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Abstract

Although several potential mechanosensors/mechanotransducers have been proposed, the precise
mechanisms by which ECs sense and respond to mechanical forces and translate them into
biochemical signals remains unclear. Here, we report that two major ligand-dependent tyrosine
autophosphorylation sites of VEGFR2, Y1175 and Y1214, are rapidly activated by shear stress in
human coronary artery endothelial cells (HCAECS). Neutralizing antibody against VEGFR2 not
only abrogates flow-induced phosphorylation of these tyrosine residues, but also has a marked
inhibitory effect on downstream eNOS activation. In situ proximity ligation assay revealed that
VEGF and VEGFR2 are closely associated in HCAECs, and more importantly, this association is
increased with flow. Finally, we show that flow-induced VEGFR?2 activation is attenuated in the
presence of the broad spectrum matrix metalloproteinase (MMP) inhibitor, GM6001. Taken
together, our results suggest that a ligand-dependent mechanism involving the activity of MMPs
plays a key role in the early, shear stress-induced activation of VEGFR2.
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1. Introduction

Mechanotransduction is the process by which mechanical forces are converted into
biochemical responses by cells. Fluid shear stress, the tangential force generated by blood
flow, acts primarily on vascular endothelial cells (ECs) and has been shown to activate
numerous signaling pathways and gene expression programs that are important in normal
physiological processes as well as in certain pathological conditions, such as atherosclerosis
and cancer. The mechanisms by which ECs sense and transduce mechanical stimulation into
biochemical signals are still unclear, although several mechanosensors/mechanotransducers
have been proposed, which include the cell-cell junction [1-3], the junctional adhesion
molecule, platelet endothelial cell adhesion molecule-1 (PECAM-1) [4], heterotrimeric G
proteins [5,6], receptor tyrosine kinases (RTKSs), such as vascular endothelial growth factor
receptor 2 (VEGFR2) [7], integrins [8], the glycocalyx [9], ion channels [10], and the actin
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cytoskeleton [11]. Since a single mechanosensor/ mechanotransducer is unlikely to exist,
more attention has been focused on understanding the interactions and potential crosstalk
that these different molecular components have with one another. Interestingly, a
mechanosensory complex comprised of PECAM-1, VE-cadherin, and VEGFR2 has also
been described and shown to be critical for the activation of a subset of known signaling
pathways in response to flow [3].

VEGFR? is a member of a superfamily of RTKs that is expressed predominantly on ECs
and whose activation is critical for both normal cardiovascular development and
pathological angiogenesis [12,13]. Binding of VEGFR2 by its ligand, VEGF-A (VEGF), is
known to induce dimerization and activation of its receptor kinase activity,which
subsequently leads to autophosphorylation on tyrosine residues. Studies by Shibuya and
colleagues revealed that tyrosine residues 1175 and 1214 are the two major VEGF-
dependent autophosphorylation sites of VEGFR2 [14]. The activity of VEGFR2 is primarily
regulated by the bioavailability of VEGF, which in turn depends on alternative splicing of
VEGF mRNA into different isoforms and also by processing of secreted VEGF and/or the
extracellular matrix (ECM) to which it is bound.

The major human isoforms are VEGF121, VEGF165, and VEGF189, which differ in their
binding to VEGFR2 and to various ECM molecules, including glycosaminoglycans (GAGS)
found in heparan sulfate proteoglycans (HSPGs). Release of cell-associated VEGF is known
to occur either through proteolytic cleavage of ECM [15] or by direct VEGF cleavage [16]
by proteases such as plasmin, elastase, and a subset of matrix metalloproteases (MMPS).
MMPs are a family of zinc-dependent proteases that are produced by a variety of cells,
including ECs, and function to degrade components of the ECM. Several members of the
family have been shown to bind to HSPGs in the ECM and/or at the cell surface where they
are thought to be anchored to prevent their rapid diffusion and to position them for
interaction with cell surface adhesion molecules or receptors [17].

Recent studies have revealed that endothelial cells, specifically of arterial origin, express
VEGF in vivo and can activate VEGFR2 through either an intracrine and/or autocrine—
juxtacrine signaling loop [18-20]. VEGFR?2 is also known to be activated by shear stress
with tyrosine phosphorylation detected as early as 1 min [7,21]. Since shear stress-induced
tyrosine phosphorylation of VEGFR2 was not inhibited by pre-treatment with anti-VEGF
antibody, it was concluded that the effect of shear stress was not due to release of VEGF and
is therefore ligand-independent. However, it has been argued that autocrine VEFGR2
activation may occur intracellularly [19] and therefore is not affected by treatment with
large, cell-impermeable antibodies. It has also been suggested that confluent ECs signal
efficiently through a juxtacrine mechanism, which makes VEGF inaccessible to antibody
neutralization [18].

In this study, we hypothesized that shear stress-induced VEGFR2 activation occurs early
during EC mechanotransduction and is dependent on binding by VEGF. Furthermore, we
proposed that heparan sulfates of a putative heparan sulfate proteoglycan (HSPG) act as a
reservoir for VEGF, which in turn activates its receptor either through flow-induced
conformational changes that bring the ligand and its receptor into closer physical proximity
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or proteolytic release of ligand from heparan sulfates by MMPs and instantaneous binding to
its receptor.

2. Materials and methods

2.1. Cell culture

Human coronary artery endothelial cells (HCAECSs) were obtained from either Lonza
(Walkersville, MD) or Cell Applications, Inc. (San Diego, CA) and maintained in complete
endothelial growth medium (EGM-2; Lonza) supplemented with 10% heat-inactivated fetal
bovine serum (FBS) and penicillin—streptomycin. HCAECs within six passages were used
for all experiments.

2.2. Reagents

Antibodies for Western blot analysis directed against phospho-VEGFR2 (Y1175), VEGFR2,
phospho-Akt (S473), and phospho-eNOS (S1177) were from Cell Signaling Technology
(Danvers, MA). Antibody against phospho-VEGFR2 (Y1214) was from R&D Systems
(Minneapolis, MN). Anti-Akt antibody was from Santa Cruz Biotechnology (Santa Cruz,
CA). Anti-eNOS antibody was from BD Biosciences (San Jose, CA). Neutralizing antibody
against VEGFR2 (MAB3571) was also purchased from R&D Systems. Purified mouse 1gG
was from Invitrogen (Carlsbad, CA). Recombinant human VEGF165 was from BiolLegend
(San Diego, CA). GM6001 and the respective negative control, GM6001NC, were from
EMD Chemicals (San Diego, CA), and reconstituted in DMSO.

2.3. Shear stress

Cells were seeded onto glass microscope slides and grown into confluent monolayers. Prior
to all experimental procedures, cells were serum-starved overnight in endothelial basal
medium (EBM-2, Lonza) supplemented with 1% FBS and penicillin—streptomycin to
establish quiescence. Slides were mounted on a conventional parallel- plate flow chamber
[22] and cells were subjected to a steady fluid shear stress of 14 dyne/cm? by perfusion with
CO»-equilibrated EBM-2 containing 0.5% bovine serum albumin (Roche, Indianapolis, IN)
using a PHD 2000 syringe pump (Harvard Apparatus, Holliston, MA). Cells on slides that
were mounted but not subjected to shear stress, denoted “Sham”, served as controls.

2.4. Preparation of cell lysates

Cells were scraped into ice cold DPBS containing 2 mM sodium orthovanadate and
collected by centrifugation. Pellets were resuspended in lysis buffer (50 mM Tris—HCI, pH
7.5; 125 mM NaCl; 60 mM octyl-glucoside) containing protease (Complete; Roche) and
phosphatase (PhosSTOP; Roche) inhibitors, which were added fresh immediately prior to
cell lysis. Lysates were incubated for 30 min on ice and then centrifuged at 14,0009 for 15
min at 4 °C to remove insoluble material.

2.5. Western blot analysis

Proteins were separated on NUPAGE 4-12% Bis-Tris gels (Invitrogen, Carlsbad, CA) in
MOPS SDS running buffer (Invitrogen) and transferred to PVDF membranes (Immobilon-P;
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Millipore, Temecula, CA). Membranes were blocked for 1 h with 3% BSA in Tris-buffered
saline (TBS) and then incubated with a primary antibody for 2 h or overnight in 3% BSA-
TBST (TBS with 0.1% Tween 20) at 4 °C. After washing and incubating with horseradish
peroxidase-conjugated secondary antibodies for 1 h, the membranes were incubated with
chemiluminescence substrate (SuperSignal West Pico or West Femto; Thermo Scientific,
Rockford, IL) and exposed to X-ray film. Unsaturated films were digitally scanned and band
intensities were quanitifed using ImageJ (NIH).

2.6. In situ proximity ligation assay (PLA)

PLA was performed on Methanol/Acetone-fixed HCAEC monolayers that were re-hydrated
in PBS, then blocked and treated according to the manufacturer’s protocol (Olink
Biosciences, Uppsala, Sweden). Primary antibodies used were a goat anti-VEGFR2 antibody
(R&D Systems) and a mouse monoclonal anti-VEGF antibody (Abcam, Cambridge, MA).
Images were acquired on a LSM5 PASCAL confocal fluorescence microscope (Carl Zeiss,
Germany) equipped with a Plan Apochromatic 63/1.4 numerical aperture oil immersion
objective and both the PLA signal and cell nuclei were quantified using ImageJ. A minimum
of ten fields of acquisition were acquired for each of the four individual experiment.

2.7. Statistical analysis

3. Results

All experimental data are expressed as means + SE from at least three independent
experiments. Single comparisons between groups were performed using paired, two-tailed
Student’s t-test. P-values of <0.05 were considered statistically significant.

3.1. Phosphorylation of VEGFR2 at Y1175 and Y1214 is rapidly induced by flow in HCAECs

It has been previously shown that VEGFR2 phosphorylation can be induced by fluid shear
stress as early as 1 min in bovine aortic endothelial cells (BAECSs) [7,21]. In both studies,
flow-induced VEGFR?2 activation was shown by immunoprecipitation of lysates with anti-
VEGFR?2 followed by immunoblotting with a pan-phosphotyrosine antibody. Information
regarding the phosphorylation of specific VEGFR2 tyrosine residues in response to shear
stress is largely limited. To determine whether the two major VEGF-dependent
autophosphorylation sites of VEGFR2, tyrosine 1175 (Y1175) and tyrosine 1214 (Y1214),
are specifically activated by early flow onset, we subjected human coronary artery
endothelial cells (HCAEC) to shear stress and examined their phosphorylation by immuno-
blotting using phosphotyrosine-specific antibodies. As shown in Fig. 1, both Y1175 and
Y1214 phosphorlyation were markedly increased (~3-fold and ~4-fold, respectively) in
response to a 15 s step increase in fluid shear stress as compared to control. Quantification
revealed that these increases were statistically significant (P = 0.0458 and P = 0.0187,
respectively). These findings show that flow induces an early phosphorylation of two major
ligand-dependent tyrosine residues within VEGFR2 in human ECs, suggesting that flow-
induced inVEGFR?2 activation may be ligand-dependent.
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3.2. Flow-induced eNOS activation is attenuated by VEGFR2 neutralization

It had previously been concluded that the activation of VEGFR2 by shear stress is ligand-
independent based on the findings that flow-induced Akt and eNOS activation were not
affected by a neutralizing antibody against its ligand VEGF, despite their decrease by down
regulation of VEGFR2 or pharmacological inhibition of its tyrosine kinase activity [21].
Recently, it has been demonstrated using antibody neutralization of VEGFR2 in human EC
that VEGF/ VEGFR?2 signaling is important for EC mechanoprotection during chronic shear
stress [18]. Therefore, we sought to re-evaluate the role that VEGF ligand may play in the
shear response by taking this same approach and examining its effect first, on the specific
phosphorylation of Y1175 and Y1214, and then secondly, on signaling pathways known to
be mediated by flow.

HCAECs were treated with a neutralizing antibody against the extracellular domain of
VEGFR?2 prior to exposure to shear stress to block the binding of ligand to its receptor. As
shown in Fig. 2A, flow-induced phosphorylation of both Y1175 and Y1214 of VEGFR2
after 15 s was abrogated by the presence of anti-VEGFR2 when compared to that in cells
treated with pre-immune IgG. To examine the effects of VEGFR2 neutralization on
downstream signaling pathways known to be activated by flow, we next analyzed the
activation of Akt and eNOS (Fig. 2B). As expected, phosphorylation of Akt was markedly
increased (4-fold) in HCAECs pre-treated with 1gG and subjected to flow (5 min). However,
pretreatment with anti-VEGFR2 1gG had no statistically significant effect on shear-induced
Akt phosphorylation indicating that flow-induced Akt phosphorylation was not mediated by
ligand activation of VEGFR2. eNOS phosphorylation was significantly increased in control
experiments in which cells were pre-incubated with 1gG. Interestingly, in the presence of the
VEGFR2 neutralizing antibody, there was no significant increase in eNOS phosphorylation
compared to the sham condition. Altogether, these findings suggest that early VEGFR2
activation in response to flow is ligand-dependent. Furthermore, flow-induced eNOS, but
not Akt activation, is mediated by this ligand-dependent activation of VEGFR2.

3.3. Flow causes an increase in VEGF-VEGFR?2 association

To gain insight into the mechanism of flow-induced VEGFR2 phosphorylation, we
examined the physical associations between VEGF and VEGFR2 in response to shear stress
using in situ proximity ligation assay. Consistent with findings from a recent report [23], a
complex of endogenous VEGF and VEGFR2 also exists in quiescent HCAECs. More
importantly, a significant increase (33.5%; P < 0.0001) in VEGF-VEGFR2 association is
detected as early as 15 s after the onset of flow (Fig. 3B), the same time point we observed
phosphorylation of Y1175 and Y1214. As a control, PLA was performed on cells with and
without treatment with exogenous VEGF165 (Fig. 3A), which similarly showed increased
VEGF-VEGFR2 association. Taken together, these results strongly support the notion that
VEGFR? activation induced by flow is ligand-dependent.

3.4. MMP activity is important for flow-induced VEGFR2 activation

It is well-established that transactivation of the epidermal growth-factor receptor (EGFR),
another member of the RTK family of cell surface receptors, by G protein-coupled receptor
(GPCR) stimulation involves the release of its ligand, heparin-binding EGF (HB-EGF), from
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the cell surface via an MMP-dependent mechanism [24]. To determine whether ligand-
dependent VEGFR?2 activation in response to flow is controlled by a similar MMP-mediated
mechanism, we treated HCAECSs with the broad spectrum MMP inhibitor, GM6001 (2 uM),
prior to exposure to shear stress (Fig. 4). As a negative control, we used its inactive
analogue, GM6001, Negative control (GM6001NC; 2 uM). As expected, shear stress caused
a marked increase in both phospho-Y1175 and phospho- Y1214 (~3.4-fold and ~3-fold,
respectively) in cells pre-treated with GM6001NC for 10 min, which is similar to the levels
we typically observe in untreated cell (Fig. 1). In cells pre-treated with GM6001, however,
Y1175 phosphorylation was no longer increased by shear stress when compared to sham.
Additionally, flow-induced Y1214 phosphorylation was reduced significantly in cells pre-
treated with GM6001 compared to control cells. Taken together, our findings suggest that
ligand-dependent VEGFR?2 activation in response to shear stress is mediated by the activity
of MMPs.

4. Discussion

This study provides the first evidence that two major ligand-dependent autophosphorylation
sites of VEGFR2, Y1175 and Y1214, are activated as early as 15 s after onset of fluid shear
stress in human endothelial cells. Furthermore, we show that by blocking the ability of
VEGF to bind to its receptor with a neutralizing antibody against VEGFRZ2, activation of
these two major sites is significantly reduced. Our results obtained using in situ PLA not
only verify the existence of a complex between endogenous VEGF and VEGFRZ2, but also
indicates that their association is increased under flow conditions. Altogether, these results
argue in favor of a ligand-dependent mechanism of VEGFR2 activation by shear stress in
human ECs.

It has long been thought that activation of VEGFR2 by shear stress is a ligand-independent
event based on the fact that anti-VEGF antibody had no inhibitory effect [7,21]. However,
two recent studies using alternative approaches for inhibiting VEGF-VEGFR2 signaling,
such as cell-specific genetic deletion of VEGF, small molecule antagonists against
VEGFR2, siRNA knockdown of VEGF, and VEGFR?2 neutralization in addition to VEGF
neutralization showed that whereas extracellular blockade of VEGF was insufficient in
inhibiting downstream VEGF signaling by endogenous VEGF, i.e. vascular EC homeostasis/
survival, the other methods proved successful [18,19]. Despite their different conclusions,
intracrine vs. juxtacrine, both studies support the idea that VEGF is inaccessible to anti-
VEGF antibody neutralization.

There may be other reasons for the conflicting results between the published literature and
those we report here. First, it is unclear at least from the data presented by Jin et al. whether
the neutralizing antibody against human VEGF (577B11) [25] that was used is cross-
reactive with bovine VEGF or even functional for that matter as they did not show its effect
directly on VEGFR2 phosphorylation. Secondly, it is possible that neutralizing antibody
directed against VEGF can only bind soluble VEGF, i.e. VEGF121, and can not readily
access cell-associated VEGF, i.e. VEGF165 and VEGF189, especially when sequestered
and protected by heparan sulfates. In the case of exogenously added VEGF165, as was used
in [21] as a positive control, there is no issue of accessibility since there was a 30 min pre-
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incubation period with anti-VEGF. Finally, there is the obvious difference in experimental
model systems used between the two studies. Specifically, our studies were performed in
HCAECs, which we selected based on the observation that all three major VEGF isoforms
are expressed (unpublished results). In contrast, Jin et al. used BAECs, which have been
shown not to express VEGF transcripts [26]. It is possible that bovine and human ECs
respond differently to shear stress and have different mechanisms for eliciting the same
biological pathways.

Another major difference between our findings and the aforementioned study is with regards
to the dependency of downstream signaling on VEGFR2 activation. Whereas Jin et al.
demonstrated that both eNOS and Akt phosphorylation require VEGFR2 activation, we
observed that only eNOS phosphorylation is affected. The inability of VEGFR2
neutralization to affect flow-induced Akt phosphorylation despite attenuating eNOS
phosphorylation is consistent with the findings by Jo and colleagues, who demonstrated that
shear stress stimulates phosphorylation of eNOS by an Akt-independent mechanism [27].
The fact that flow-induced eNOS activation is not completely inhibited by VEGFR2
neutralization indicates that there is still some contribution from an Akt-dependent pathway
[28].

Taken together, our results suggest that flow rapidly induces MMP activity, which in turn
releases bound VEGF from an unidentified heparan sulfate proteoglycan(s) either through
direct cleavage of VEGF [16] or cleavage of heparan sulfates [15]. This cleavage likely
occurs in close proximity to VEGFR2, which allows capture of ligand and subsequent
activation. The proenzyme forms of MMP-7, -9, and -13 as well as the proenzyme and
active forms of MMP-2 have all been shown to bind to heparin [17]. Of these four proteases,
MMP-9, but not MMP-2, is capable of liberating VEGF from heparan sulfates [15], whereas
MMP-13 has been shown to degrade the protein core of a specific HSPG, perlecan [29].
MMP-7 and -9, but not MMP-2 and -13, have been reported to directly cleave murine
VEGF164 [16]. Interestingly, human VEGF seems to be resistant to cleavage by any of the
four heparin-binding MMPs [30], suggesting that direct cleavage of VEGF in our system is
improbable.

We cannot rule out the possibility that flow causes an increased physical association
between VEGFR2 and a putative HSPG that is decorated with growth factors, such as
VEGF, and active protease( s) that function to release them. We would predict an initial
increased association of VEGFR2 with an HSPG in response to flow followed by
dissociation after VEGFR?2 activation. Whatever the case may be, future studies specifically
targeting MMP-9 and/or MMP-13 and HSPGs may provide further insights into
understanding the mechanism(s) of VEGF-dependent VEGFR?2 activation in response to
early flow onset.
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Fig. 1.

Shgear stress induces early onset VEGFR2 activation. Confluent monolayers of HCAECs
were exposed to flow at 14 dynes/cm? for 15 s. Cell lysates were prepared and analyzed by
SDS-PAGE followed by immunoblotting with anti-VEGFR2 and anti-phospho-VEGFR2
antibodies (p-Y1175 and p-Y1214). Sham corresponds to control cells that were mounted on
a flow chamber but not subjected to flow. A representative blot from at least three
independent experiments is shown. Densitometric analyses of tyrosine-specific VEGFR2
phosphorylation is depicted in bar graphs as the fold change relative to sham control with
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sham mean value set to 1. Error bars indicate the standard error of the mean (SEM; N = 4).
*P < 0.05.
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Antibody neutralization abrogates the VEGFR2 shear response. (A) HCAECs were pre-
incubated with purified mouse IgG or mouse anti-VEGFR2 1gG (5 Ig/ml) for 5 min prior to
exposure to 15 s of shear stress. Cell lysates were analyzed by SDS-PAGE followed by
immunoblotting for VEGFR2, p-Y1175, and p-Y1214. A representative blot from at least
three independent experiments is shown. The bar graphs show the quantification of
VEGFR2 phosphorylation as the fold change relative to 1gG-treated sham control with its
mean value set to 1. Error bars indicate SEM (N =5 and N = 6 for p-Y1175 and p-Y1214,
respectively). *P < 0.05, **P < 0.01. (B) HCAECs were subjected to 5 min of shear stress
after pre-incubation (5 min) with either control 1gG or anti-VEGFR2 1gG. Cell lysates were
analyzed for Akt and eNOS phosphorylation by immunoblotting for phospho- Akt (S473)
and phospho-eNOS (S1177). Total Akt and eNOS expression levels were used for
normalization. A representative blot from at least three independent experiments is shown.
Bar graphs show the quantification as the fold change relative to control sham and error bars
indicating SEM (N =5 and N = 4, respectively). *P < 0.05.
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Fig. 3.

VEGF and VEGFR2 proximity is increased with flow. In situ proximity ligation assay
(PLA) was performed using antibodies directed against VEGF and VEGFR2 on HCAECs
that were left untreated (Static) or stimulated with VEGF145 (200 ng/ml) for 5 min, (A) and
on HCAECs that were subjected to no flow (Sham) or step flow for 15 s (B). Representative
confocal images of cells with the indicated treatments are shown. White dots indicate close
proximity of VEGF and VEGFR2. Nuclei are shown in blue. Bar graphs show the
quantification as PLA signal per cell relative to control, which is set to 100%. Error bars
indicate SEM (Sham, N = 40; Flow, N = 41). ***P < 0.0001.
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Fig. 4.
Flow-Induced VEGFR2 phosphorylation is attenuated by MMP inhibition. HCAECs were

subjected to no flow (Sham) or flow for 15 s after pre-incubation (10 min) with the MMP
inhibitor GM6001 or the inactive analogue GM6001NC (negative control). Western blot
analyses were performed on cell lysates to examine VEGFR2 phosphorylation. A
representative blot from at least three independent experiments is shown. Phospho-Y1175
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and phospho-Y 1214 were quantified and depicted in the bar graphs as fold change relative
to control sham with error bars indicating SEM (N = 7). *P < 0.05, **P < 0.01.

Biochem Biophys Res Commun. Author manuscript; available in PMC 2014 June 30.



