observations point to a role
for VEGFR2-associated NeuAc, but not VEGFR2-associated
fucose, in VEGFR2-driven angiogenic responses. Accordingly,
SNA inhibits VEGF angiogenic activity in vivo and in wide range
of in vitro and ex vivo assays representative of the whole pro-
angiogenic EC activation process, whereas UEA-1, as well as other
lectins, is ineffective. Thus, the inhibitory activity of SNA does not
appear to be due to a change in the stability of the VEGF/VEGFR2
interaction or to an aspecific steric hindrance, but more likely, it
depends on a specific masking of a(2,6)-linked NeuAc required to
the receptor to bind to the cationic heparin-binding domain
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present in VEGF. This is further supported by the observations that
the second and third Ig-homology domains of VEGFR2 involved in
VEGF interaction®® bear Asn residues that are attachment sites for
N-linked glycans*® and that SNA inhibits VEGFR2 phosphorylation
induced by VEGF¢5 but not that by VEGF,,; (that is devoid of the
heparin-binding domain).

In keeping with these observations, treatment of ECs with
neuraminidase effectively removes VEGFR2-associated NeuAc and
inhibits VEGF/VEGFR2 interaction and receptor autophosphoryla-
tion. This resulted in the inability of neuraminidase-treated cells to
respond to VEGF stimulation in a short-term migration assay.
Neuraminidase-induced VEGFR2 de-sialylation is transient, the
reappearance of the fully sialylated receptor occurring 4-6 h after
enzymatic treatment (Supplementary Figure 2A). BFA, an inhibitor
of the endoplasmic reticulum-Golgi apparatus passage, inhibits
VEGFR2 re-sialylation causing the accumulation of a low molecular
weight (possibly non-syalilated) form of the receptor in the cell
(Supplementary Figure 2B). Relevant to this point, STs are found in
the Golgi apparatus, in post-Golgi vesicles and even on the plasma
membrane in different cell types,*®*” suggesting that also in ECs
the rapid re-sialylation of VEGFR2 may undergo in these same
structures.

The quick process of VEGFR2 sialylation differs from what
observed for integrin a, (33, whose sialylated form slowly reappears
on EC surface 48 h after neuraminidase treatment.*® Apparently,
the endothelium can stand a prolonged de-sialylation of a,(33
(whose function might be surrogated by other integrins), but not
of VEGFR2, pointing to a pivotal role of NeuAc in VEGFR2 biology.

The requirement of VEGFR2-associated NeuAc for its binding to
VEGF and for consequent biological activities have been here
demonstrated both in a ‘cell-free’ model (SPR anaysis) by means of
the highly purified, surface-immobilized receptor and directly at
the surface of the cell (a more physiological environment where
VEGFR2 homodimerizes and couples with its coreceptors in the
presence of VEGF). Given the dramatic changes in glycosylation
pattern of individual cell types,? it is also important to note that
the role of NeuAc in VEGF/VEGFR2 interaction has been confirmed
in different cell types (human or bovine ECs, hamster epithelial
cells).

The expression of glycosyltransferases is modulated in activated
ECs*®“° and the overexpression of the sialyltransferase ST6Gal-1
dose-dependently counteracts neuraminidase-mediated inhibition
of EC tube formation in vitro.>® Here we demonstrate that, despite
HUVECs express both ST6Gal-1 and ST3Gal-1 in standard culture
conditions, VEGFR2 sialylation remains restricted to a(2,6)
glycosidic bonds, ensuring VEGF-dependent receptor activation
and consequent EC pro-angiogenic activation. It remains possible
however that, during the dramatic modifications of glycosylation
that occur during EC activation,'®" different STs modulate the
specific sialylation(s) of other receptors, driving the binding of
different angiogenic growth factors. In effect, ST6Gal-1 over-
expression in ECs increases a(2,6)-linked NeuAc on different
proteins but not on VCAM-1*° and the absence of a(2,6)-linked
NeuAc on the EC surface enhances the binding of VEGFR2 to
galectin-1, activating an alternative pro-angiogenic signaling.'*

Notably, the silencing of ST6GAL-1 gene leads to an effective
reduction of related mRNA and of VEGFR2-linked a(2,6)-NeuAc in
HUVECs, paralleled by a concomitant increase of ST3Gal-1 mRNA
and of a(2,3)-sialylation of the receptor. Further studies are
required to ascertain if, beside the trascriptional regulation of
ST6GAL-1 and ST3GAL-1 genes here demonstrated, other epige-
netic mechanisms contribute to the control of VEGFR2 sialylation
(that is, ST6Gal-1 protein degradation, further discussed in the
next paragraph). Whatever the mechanism, ST6Gal-1 inactivation
generates an alternative ‘sialylation profile’ of VEGFR2 that
remains biologically functional, as demonstrated by the observa-
tion that a(2,3)-sialylated VEGFR2 retains its capacity to bind VEGF
and to undergo VEGF-dependent autophosphorylation at the
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surface of genetically ST6Gal-1-deficient CHO-K1 cells (Figures 6g
and h). Accordingly, preliminary expriments indicate that the shift
from a(2,6)-NeuAc to a(2,3)-NeuAc does not modify the affinity of
the VEGF/VEGFR2 interaction (P Chiodelli unpublished
observations).

The ‘alternative’ a(2,3) sialylation of VEGFR2 may be required in
all those settings in which a(2,6) sialylation of VEGFR2 is
hampered, such as during an abnormal EC stimulation by TNF-q,
that leads to the proteolytic degradation of ST6Gal-1.>2 ST6Gal-1
may be cleaved also by (-secretase (BACE1), an hypoxia-inducible
pro-angiogenic factor expressed by EC.>*** Finally, ST6GAL-1 gene
transcription may be inhibited by specific DNA methylation of its
promoter region.>> Thus, VEGFR2 can counteract a selective
impairment of its sialylation profile by shifting the linking of
NeuAc to other positions as to mantain a sialylation state that
ensures the functionality of VEGFR2 in EC homeostasy and pro-
angiogenic activation. These observations further sustain the
hypothesis of an important role of VEGFR2-associated NeuAc in
VEGF-dependent angiogenesis.

Our observations point to NeuAc-binding lectins as a starting
point for the development of antiangiogenic compounds target-
ing VEGFR2 glycosylation. Even though NeuAc is extensively
present on the EC surface, experimental evidences suggest the
possibility of tailoring NeuAc-targeted approaches. (i) At variance
with VEGF, galectin-1 binds VEGFR2 and induces EC activation
only in the absence of a(2,6)-NeuAc." (ii) EC incubation with
neuraminidase does not affect VEGFR2 autophosphorylation
triggered by HIV-1 Tat but prevents its interaction with de-
sialylated a,B; integrin, thus inhibiting its angiogenic activity.?°
(ii) Similarly, HIV-1 Tat/a,Bs interaction and angiogenic activity
can be inhibited by MAA° (iv) Both SNA and MAA modulate
fibroblast growth factor 2 (FGF2) interaction with a,B3 but not
with the heavily sialylated FGF receptor 1 (P Chiodelli, manuscript
in preparation).

In order to induce a full angiogenic response in ECs, VEGFs need
to interact also with other members of the VEGFR family and with
coreceptors. Regarding the formers, here we demonstrated that
NeuAc is necessary also for VEGF-dependent activation of VEGFR1.
Regarding VEGF coreceptors instead, a,8; integrin® and
neurophilin-1° are heavily sialylated,?>>® suggesting that masking
NeuAc of EC surface receptors other than VEGFR2 may contribute
to the antiangiogenic effects of SNA. However, it is undeniable
that, in our experimental conditions, SNA exerts ist antiangiogenic
effect mainly by a direct interaction with VEGFR2, as demonstrated
by specific SPR and immunoprecipitation expriments (Figures 1
and 2).

The possibile involvement of NeuAc in the pro-angiogenic
activity of other receptors/angiogenic growth factors points to this
sugar as a hub/docking structure whose appropriate inhibition
may disable various pro-angiogenic signaling networks, thus
exerting possible multiple-targeting effects. In this frame, NeuAc-
binding lectins may represent the basis for the development of
antiangiogenic compounds with therapeutic implications in
angiogenesis-dependent diseases, including cancer.

MATERIALS AND METHODS
Reagents

VEGF-A¢5 and VEGF;,; were provided by K. Ballmer-Hofer (PSI, Villigen,
Switzerland). FGF2 was from Tecnogen (Piana di Monteverna, Caserta,
Italy). Lectins from Maackia amurensis (MAA), Sambucus nigra (SNA), Ulex
europaeus (UEA-1), Phaseolus vulgaris (L-PHA), Lycopersicon esculentum
(LEL), Erytrina cristagalli (ECL), Griffonia simplicifolia (GSL-IB;) and their
biotinylated forms were from Vector Laboratories (Burlingame, CA, USA).
Biotinylated UEA-1 was from EY laboratories (San Mateo, CA, USA). For the
molecular weight (MW) and specific sugar residues recognized by these
lectins, see Table 1. Phorbol-12-myristate-13-acetate, tunicamycin,
brefeldin-A (BFA) and neuraminidase from Clostridium perfringens were
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from Sigma (St Louis, MO, USA). The monomeric recombinant form of
VEGFR2 fused to Fc produced in murine myeloma cells from Immuno-
Source (Zoersel, Belgium). Human Ig Fc fragment and antibody against
phospo-tyrosine (clone 4G10) from Millipore (Bedford, MA, USA). Mono-
clonal Y1175 antibody directed against phosphorylated VEGFR2 (MAS5-
15170) from Thermo Scientific (Waltham, MA, USA). Antibodies directed
against focal adhesion kinase (FAK, sc-558), unphosphorylated VEGFR2 (sc-
504) and VEGFR1 (sc-316) and horseradish peroxidase (HRP)-labeled anti-
rabbit antibody from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
Antibody directed against VEGF-A;ss (MAB293) from R&D Sysyem
(Minneapolis, MN, USA). Alexa Fluor 594 anti-mouse IgG from Thermo
Scientific. Sodium chlorate from BDH Laboratory Supplies (Pole, United
Kingdom). Matrigel (Cultrex BME Growth Factor Reduced) from Trevigen
(Gaithersburg, MD, USA).

SPR assay

SPR measurements were performed on a BlAcore X100 instrument and
research-grade CM5 sensorchips (GE-Healthcare, Milwaukee, WI, USA).
VEGFR2-Fc or the Fc fragment (used as a negative control for blank
subtraction) (20 pg/ml in 10 mm sodium acetate pH 4.0) were allowed to
react with two separate flow cells of a CM5 sensorchip pre-activated as
described,?° leading to the immobilization of 11760 and 4424 RU
(approximately 80 fmol/mm? for both the proteins). Increasing concentra-
tions of VEGF or of the different lectins in HBS-EP buffer (GE-Healthcare)
were injected over the VEGFR2 or Fc surfaces for 120 s and then washed
until dissociation (600s). Binding parameters were calculated as
described.””

Cell cultures

Human umbilical vein ECs (HUVECs) at passages |-Vl were grown on plastic
surface coated with porcine gelatine (Sigma) in M199 medium containing
20% fetal calf serum (FCS, Gibco Life Technologies, Grand Island, NY, USA),
EC growth factor (100 pg/ml) and porcine heparin (Sigma) (100 pg/ml).
Fetal bovine aortic endothelial GM7373 (from the Human Genetic Mutant
Cell Repository, Institute for Medical Research, Camden, NJ, USA) cells were
transfected with a pcDNA3.1 expression vector harboring the mouse
VEGFR2 ¢DNA (provided by G Breier, Max Planck Institute, Bad Nauhein,
Germany) to generate stable GM7373-VEGFR2 transfectant cells.3® Alter-
natively, GM7373 cells were transfected with a pcDNA3/Enhanced Yellow
Fluorescent Protein (EYFP) vector harboring the extracellular domain of
human VEGFR2 (ECD-VEGFR2) cDNA (provided by K. Ballmer-Hofer, PSI,
Villigen, Switzerland) to generate stable ECD-VEGFR2-EYFP GM7373 cells.
Parental GM7373 cells and transfectants were grown in Dulbecco’s
modified Eagle medium (DMEM, Gibco Life Technologies) containing
10% FCS, vitamins, essential and non-essential amino acids. GAG-deficient
A745 CHO-K1 cells* were kindly provided by JD Esko (University of
California, La Jolla, CA, USA) and grown in Ham’s F-12 medium containing
10% FCS. They were transfected with the ECD-VEGFR2 cDNA described
above to generate stable ECD-VEGFR2-EYFP-A745 CHO-K1 cells. All cell
lines were confirmed to be mycoplasma-free by standard 4,6-diamidino-2-
phenylindole analysis.

shRNA-mediated silencing of -galactoside sialyltransferases
genes

pLKO.1 lentiviral vectors bearing ST6GAL-1 or ST3GAL-1 shRNA (targeting
sequences: CGTGTGCTACTACTACCAG_TRCN0000035432 and GCTGGGAGA
TAATGTCAGCAT_TRCN0000035551, Sigma) were used to knockdown the
expression of the two STs in HUVECs. Briefly, cells maintained in complete
medium were transduced by an 18 h incubation at 37 °C with non-
targeting lentiviral vectors (ctrl-HUVECs), with the vector harboring the
ST6GAL-1 shRNA alone or with both the vectors harboring ST6GAL-1 and
ST3GAL-1 shRNAs (ST6GAL-1s- and ST3/6GAL-1s-HUVECs, respectively). 48 h
after infection, complete medium containing puromycin (0.5 pg/ml) was
used to select infected cells that were used for subsequent experiments
until VI passage.

RT-PCR analysis

Total RNA was isolated from HUVECs by the TRIzol method. Aliquots (2 pg/
20 pl) were retro-transcribed with MMLV reverse transcriptase (Invitrogen)
using random hexaprimers. Then, 1/10th of the reaction was analyzed by
RT-PCR for one cycle at 95 °C (5 min) and 23 cycles (GAPDH) or 27 cycles
(others) at 94°C, 67°C, and 72°C (1 min each). Aliquots (5 pl) were
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separated on a 1% agarose gel and visualized by Gel Red Nucleic Acid
Stain (Biotium, Hayward, CA, USA). Alternatively, relative mRNA levels were
quantified by real-time RT-PCR assays, using GAPDH as reference gene.
Amplification and detection were performed with the ViiA7 Real-Time PCR
Detection System (Applied Biosystem, Forster City, CA, USA); the
fluorescence signal was generated by SYBR Green I. The following human
primers were used:

hST3GAL1-FW:5'-GACTTGGAGTGGGTGGTGAG-3'

RV: 5’GGAACCGGGATGTAGGTGT-3';

hST6GAL1-FW:5'-CTCCCCAGAAGAGATTCAGC-3’

RV: 5'-TGGTCACACAGCGTCATCAT3'

hGAPDH-FW:5'-GAAGGTCGGAGTCAACGGATT-3',

RV:5'-TGACGGTGCCATGGAATTTG-3".

Cell starvation, chlorate, tunicamycin, neuraminidase and BFA
treatments

Cell starvation, was obtained by a 5h incubation at 37 °C with M199
containing 5% FCS. To remove high capacity VEGF-binding sites associates
to HSPGs, cells were incubated (48 h at 37 °C) with 50 mm chlorate to
inhibit sulfation of HS chains. To prevent glycosylation of surface proteins,
cells were incubated (24 h at 37°C) with tunicamycin (2.0 pg/ml). To
remove cell-surface-associated NeuAc cells were incubated (1 h at 37 °C)
with neuraminidase (125 mU/ml). To inhibit exocytosis, cells were pre-
treated for 3 h at 37 °C with BFA (1.0 ug/ml), subjected to neuraminidase
treatment, added again with the same dose of BFA and incubated for the
appropriate periods of time.

Biotinylation of EC surface proteins

HUVECs were incubated (2h at 4°C) with biotin-3-sulfo-N-hydroxy-
succinimide ester sodium salt (Sigma) (0.5 mg/ml) in Hanks’ Balanced Salt
Solution. Cells were then lysed in 50 mm Tris-HCI buffer (pH 7.4) containing
150 mm NaCl, 1% Triton X-100, 1.0 mm NasVO,, and protease inhibitors
(lysis buffer). Samples (1.0 mg of protein) were immunoprecipitated with
streptavidin-sepharose (GE-Healthcare), separated on SDS-7.5% PAGE and
analyzed by WB with anti-VEGFR2 antibody.

FACS analysis

HUVECs were detached using M199 containing 5 mm EDTA at 37 °C and
washed with PBS. Then cells were stained with SNA-FITC or MAA-FITC
(Vector laboratories) for 20 min at 4 °C. Then, cells were washed with PBS
and analyzed by MACSQuant cytofluorimeter (Miltenyi Biotec GmbH,
Bergisch Gladbach, Germany). Data were analyzed with FlowJo software
(Ashland, OR, USA).

VEGF/VEGFR2 binding assay

Chlorate-treated ECD-VEGFR2-EYFP GM7373 or ECD-VEGFR2-EYFP-A745
CHO-K1 cells were treated with neuraminidase and incubated (90 min at
4°C) in Hanks Balanced Salt Solution with calcium and magnesium
containing VEGF (5.0 nm) and lectins (200 nm). Then, cells were washed
with PBS and fixed in 4% paraformaldehyde. Immunofluorescence analysis
was performed using an anti-VEGF antibody followed by Alexa Fluor 594
anti-mouse 1gG (Invitrogen), and cells were photographed using a Zeiss
Axiovert 200M epifluorescence microscope (Carl Zeiss, Gottingen, Ger-
many). Fluorescence was quantified as corrected total cell fluorescence:
integrated density—(area of selected cellxmean fluorescence of
background).

VEGF/VEGFR2 cross-linking assay

This assay was performed as described>® using HUVECs treated with VEGF
at 50nm and lectins at 200 nm. WB was performed with anti-VEGF
antibody.

VEGFR phosphorylation assay

HUVECs or GM7373-VEGFR2 cells were starved, incubated (7 min at 37 °C)
with VEGF65 or VEGF;,; (0.5 nm) and lectins (50 nm) and lysed in lysis
buffer. Then, for VEGFR2 analysis, 40 pg protein/sample were separated by
SDS-7.5% PAGE followed and analyses by WB with antibody directed
against the phosphorylated form of VEGFR2. At variance, for VEGFR1
analysis, 1 mg protein/samples from lysates of HUVECs treated with 2 nm of
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VEGF¢5 were immunoprecipitated with anti-VEGFR1 antibody and
analyses by WB with antibody directed against total phospho-tyrosine.

Time-lapse videomicroscopy EC motility assay

This assay was performed as described® using VEGF at 0.5 nm and lectins
at 50 nm.

Proliferation assay

HUVECs were seeded at 17 500 cells/cm? onto tissue culture multiwell
plates in M199 containing 2.5% FCS. The following day cells were
incubated (24 or 48 h at 37 °C) with VEGF (1.5 nm) or PMA (150 nm) and
lectins. Then, cells were counted.

Wound monolayer assay

Confluent cultures of HUVECs were starved, wounded with a rubber
policeman and incubated (24 h at 37 °C) with VEGF (1.5 nm) and lectins
(100 nm). Then, the extent of wound repair was evaluated by measuring
the area of the wound by computerized image analysis using the ImageJ
software (http://rsbweb.nih.gov/ij/).

EC sprouting assay

This assay was performed as described®® using VEGF at 1.5 nm and lectins
at 100 nm.

MTT assay

HUVECs were treated with neuraminidase or lectins as described above
and incubated in M199 containing 20% FCS. Then, MTT solution (3 mg/ml)
was added. After 90 min the colored formazan product was solubilized
with DMSO and the absorbance at 595 nm was measured.

Ex vivo murine retina angiogenesis (EMRA) assay

This assay was performed as described®® using VEGF at 3.75 nw and lectins
at 100 nm).

Ex vivo human artery ring assay
This assay was performed as described®® using VEGF at 1.5 nm and lectins
at 50 nm.

In vivo chick-embryo chorioallantoic membrane (CAM) assay

This assay was performed as described®® using 100 ng VEGF in 3 pl and
lectins at 50 nwm.

Matrigel plug assay

Animal experiments were approved by our local animal ethics committee
(OPBA) at the University of Brescia and were executed in accordance with
national guidelines and regulations. Seven-week-old C57BL/6 female mice
(Envigo, Bresso, Italy) were injected subcutaneously with 300 pl of liquid
Matrigel containing 200 ng of FGF2 and 350 ng of VEGF in the absence or
the presence of 70 ug of SNA or UEA. Matrigel with PBS alone was used as
negative control. One week after injection, mice were sacrificed and plugs
were harvested and processed for RT-PCR as previously described.®’

Statistical analysis

Data were reported as the meanz*s.e.m. Statistical analyses were
performed using the statistical package Prism 6 (GraphPad Software).
Data were analyzed with a one-way analysis of variance, and individual
group comparisons were evaluated by the Bonferroni multiple comparison
test or Student's t-test (matrigel plug assay). Differences were considered
significant when P < 0.05. No sample was excluded from the analysis. The
investigator was not blinded to group allocation when assessing results.
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