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Abstract

Vascular endothelial growth factor (VEGF) can mediate endothelial cell migration, proliferation,
and angiogenesis. During cancer progression, VEGF production is often increased to stimulate the
growth of new blood vessels to supply growing tumors with the additional oxygen and nutrients
they require. Extracellular matrix stiffening also occurs during tumor progression, however, the
crosstalk between tumor mechanics and VEGF signaling remains poorly understood. Here, we
show that matrix stiffness heightens downstream endothelial cell response to VEGF by altering
VEGF receptor-2 (VEGFR-2) internalization, and this effect is influenced by cell confluency. In
sub-confluent endothelial monolayers, VEGFR-2 levels, but not VEGFR-2 phosphorylation, are
influenced by matrix rigidity. Interestingly, more compliant matrices correlated with increased
expression and clustering of VEGFR-2; however, stiffer matrices induced increased VEGFR-2
internalization. These effects are most likely due to actin-mediated contractility, as inhibiting
ROCK on stiff substrates increased VEGFR-2 clustering and decreased internalization.
Additionally, increasing matrix stiffness elevates ERK 1/2 phosphorylation, resulting in increased
cell proliferation. Moreover, cells on stiff matrices generate more actin stress fibers than on
compliant substrates, and the addition of VEGF stimulates an increase in fiber formation
regardless of stiffness. In contrast, once endothelial cells reached confluency, stiffness-enhanced
VEGEF signaling was no longer observed. Together, these data show a complex effect of VEGF and
matrix mechanics on VEGF-induced signaling, receptor dynamics, and cell proliferation that is
mediated by cell confluency.
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Introduction

Angiogenesis, the formation of new blood vessels from pre-existing vessels, is regulated by
a balance between pro- and anti-angiogenic cues. During various diseases, including cancer,
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angiogenesis can become dysregulated [1]. The blood vessels that form around tumors are
hyperpermeable, immature, and organized in tortuous patterns [1,2]. The resulting abnormal
vascular geometries promote chaotic blood flow and high interstitial fluid pressure gradients,
as well as contribute to a hypoxic, acidic tumor core [3]. Together, these features contribute
to inefficient delivery of chemotherapeutics to the tumor. As such, an emerging cancer
treatment strategy seeks to “normalize” the tumor-associated vasculature by restoring the
imbalance between pro- and anti-angiogenic cues to increase the delivery and efficacy of
therapeutics [4].

Elevated levels of pro-angiogenic vascular endothelial growth factor (VEGF) are often
reported in cancer patients, correlating with the degree of malignancy [5]. VEGF is
considered to be a major contributing factor in promoting aberrant tumor vasculature [1,6].
Angiogenesis is predominately mediated through the interaction of VEGF-A with VEGF
receptor-2 (VEGFR-2) [7]. Activation of VEGFR-2, through ligand binding or mechanical
stimuli such as shear stress, requires receptor dimerization and trans-autophosphorylation on
intracellular tyrosine residues [8]. Downstream signals such as focal adhesion kinase (FAK),
extracellular signal-regulated kinase (ERK) 1/2, protein kinase B (PKB/Akt), and
endothelial nitric oxide synthase (eNOS) are then activated and mediate endothelial cell
behaviors including migration, proliferation, survival, and permeability [9].

In addition to the abnormal growth of blood vessels in the tumor microenvironment, many
other microenvironmental changes are known to occur during tumor progression that can
influence tumor growth. One such change is an increase in extracellular matrix (ECM)
stiffness within the tumor due to increased ECM protein production and increased
crosslinking of existing matrix proteins within the tumor stroma [10,11]. Altered matrix
mechanics is known to influence cell behaviors [12,13] mainly through crosstalk between
integrins and the Rho/ROCK pathway [14]. More specifically, matrix stiffness has been
shown to affect endothelial gene expression [15,16], morphology [17-20], outgrowth [21],
traction forces [22-24], and permeability [24-27].

Cellular behavior is determined by the complex integration of numerous chemical and
mechanical cues [28,29]. While some have begun to delineate the pathways of these
chemical and mechanical cues and identify crosstalk mechanisms [30-37], most are not yet
fully understood. Here, the combined effects of matrix rigidity and VEGF stimulation on
endothelial cell behavior were investigated. Our data indicate that ECM stiffness increases
endothelial cell VEGFR-2 internalization and downstream VEGF-stimulated signaling,
proliferation, and stress fiber formation.

Materials and Methods

Cell Culture

Human umbilical vein endothelial cells (HUVECSs) were purchased from Lonza
(Walkersville, MD). They were maintained and plated at 37°C and 5% CO5 in endothelial
growth medium (EGM; Lonza) supplemented with the EGM BulletKit™ (2% v/v FBS,
Bovine Brain Extract, Ascorbic Acid, Hydrocortisone, Epidermal Growth Factor,
Gentamicin/Amphotericin-B; Lonza). HUVECs were used at passage 4 for all experiments.
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Polyacrylamide Gel Fabrication

Polyacrylamide (PA) gels were fabricated as described elsewhere [18,22,38]. Briefly, the
ratio of acrylamide (40% w/v; Bio-Rad, Hercules, CA) and bis-acrylamide (2% w/v; Bio-
Rad) was varied to tune gel stiffness from 1 to 10 kPa to mimic vascular and tumorous tissue
as described previously [22,26,39]. Gels were coated with either 0.1 mg/ml collagen type |
(BD Biosciences, San Jose, CA) or fibronectin (Thermo Fisher Scientific, Waltham, MA).

Western Blot

The seeding density of HUVECSs atop PA gels or collagen-coated glass coverslips was
optimized to achieve either 50-70% confluency after one day or full confluence after 2—4
days. Cells were stimulated with 5 ng/ml human recombinant VEGF g5 (R&D Systems,
Minneapolis, MN) for the desired time, rinsed with ice cold phosphate buffered saline
(PBS), and lysed with 6x SDS sample buffer (4x Tris-CI/SDS, pH 6.8, 30% v/v glycerol,
10% w/v SDS, 0.09% v/v 2-mecaptoethanol, and 0.012% w/v Bromophenol Blue) [40]. For
Western blotting, lysates were run with 8% w/v acrylamide gels on a Mini-PROTEAN Tetra
System (Bio-Rad) and electrotransferred onto a PVDF membrane (Bio-Rad). Membranes
were blocked in 5% w/v BSA (Sigma-Aldrich, St. Louis, MO) or milk (Nestle) in 0.1% v/v
Tris-buffered saline (TBS)-polyoxyethylene 20 sorbitan monolaurate (Tween; JT Baker,
Phillipsburg, NJ) for 1 h. Membranes were then incubated overnight at 4°C with antibodies
against phosphorylated VEGFR-2 (p-VEGFR-2) at Y1175 (1:1000; #3770; Cell Signaling
Technology, Beverly, MA) or phosphorylated ERK 1/2 (p-ERK 1/2) at T202/Y204 (1:2000;
#9106; Cell Signaling Technology). Goat anti-mouse or goat anti-rabbit horse-radish-
peroxidase (HRP)-conjugated antibodies (1:2000; Rockland Immunochemicals, Limerick,
PA) were incubated for 1 h at room temperature. After the addition of SuperSignal ™
chemiluminescent substrate (Thermo Fisher Scientific), blots were imaged using a FujiFilm
ImageQuant LAS-4000 (FujiFilm Life Science). Following imaging, membranes were
stripped with Restore Stripping Buffer (Thermo Fisher Scientific), re-blocked, and probed
with antibodies against total VEGFR-2 (1:1000; #sc-6251; Santa Cruz Biotechnology, Santa
Cruz, CA) or total ERK 1/2 (1:1000; #9102; Cell Signaling Technology) followed by goat
anti-mouse or goat anti-rabbit HRP-conjugated secondary antibodies (1:2000; Rockland
Immunochemicals). Lastly, a-tubulin (1:20,000; #05-829; Millipore, Billerica, MA) was
stained as a loading control. Densitometry analysis was performed in ImageJ.

VEGFR-2 Immunofluorescence and Analysis

HUVECs were pretreated with Y-27632 (5 uM; BioVision, Milpitas, CA) or DMSO vehicle
(Sigma-Aldrich) for 12 h. Cells were stimulated with 5 ng/ml VEGF (R&D Systems) for 15
min, rinsed with PBS, and then immediately fixed with 3.2% v/v paraformaldehyde
(Electron Microscopy Systems, Hatfield, PA) for 10 min. After being washed with 0.02%
v/v Tween (JT Baker) in PBS, HUVECSs were permeabilized with 0.1% v/v Triton X-100
(JT Baker) in PBS with 5% v/v donkey serum (Millipore) for 20 min. Cells were blocked in
5% v/v donkey serum (Millipore) in PBS for 1 h and then incubated with VEGFR-2
antibody (1:50; #ab9530; Abcam, Cambridge, MA) in 0.01% v/v Triton X-100 (JT Baker),
5% viv donkey serum (Millipore) in PBS overnight at 4°C. Alexa Fluor 488 donkey anti-
mouse antibody (1:200; Thermo Fisher Scientific) was incubated for 1 h. Nuclei were
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counterstained with 4”,6-diamidino-2-phenylindole (DAPI; 1:500; Thermo Fisher
Scientific). To image, gels were inverted onto a drop of Vectashield™ Mounting Media
(\Vector Laboratories, Burlingame, CA) placed on a thin coverslip (No. 1, 48x65 mm,
Thermo Fisher Scientific). Fluorescent z-stack images of each sample were acquired with a
40x water-immersion objective on a Zeiss LSM 700 confocal microscope on a Zeiss Axio
Observer Z1 inverted stand (Carl Zeiss, Oberkochen, Germany). Images are presented as
maximum intensity projections of z-stacks, unless otherwise stated. For analysis, cells were
outlined in ImageJ and mean fluorescence intensity was measured. Additionally, the average
number and size of VEGFR-2 clusters was calculated in ImageJ by thresholding images,
analyzing particles, and normalizing per nucleus.

Colocalization of VEGFR-2 with EEA-1

Sub-confluent HUVECs were seeded on 1 and 10 kPa collagen-coated gels. One day post
seeding, cells were pretreated with 5 pM Y-27632 (BioVision) or DMSO vehicle (Sigma-
Aldrich) for 12 h. Following 15 min VEGF (R&D Systems) incubation, cells were fixed and
co-stained with VEGFR-2 primary antibody (1:50; #ab9530; Abcam) and early endosomal
antigen-1 (EEA-1) primary antibody (1:50; #ab2900; Abcam) as described above. Alexa
Fluor 488 donkey anti-mouse and Alexa Fluor 568 donkey anti-rabbit secondary antibodies
(1:200; Thermo Fisher Scientific) were utilized. Cells were counterstained with DAPI
(1:500; Thermo Fisher Scientific) to visualize nuclei. Gels were inverted onto glass
coverslips and a z-stack image of each sample was captured using a Zeiss LSM 700 confocal
microscope equipped with a 40x water-immersion objective. Analysis was performed
utilizing a custom-written Matlab code previously described [23] with slight modifications.
Briefly, VEGFR-2 and EEA-1 z-stack images were converted into image sequences in
ImageJ. In Matlab, image sequences were subjected to an adaptive Weiner filter (0.78 um
filtering window) to remove background noise, then image sections with structures
presenting a signal-to-noise ratio greater than 2:1 were subjected to a top-hat filter (0.78 um
diameter disc). A median filter (0.63 um filtering window) was applied to correct for
variations in intensity. VEGFR-2 and EEA-1 colocalization was quantified by overlaying
corresponding VEGFR-2 and EEA-1 filtered images to generate a 3D overlapping volume
data. The number of colocalization events for each image was then normalized per cell.

Surface-Bound VEGFR-2 Immunofluorescence

Sub-confluent HUVECs were pretreated with 5 pM Y-27632 (BioVision) or DMSO vehicle
(Sigma-Aldrich) for 12 h and then stimulated with 5 ng/ml VEGF (R&D Systems) for 15
min. Cells were fixed and stained with VEGFR-2 (1:50; #ab9530; Abcam) as described
above, however, omitting cell permeabilization with Triton X-100 and wash steps involving
Tween to visualize only membrane-bound VEGFR-2. Nuclei were counterstained with DAPI
(1:500; Thermo Fisher Scientific). Fluorescent images were captured with a 40x water-
immersion objective on a Zeiss LSM 700 confocal microscope. The number of VEGFR-2
clusters on the cell surface was calculated in ImageJ as described previously, and reported
per cell.
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Proliferation Assay

One day post seeding, sub-confluent HUVECs were serum starved in EBM (Lonza) for 24 h.
PD98059 (10 or 20 uM; Cell Signaling Technology) or DMSO vehicle (Sigma-Aldrich) was
added to the cells for the final hour of serum starving. Cells were stimulated with 5 ng/ml
VEGF (R&D Systems) in 0.1% v/v FBS in EBM for 20 h. 10 uM 5-ethynyl-2”-deoxyuridine
(EdU; Thermo Fisher Scientific) was added for 4 h and cells were fixed with 3.7% v/v
formaldehyde (Alfa Aesar, Ward Hill, MA) for 15 min. HUVECSs were stained with the
Click-iT EdU Kit (Thermo Fisher Scientific) following the manufacturer’s instructions and
nuclei were counterstained with DAPI (Thermo Fisher Scientific). Cells were imaged with a
10x objective on a Zeiss Axio Observer Z1 inverted phase-contrast microscope (Carl Zeiss)
with a Hamamatsu ORCA-ER camera. The percentage of EdU incorporation was calculated
as the ratio of EdU positive cells to the total number of cells. Cell counts from 15
representative fields of view are also reported.

Actin Stress Fiber Immunofluorescence

Sub-confluent HUVECs seeded on collagen-coated 1 and 10 kPa PA gels were stimulated
with 5 ng/ml VEGF (R&D Systems) for 15 min and then fixed with 3.7% v/v formaldehyde
(Alfa Aesar) for 10 min. Cells were washed with 0.02% v/v Tween (JT Baker) in PBS and
permeabilized for 5 min with 1% v/v Triton X-100 (JT Baker) in PBS before being
incubated with Alexa Fluor 488 phalloidin (1:100; Thermo Fisher Scientific) and DAPI
(1:500; Thermo Fisher Scientific) for 30 min at room temperature. Fluorescent z-stack
images were obtained with a Zeiss LSM 700 confocal microscope on a Zeiss Axio Observer
Z1 inverted stand (Carl Zeiss) equipped with a 40x water-immersion objective. The average
number of stress fibers per cell was quantified using the ImageJ Tubeness plugin, as
described previously [41].

Statistical Analysis

Results

All analyses were performed using GraphPad Prism 7 (GraphPad Software, La Jolla, CA) or
Excel 2016 (Microsoft, Redmond, WA). Where appropriate, student’s #tests or parametric
one-way or two-way ANOVAs with post hoc Tukey’s honest significant difference test were
performed. P < 0.05 was considered statistically significant. All values are presented as
mean + standard error (SE).

Matrix stiffness enhances VEGF-induced VEGFR-2 response in sub-confluent endothelial

monolayers

To investigate the interplay of signaling pathways activated by both VEGF and ECM
stiffness, we first probed VEGFR-2 activation. To represent healthy blood vessels, sub-
confluent HUVECs were cultured on 1 kPa PA substrates [42]. Since matrix stiffening
occurs during tumor progression [10,11], 10 kPa gels were utilized to mimic tumor tissue.
After HUVECSs were seeded onto 1 and 10 kPa gels and subjected to 5 min of 5 ng/ml
VEGF stimulation, activated VEGFR-2 levels (ratio of Y1175 phosphorylated VEGFR-2 (p-
VEGFR-2) to total VEGFR-2) was significantly increased on stiffer matrices (Figure 1A—
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B,D-E). This response was independent of whether the cells were cultured on collagen-
coated (Figure 1A-C) or fibronectin-coated (Figure 1D-F) matrices, although the magnitude
of the response was much more robust for cells cultured on collagen. Interestingly, no
changes were observed in the level of p-VEGFR-2 relative to the housekeeping gene a-
tubulin (Figure 1C,F), demonstrating no stiffness-mediated changes in the level of p-
VEGFR-2 in HUVECs.

Next, we investigated VEGFR-2 expression with and without VEGF simulation as a
function of ECM stiffness. Sub-confluent cells on stiffer substrates had significantly less
VEGFR-2 compared to compliant matrices both without VEGF treatment (control) and after
15 min VEGF treatment (VEGF; Figure 2A-B). Additionally, we observed a decrease in
VEGFR-2 expression after 15 min for both stiffness values tested (Figure 2A-B). However,
the fold decrease in VEGFR-2 levels after stimulation with VEGF (VEGF/control) was
independent of ECM stiffness (Figure 2B). These results confirm the findings of Mammoto
et al. [15] which demonstrated that matrix stiffness modulates VEGF-independent VEGFR-2
expression in endothelial cells cultured on fibronectin-coated PA substrates and further
suggest a decrease in VEGFR-2 following VEGF stimulation.

The addition of VEGF to endothelial cells rapidly initiates VEGFR-2 endocytosis, an
important step in downstream VEGF signaling [43,44]. Since endocytosis in stem cells can
be influenced by matrix stiffness [45], we sought to determine the effect of stiffness on
VEGF-stimulated VEGFR-2 endocytosis in endothelial cells. Cells cultured on 1 and 10 kPa
collagen-coated PA gels were subjected to 15 min VEGF stimulation, fixed, and
immunostained for VEGFR-2 (Figure 2C). Indeed, total fluorescent intensity of VEGFR-2
significantly decreased with increasing matrix stiffness (Figure 2D). Total fluorescent
intensity of VEGFR-2 also decreased following VEGF stimulation at each stiffness (Figure
2D). Moreover, VEGF treatment induced VEGFR-2 clustering (Figure 2C, arrows), where
the average size of VEGFR-2 clusters increased with VEGF stimulation regardless of ECM
stiffness (Figure 2E), suggesting receptor aggregation and packaging for endocytosis [43].
VEGFR-2 clusters were more numerous and larger in size following VEGF treatment in
cells on more compliant substrates compared to cells on stiffer substrates (Figure 2E-F). The
fold change in VEGFR-2 cluster size, but not intensity or cluster number, from the addition
of VEGF (VEGF/control) increased on stiff matrices compared to compliant substrates
(Figure S1), indicating stiffness increased cluster size in response to VEGF but not the
number or intensity of clusters. Since matrix stiffness has been shown to regulate cell
behavior and signaling via the Rho/ROCK pathway [22,30], we also investigated its role in
VEGFR-2 localization and clustering. Pretreatment of HUVECs on 10 kPa gels with
Y-27632, a ROCK inhibitor [46], abrogated the reduced VEGFR-2 signal, cluster size, and
cluster number compared to untreated cells on stiff substrates (Figure 2C—F). Cells on stiff
substrates that were treated with Y-27632 exhibited VEGFR-2 clustering that resembled the
clustering seen on more compliant matrices.

To further investigate the role of matrix stiffness on VEGFR-2 trafficking within our system,
we probed VEGFR-2 colocalization with an early endosomal marker, early endosomal
antigen-1 (EEA-1) [44,47]. Sub-confluent endothelial cells cultured on compliant and stiff
collagen-coated gels were stimulated with VEGF for 15 min, fixed, and immunostained for
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VEGFR-2 and EEA-1 (Figure 3A). In the absence of VEGF stimulation (control), a
significant increase in VEGFR-2 colocalization with EEA-1 was observed in cells seeded on
stiff matrices (Figure 3B), indicating increased VEGFR-2 internalization on stiff substrates.
Furthermore, after stimulation with VEGF, VEGFR-2 and EEA-1 colocalization increased
further (Figure 3B), indicating rapid VEGF-induced VEGFR-2 endocytosis. However, the
fold change in VEGFR-2 and EEA-1 colocalization with without VEGF treatment (control)
compared to VEGF treatment was independent of matrix stiffness (Figure S2A). In addition,
VEGFR-2 levels on the cell membrane were measured in non-permeabilized cells under all
conditions (Figure 3C). As expected, decreased levels of cell surface-bound VEGFR-2 were
observed as a function of ECM stiffness and VEGF treatment (Figure 3D), correlating with
an increase in VEGFR-2 and EEA-1 colocalization (Figure 3B). The fold change due to
VEGF stimulation was not significantly different between any conditions (Figure S2B)
revealing no difference in VEGF responsiveness with stiffness, but that changes in receptor
internalization are stiffness-mediated regardless of treatment. Since Rho/ROCK signaling
affected receptor clustering (Figure 2), we investigated the role of Rho/ROCK signaling in
VEGFR-2 internalization. Cells were cultured on 10 kPa gels and pretreated with Y-27632
before exposure to 15 min VEGF stimulation. Inhibiting ROCK reduced VEGFR-2
colocalization with EEA-1 (Figure 3B), indicating reduced receptor internalization and
increased VEGFR-2 remaining on the cell surface. However, the levels were still
significantly lower than those in cells cultured on 1 kPa gels (Figure 3D). Together, these
data suggest a vital role of matrix mechanics in VEGFR-2 endocytosis and trafficking in
endothelial cells.

It has previously been shown that VEGFR-2 is negatively regulated at cell-cell junctions to
maintain contact inhibition and prevent VEGF-induced overproliferation [47,48]. Therefore,
we investigated the influence of matrix stiffness on VEGFR-2 signaling in a confluent
monolayer. HUVECs were seeded on 1 and 10 kPa gels and grown to full confluence before
stimulating with 5 ng/ml VEGF. Interestingly, VEGFR-2 phosphorylation and total
VEGFR-2 levels did not differ with increased matrix stiffness (Figure 4A-D) as seen in sub-
confluent cells (Figure 1,2), indicating that the effects of matrix stiffness on activated and
total VEGFR-2 levels following VEGF stimulation are sensitive to monolayer confluence.

Matrix mechanics regulate VEGF-mediated ERK 1/2 signaling and proliferation in sub-
confluent cells

Given our results indicating that matrix stiffness alters VEGFR-2 activation in sub-confluent
endothelial cells, we investigated its effects on downstream signals and proliferation as a
phenotypic output. ERK 1/2 is a common downstream effector molecule activated by both
VEGF and matrix stiffness pathways [9,14], and VEGF promotes endothelial proliferation
[48-55] in an ERK-dependent manner [9,52]. We cultured HUVECS on soft and stiff PA
gels to 50-70% confluence. When stimulated with 5 ng/ml VEGF, ERK 1/2 phosphorylation
increased on stiff substrates after 5 min to a greater extent than the activation detected on
compliant substrates (Figure 5A-C). Since ERK signaling mediates proliferation, S-phase
cells were labelled and enumerated after 24 h VEGF treatment to determine whether
proliferation is affected. Quantification of the percentage of proliferating (EdU positive)
cells revealed that, without any exogenous VEGF added, HUVECs displayed a 2.4-fold
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increase in proliferation on stiffer gels compared to more compliant matrices (Figure 5D). In
addition, proliferation increased more than two-fold on both compliant and stiff matrices
following 5 ng/ml VEGF treatment (Figure 5D). Preincubation of cells with PD98059, an
ERK 1/2 inhibitor, significantly decreased proliferation of endothelial cells cultured on both
compliant and stiff substrates in a dose-dependent manner (Figure 5D). Similarly, a 3.5-fold
increase in cell count was observed with increasing stiffness without VEGF treatment
(Figure 5E). With VEGF stimulation cell numbers significantly increased, but PD98059
pretreatment diminished this effect (Figure 5E). To test if the increase observed in cell
proliferation for HUVECs on 10 kPa gels following VEGF stimulation was a result of
synergism between the individual stimuli, the response was compared to the sum of the
response magnitude for stiffness and VEGF separately. Our results indicate that the
combined effect of increasing matrix stiffness and adding VEGF simultaneously was not
greater than the sum of the responses from each individual cue (Figure 5D-E), suggesting a
complex interaction of these pathways on endothelial proliferation rate and cell counts.

After observing differential VEGFR-2 signaling in sub-confluent compared to confluent
cells (Figures 1,4), we investigated the effect of confluency on ERK 1/2. HUVECs were
seeded on 1 or 10 kPa gels and grown to confluence. When probed for ERK 1/2
phosphorylation and total ERK 1/2 levels in response to VEGF stimulation, we did not
detect a change in ERK 1/2 signal as a function of matrix stiffness (Figure 6A-D), unlike the
response we observed in sub-confluent cells (Figure 5A-B). These data suggest that the
VEGF-induced response of both VEGFR-2 and ERK 1/2 is dependent upon monolayer
confluency.

Matrix stiffness and VEGF stimulate actin stress fiber formation in endothelial cells

VEGF has been shown to induce the formation of actin stress fibers in endothelial cells
cultured on glass or plastic [56,57]. To investigate the role of matrix stiffness in VEGF-
mediated stress fiber formation, sub-confluent endothelial monolayers seeded on 1 and 10
kPa gels were subjected to 5 ng/ml VEGF stimulation for 15 min, fixed, and stained for actin
(Figure 7A). Quantification of control conditions revealed a more than three-fold increase in
the number of stress fibers per cell on stiffer gels compared to more compliant substrates
(Figure 7B), as has been previously observed [58]. Moreover, adding VEGF increased the
actin intensity (Figure 7A) as well as increased the number of fibers more than 1.3-fold for
each gel stiffness (Figure 7B). Together, HUVECs on stiff gels with VEGF treatment
displayed over a fourfold increase in the number of stress fibers compared to cells on
compliant substrates without VEGF stimulation (Figure 7B). While comparing the increase
in stress fiber formation due to stiffness with the increase in stress fiber formation due to
VEGF, our results indicate that the effects of both stiffness and VEGF were approximately
additive (Figure 7B), suggesting a complementary, non-competitive enhancement from each
signaling pathway.

Discussion

Since VEGEF signaling and altered matrix mechanics are both integral parts of tumor
progression, specifically tumor angiogenesis, and signal through similar pathways, we

Converg Sci Phys Oncol. Author manuscript; available in PMC 2018 November 29.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

LaValley et al.

Page 9

sought to study their cooperative effects on endothelial cell behavior. Our data indicate that
ECM stiffness increases VEGFR-2 internalization, which heightens downstream VEGF
response and signaling, specifically ERK 1/2 phosphorylation, cell proliferation, and the
formation of actin stress fibers, in sub-confluent endothelial cells.

Matrix stiffness is an important regulator of endothelial cell behavior [13,16-27] and more
recently, matrix mechanics have also been shown to alter protein expression [15,16,31,59].
Importantly, Mammoto et al. [15] observed that increasing ECM stiffness elicits a VEGF-
independent, biphasic response in VEGFR-2 levels due to stiffness-mediated regulation of
VEGFR-2 transcription factors. In the present study, we also found that VEGFR-2 levels are
sensitive to matrix stiffness in HUVECs, further supporting stiffness-mediated control of
receptor expression. We observed different levels of VEGFR-2 phosphorylation to total
VEGFR-2 with stiffness, but we would not expect complete receptor occupancy to occur
with the conditions in our system [60-62]. Notably, we did not observe changes in
VEGFR-2 phosphorylation levels as a function of matrix stiffness compared to the total
cellular protein content. This finding suggests that ECM compliance does not influence
VEGFR-2 responsiveness to VEGF stimulation. However, at increased levels of VEGF
treatment where complete receptor occupancy occurs at each matrix stiffness, different
response and signaling may be observed.

VEGF stimulation promotes VEGFR-2 endocytosis [43,44], and our data also indicate
increased VEGFR-2 clustering and decreased total VEGFR-2 levels following VEGF
treatment. This correlates with increased VEGFR-2 colocalization with EEA-1 and reduced
surface-bound VEGFR-2 levels. However, no significant change in response to VEGF
treatment was observed with changes in matrix stiffness. Interestingly, in the absence of
exogenous stimuli, we did detect significantly increased VEGFR-2 internalization in cells
cultured on stiff matrices compared to compliant substrates, as well as elevated downstream
signaling, cell proliferation, and actin stress fiber formation following VEGF treatment.
Together, these findings demonstrate that changes in receptor internalization are VEGF-
independent but stiffness-mediated.

It is known that matrix stiffening influences cell contractility via Rho/ROCK signaling
[22,63]. Elevated Rho activity is observed in endothelial cells cultured on stiff substrates
compared to compliant matrices [22,23] and inhibiting ROCK with Y-27632 treatment
reduces endothelial cell contractility [22]. Previously, others have probed the interactions of
signaling pathways involving VEGF and Rho/ROCK and found that VEGF induces Rho
activation [27,57] and its membrane recruitment [57]. Y-27632 pretreatment disrupts VEGF-
induced endothelial cell migration [27,57], angiogenesis [27], and permeability [27]. Here,
we show an additional role of Rho/ROCK signaling in VEGF-independent VEGFR-2
clustering and internalization. We demonstrate that increased matrix stiffness decreased
VEGFR-2 intensity, cluster size, and cluster number compared to compliant matrices,
suggesting more VEGFR-2 clusters are endocytosed on stiff substrates. Indeed, matrix
stiffness also significantly increased VEGFR-2 and EEA-1 colocalization, indicating
elevated VEGFR-2 internalization. These results suggest that VEGFR-2 internalization is
more active on stiff substrates compared to compliant matrices. Since internalization is
required for many downstream VEGF signaling events including ERK 1/2 phosphorylation
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[9,44], increased internalization provides a possible explanation for enhanced proliferation
and behavior, such as the formation of stress fibers seen on stiff substrates following VEGF
treatment. Notably, Y-27632 treatment abrogated the stiffness-mediated decrease in
VEGFR-2 intensity, cluster size, and cluster number initially observed in endothelial cells on
stiff substrates, as well as VEGFR-2 packaging into EEA-1-positive endocytic vesicles in
endothelial cells. Together, our data indicate that, even in the absence of exogenous VEGF
ligand, Rho/ROCK signaling is at least partially involved in the stiffness-mediated changes
in VEGFR-2 internalization and downstream signaling we observe. This suggests that
increased Rho/ROCK signaling could modify or enhance the molecular interactions of
VEGFR-2 with integrins or other associated intracellular signaling molecules, resulting in
altered VEGF-stimulated endocytosis and downstream signaling.

However, others have observed decreased VEGFR-2 internalization in bovine aortic
endothelial cells cultured on compliant substrates [37]. Strikingly, this study observed
reduced B1 integrin activation with increasing matrix stiffness, whereas many others report
heightened integrin activation and signaling as a function of ECM stiffness [10,14,42,64],
which could contribute to the differences in results. Utilizing a different gel system and
endothelial cell type, our data show that HUVECs display enhanced VEGFR-2
internalization and VEGF-stimulated downstream signaling with elevated matrix stiffness.

Matrix stiffness is known to promote Rho-mediated endothelial proliferation [58,65,66]. In
agreement with other studies, we report elevated proliferation of sub-confluent endothelial
cells cultured on stiff substrates compared to compliant matrices without VEGF treatment,
which was reduced by inhibiting ERK 1/2. VEGF has also been shown to stimulate
endothelial proliferation [48-55], primarily mediated though VEGFR-2 signaling [9]. While
integrating multiple cues, our results indicate increased ERK 1/2 activation and proliferation
in endothelial cells on stiff matrices following VEGF treatment. PD98059, an ERK 1/2
inhibitor, has previously been shown to inhibit VEGF-induced proliferation of HUVECs
[49-51] and other endothelial cell types [48,52,53] cultured on glass or plastic. Further, our
data demonstrate that PD98059 treatment reduced proliferation following VEGF stimulation
of endothelial cells cultured on both compliant and stiff substrates. Since VEGFR-2 is
internalized prior to ERK 1/2 activation [9,44], our data suggests that increased matrix
stiffness promotes VEGFR-2 internalization, resulting in elevated ERK 1/2 phosphorylation
and cell proliferation. Together, this suggests that aberrant Rho/ROCK signaling in the
tumor microenvironment may modify the normal interaction between Rho/ROCK and ERK
1/2 pathways during healthy angiogenesis [66] to promote sustained ERK 1/2 activation
[67], resulting in elevated proliferation during cancer.

Another downstream response to VEGF stimulation in endothelial cells is the formation of
actin stress fibers. Cells form actin stress fibers when they encounter a mechanical force, and
their formation is essential to cell adhesion and migration. As such, we also investigated
changes in the cytoskeleton and actin stress fiber formation at different matrix stiffness to
evaluate the role of matrix mechanics in VEGF-induced signaling. Previously, Yeh and
colleagues [58] observed increased actin intensity in endothelial cells cultured on stiff gels
compared to compliant matrices. Our data further support stiffness-enhanced fiber formation
without VEGF treatment and quantify the average number of stress fibers per cell.
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Additionally, VEGF stimulation triggers stress fiber formation in endothelial cells within our
system and others [56,57]. Since stress fiber formation also requires VEGFR-2
internalization, this suggests that cells cultured on stiffer substrates display an enhanced
number of fibers due to more receptor internalization compared to compliant substrates.

Previously, others have also observed changes in intracellular signaling [68—72] and cell
morphology and behavior [48,73,74] as monolayers reach confluence. Importantly, the
relationship between VE-cadherin, an adherens junctional protein whose activity is highly
upregulated as endothelial cells establish cell-cell contacts [75], and VEGFR-2 has been
studied extensively [47,48,76,77]. In the absence of a stimulus, VE-cadherin binds
VEGFR-2 to reinforce its inactive state [8] while being continuously endocytosed and
recycled back to the membrane [78]. With the addition of VEGF to sub-confluent
endothelial cells, VE-cadherin is phosphorylated and endocytosed to downregulate its
activity, allowing VEGFR-2 activation [76,77]. Upon reaching confluence, VE-cadherin
inhibits VEGF-stimulated endothelial proliferation by associating with VEGFR-2,
dramatically decreasing its internalization and signaling [47,48]. In the present study, we did
not observe stiffness-enhanced signaling in confluent cells, suggesting that matrix stiffening
does not overcome the negative regulation from VE-cadherin in our system.

Conclusions

The individual impacts of VEGF and matrix stiffness on endothelial behavior have been
previously investigated, however their concerted efforts are less well understood. Here, we
show enhanced VEGFR-2 endocytosis and downstream VEGF-induced ERK 1/2 signaling,
cell proliferation, and formation of stress fibers in endothelial cells cultured on stiffer
substrates. This work helps to provide a possible mechanism to explain several observations
about stiffness-mediated activation of growth factor receptors. Importantly, identifying
mechanistic crosstalk and subsequent behavioral effects may aid in developing therapeutics
to combat their dysregulation during diseases such as cancer.
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Figure 1.
Matrix stiffness enhances VEGF-induced VEGFR-2 response in endothelial cells

independently of ECM protein type. (A—C) Sub-confluent HUVECs cultured on collagen-
coated gels were stimulated with 5 ng/ml VEGF for the indicated amounts of time and
probed for Y1175 VEGFR-2 phosphorylation and VEGFR-2 expression using a Western
blot (A) with corresponding densitometry quantification (B—-C). (D-F) Same as in (A-C)
but HUVECs were cultured on fibronectin-coated substrates and analyzed for p-VEGFR-2
and VEGFR-2 using Western blot (D) and densitometry (E-F). a-tubulin was used as a
loading control. Plots are mean + SE. N = 3 independent sets of lysates. * p<0.05 from
student’s £test. N.S. not significant.
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Figure 2.
VEGFR-2 expression level and clustering decreases with the addition of VEGF and as a

function of ECM stiffness. (A—B) Sub-confluent HUVECs seeded atop collagen-coated gels
were stimulated with 5 ng/ml VEGF for the indicated times and probed for VEGFR-2
expression by Western blot (A) and normalized VEGFR-2 densitometry (B). The fold
change (VEGF/control) in densitometry quantification is also reported. a-tubulin was used
as a loading control. Plots are mean + SE. N = 3 independent sets of lysates. # p<0.05, ###
p<0.001 compared to control sample at each stiffness. * p<0.05, *** p<0.001. (C) Sub-
confluent endothelial cells cultured on collagen-coated 1 kPa, 10 kPa, or 10 kPa gels
pretreated with 5 UM Y-27632 were cultured under control conditions (upper panel) or
incubated with 5 ng/ml VEGF for 15 min (lower panel) and immunostained for VEGFR-2.
Insert is a 3x zoom of the boxed region. Arrows indicate VEGFR-2 clusters formed after
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VEGF treatment. Images were acquired with identical exposure settings (Scale bars, 20 um).
Quantification of normalized fluorescence intensity (D), average VEGFR-2 cluster size (E),
and the average number of VEGFR-2 clusters per cell (F) for each condition. Plots are mean
+ SE. N =5 independent experiments, at least 30 cells per condition. * p<0.05, ** p<0.01,
*** n<0.001 from ANOVA with post hoc Tukey’s test. N.S. not significant.
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Figure 3.

Matrix stiffness and VEGF stimulation foster VEGFR-2 colocalization with EEA-1 and
decrease cell surface VEGFR-2 levels in endothelial cells. (A) Sub-confluent HUVECs on 1
kPa, 10 kPa, or 10 kPa collagen-coated gels with Y-27632 pretreatment were cultured under
control conditions (left panels) or stimulated with 15 min VEGF (right panels) and then co-
stained for VEGFR-2 and EEA-1. Insert is a 3x zoom of the boxed region. Images were
acquired with identical exposure settings (Scale bars, 20 um). (B) The average number of
VEGFR-2 and EEA-1 colocalization events per cell compared to control conditions. Plots
are mean + SE. N = 3 independent experiments, at least 30 cells per condition. (C) Non-
permeabilized HUVECs were stained for VEGFR-2 following exposure to control
conditions (left panel) or 15 min VEGF treatment (right panel) to visualize receptors located
on the cell surface. Insert is a 3x zoom of the boxed region. Arrows indicate VEGFR-2
clusters formed after VEGF stimulation. Images were captured with identical exposure
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settings (Scale bars, 20 um). (D) Quantification of the average number of membrane-bound
VEGFR-2 clusters per condition. Plots are mean + SE. N = 3 independent experiments, at
least 30 cells per condition. * p<0.05, ** p<0.01, *** p<0.001 from ANOVA with post hoc
Tukey’s test. N.S. not significant.
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Figure 4.

Matrix stiffness does not influence VEGF-induced VEGFR-2 phosphorylation in confluent
endothelial monolayers. (A-D) Confluent HUVECs on collagen-coated PA gels or glass
were stimulated with 5 ng/ml VEGF for the indicated amounts of time, lysed, and analyzed
for Y1175 p-VEGFR-2 and VEGFR-2 expression using a Western blot (A) and densitometry
quantifications (B-D). a-tubulin was used as a loading control. Plots are mean = SE. N = 3
independent sets of lysates. N.S. not significant.
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Figure 5.
Matrix mechanics regulate VEGF-mediated ERK 1/2 phosphorylation and proliferation in

sub-confluent cells. (A—C) HUVECSs cultured on collagen-coated gels were analyzed
following 5 ng/ml VEGF treatment for T202/Y204 ERK 1/2 phosphorylation and ERK 1/2
expression through Western blot (A) and densitometry (B—C). a-tubulin was used as a
loading control. Plots are mean + SE. N = 3 independent sets of lysates. (D) Sub-confluent
HUVEC proliferation after being stimulated with 5 ng/ml VEGF for 24 h with or without
PD98059 pretreatment as determined by Click-iT EdU staining. Percentages relative to total
cell number. N = 3 independent experiments, at least 300 cells per condition. (E) Average
cell count from 15 representative fields of view. Plots are mean = SE. N = 3 independent
experiments. * p<0.05, ** p<0.01, *** p<0.001 from ANOVA with post hoc Tukey’s test.
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Figure 6.
VEGF-induced ERK 1/2 phosphorylation is not influenced by ECM compliance in confluent

endothelial cells. (A-D) Following 5 ng/ml VEGF stimulation for the indicated amounts of
time, confluent HUVECSs on various stiffness collagen-coated gels or glass were probed for
T202/Y204 ERK 1/2 phosphorylation and ERK 1/2 expression using a Western blot (A) and
corresponding densitometry analysis (B-D). a-tubulin was used as a loading control. Plots
are mean + SE. N = 3 independent sets of lysates. N.S. not significant.
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Figure 7.

Matrix stiffness and VEGF stimulate actin stress fiber formation in endothelial cells. (A)
Phalloidin staining and corresponding fluorescence intensity heat maps of sub-confluent
HUVECSs on 1 or 10 kPa collagen-coated substrates under control conditions (upper panel)
or 15 min VEGF stimulation (lower panel). Cells were counterstained with DAPI. Heat
maps represent low (0) to high (1) intensity (A.U.). Insert is a 3x zoom of the boxed region.
Images were acquired with identical exposure settings (Scale bars, 20 um). (B)
Quantification of the average number of stress fibers per cell for each condition. Plot is mean
+ SE. N = 3 independent experiments, at least 30 cells per condition. * p<0.05, *** p<0.001
from ANOVA with post hoc Tukey’s test.
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