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ARTICLEINFORMATION ABSTRACT

Article Chronology: Angiogenesis is regulated by both soluble growth factors and cellular interactions with the extracellular
Received 25 January 2011 matrix (ECM). While cell adhesion via integrins has been shown to be required for angiogenesis, the
Revised version received 10 May 2011 effects of quantitative changes in cell adhesion and spreading against the ECM remain less clear. Here, we
Accepted 10 May 2011 show that angiogenic sprouting in natural and engineered three-dimensional matrices exhibited a
Available on line 18 May 2011 biphasic response, with peak sprouting when adhesion to the matrix was limited to intermediate levels.

Examining changes in global gene expression to determine a genetic basis for this response, we
demonstrate a vascular endothelial growth factor (VEGF)-induced upregulation of genes associated with
vascular invasion and remodeling when cell adhesion was limited, whereas cells on highly adhesive
surfaces upregulated genes associated with proliferation. To explore a mechanistic basis for this effect,
we turned to focal adhesion kinase (FAK), a central player in adhesion signaling previously implicated in
angiogenesis, and its homologue, proline-rich tyrosine kinase 2 (Pyk2). While FAK signaling had some
impact, our results suggested that Pyk2 can regulate both gene expression and endothelial sprouting
through its enhanced activation by VEGF in limited adhesion contexts. We also demonstrate decreased
sprouting of tissue explants from Pyk2-null mice as compared to wild type mice as further confirmation
of the role of Pyk2 in angiogenic sprouting. These results suggest a surprising finding that limited cell
adhesion can enhance endothelial responsiveness to VEGF and demonstrate a novel role for Pyk2 in the
adhesive regulation of angiogenesis.
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Introduction via cell proliferation and migration, and coordinated assembly of
cells into branching tubules that carry blood [1]. It is therefore not

Angiogenesis, or the formation of new capillary blood vessels surprising that angiogenesis depends on a complex interplay

during tissue vascularization, involves a coordinated cascade of between soluble growth factors and cellular adhesive interactions

numerous cellular processes, including the activation of quiescent with the extracellular matrix (ECM).

endothelium leading to degradation of the basement membrane While a number of growth factors that promote angiogenesis have

and interstitial matrix, initiation of sprouting from existing vessels been identified, the vascular endothelial growth factor (VEGF) family
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is perhaps best described due to its roles in stimulating growth,
migration, and differentiation of endothelial cells into capillary tubes
during both developmental and pathological angiogenesis [2-6]. In
contrast to the detailed understanding of the contribution of such
growth factors to angiogenesis, much less is known about how cell
adhesion to the ECM, and its many complex facets, contributes to the
regulation of angiogenesis. Several elegant studies using knockouts or
blocking antibodies have demonstrated that integrin-mediated
adhesion is an absolute requirement for angiogenesis [7-11].
However, it has also been suggested that more subtle changes in the
degree of cell-matrix adhesive interactions can regulate endothelial
cell behavior. Early work using purified ECM proteins adsorbed onto
substrates demonstrated a profound effect of ECM coating density on
endothelial cell function. While saturating concentrations of fibronec-
tin supported maximal endothelial cell proliferation [12], cells cultured
on the lowest concentrations that still supported cell attachment
rapidly underwent apoptosis even in the presence of saturating
concentrations of growth factors [13,14]. Interestingly, at intermediate
concentrations of fibronectin, endothelial cells neither grew nor died
but assembled into tube-like structures [13]. Because changes in ECM
density impact not only integrin signaling but also the degree of
physical cell spreading and flattening against the substrate, it is now
thought that both contribute to these effects. Indeed, using micro-
patterned islands coated with saturating levels of fibronectin to
prescribe the area of cell spreading, it has previously been demon-
strated that progressively restricting cell spreading (from a ‘spread’ to
‘unspread’ to ‘round’ shape) transitioned endothelial cells from
proliferative to tubulogenic to apoptotic responses, recapitulating
the observations made by coating substrates with different densities of
ECM [15-18].

Here, we examined how changes in cell-ECM adhesion
regulate VEGF-induced angiogenic sprouting and used gene
expression profiling to further describe these effects. We observed
enhanced sprouting and expression of genes associated with an
invasive angiogenic phenotype at intermediate levels of adhesion
and demonstrate that proline-rich tyrosine kinase 2 (Pyk2, also
known as RAFTK, CAK-B, or CADTK), a FAK family non-receptor
tyrosine Kkinase, is involved in regulating these endothelial
functions through its enhanced activation by VEGF in limited
adhesion conditions.

Materials and Methods

Cell culture

Human umbilical vein endothelial cells (HUVECs, provided by
Guillermo Garcia-Cardefia, Harvard University) were cultured in
Medium 199 (Lonza) containing 20% fetal bovine serum (FBS,
Gibco), 100 units/ml penicillin, 100 pg/ml streptomycin, 50 pg/ml
ECGS (Biomedical Technologies Inc.), and 100 pg/ml heparin
(Sigma) up to passage 7 on gelatin-coated culture surfaces.
Starvation medium consisted of Medium 199 with 5% FBS,
100 units/ml penicillin, and 100 pg/ml streptomycin. Human
adult dermal microvascular endothelial cells (HMVECs, Lonza)
were cultured in EGM-2MV medium containing 5% FBS (Lonza).
Starvation medium consisted of EGM-2MV containing 0.5% FBS.
Human recombinant VEGF (R&D Systems) was used at 25 ng/ml
unless noted otherwise.

Reagents

Adenoviruses harboring GFP, FRNK, and wild-type FAK were
generated as described previously [ 19], with wild-type FAK adenovirus
used at a MOI of 3 and FRNK adenovirus used at a MOI of 10.
Adenoviruses for expression of -galactosidase (control) and Pyk2
shRNA, as well as wild-type Pyk2, were provided by Pfizer. Cells were
infected with wild-type Pyk2 and Pyk2 shRNA adenoviruses at a MOI
of 200. The FAK inhibitor PF-573228 (Tocris Bioscience) and the Pyk2
inhibitor PF-4594755 (gift, Pfizer) were used at 500 nM unless noted
otherwise.

Sprouting Assays

Aortic ring sprouting from chick embryonic aortas into fibrin and
PEGDAAm (poly(ethylene glycol) diacrylamide) gels was carried out
using a modification of a protocol described previously [20]. Aortic
arches were isolated from 12-day-old white Leghorn chick embryos
(Charles River SPAFAS, Preston, CT), dissected into 1 mm-long
segments, and embedded into fibrin gels (human fibrinogen and
thrombin from Sigma) of defined density or PEGDAAm gels of varying
RGD density (described below). Gels were maintained in EGM-2
medium (Lonza) and imaged 48 h later on an inverted microscope
(Nikon Eclipse TE200) with SPOT RT3 camera (Diagnostic Instruments,
Inc.). Sprout lengths were quantified using Image ] software (National
Institutes of Health). For high-magnification imaging of endothelial
cells in the sprouts, aortic rings were incubated with 20 pg/ml
rhodamine-labeled lectin (Lens culinaris agglutinin; Vector Laborato-
ries) for 30 min in EBM-2 prior to embedding. After 48 h in culture,
samples were fixed in 4% paraformaldehyde, labeled with Hoechst
33342, and imaged using a Zeiss LSM 710 laser scanning confocal
microscope with a 40x objective.

Synthesis and Characterization of Poly(ethylene glycol)
Diacrylamide (PEGDAAm) Gels

Degradable PEGDAAm gels of varying RGDS adhesive ligand density
used for aortic ring sprouting assays were synthesized, characterized,
and polymerized as described previously [21], with the exception
that PEGDAAm instead of PEGDA (poly(ethylene glycol) diacrylate)
gels were used. 3% w/w PEGDAAm gels incorporating highly
degradable MMP-sensitive peptide sequences were used for all
experiments, with varying amounts of adhesive RGDS ligand
supplemented by non-adhesive RGES ligand covalently immobilized
such that total ligand density was held constant between all
conditions. To obtain the shear modulus of PEG gels, gel samples
were polymerized and covalently linked to glass slides and then
swollen in PBS for 36 h. Measurements were obtained using an AR
2000 oscillating rheometer (TA Instruments) at 10-20% axial
compression, a frequency of 1 Hz, and a strain of 1%.

Generation of Pyk2 Knockout Mice and Mouse Aortic Ring
Sprouting Assay

C57BL/6 Pyk2+/— mice were generated according to a method
described previously [22] and were a generous gift from Dr. Charles
Turner (Indiana University). Heterozygous mice were intercrossed to
produce homozygous Pyk2—/— mice. Genotyping was performed
using the following primers: Pyk2 wild type forward, 5'-GGAGGTC-
TATGAAGGTGTCTACACGAAC-3’; Pyk2 mutant forward, 5'-
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Fig. 1 - Decreased adhesive ligand density enhances angiogenic sprouting. (A) Sprouting of chick aortic rings embedded in 5 mg/ml
(left) versus 20 mg/ml (right) fibrin in EGM-2 medium at 48 h, bar =500 pum. (B) Endothelial cells in sprouts labeled with lectin
(red) and Hoechst 33342 (blue), with region outlined by dotted line magnified on the right. Bar (left image), 100 pm; bar (right
image), 20 pm. (C) Quantification of average sprout length for chick aortic rings in 5 mg/ml versus 20 mg/ml fibrin. Graph
represents means + SEM (n=4), with each experiment averaged over at least 3 aortic rings. (D) Sprouting of chick aortic rings
embedded in PEGDAAm gels with 0 pmol/ml adhesive RGDS + 10 pmol/ml non-adhesive RGES (left), 1 pmol/ml RGDS + 9 pmol/ml
RGES (middle), and 10 pmol/ml RGDS + 0 pmol/ml RGES (right) in EGM-2 medium at 48 h, bar = 200 pm. (E) Quantification of
sprouting area for chick aortic rings in PEGDAAm gels of varying RGDS density. Graph represents means + SD (n= 8). *, p<0.05,
compared to 1 pmol/ml RGDS, as calculated by one-way ANOVA and post-hoc Tukey's HSD test.

GCCAGCTCATTCCTCCCACTCAT-3’; Pyk2 reverse, 5-CCTGCT-
GGCAGCCTAACCACAT-3".

The mouse aortic ring sprouting assay was carried out following a
protocol described previously [20]. Briefly, aortas were harvested
from 1 to 2-month-old wild type or Pyk2—/— C57BL/6 mice and
sectioned into 1 mm-long pieces. Rings were embedded in 2.5 mg/ml
collagen I (rat tail collagen I from BD Biosciences), and samples were
exposed to vacuum to remove air bubbles prior to gelation. Samples
were maintained in EBM-2 medium (Lonza) with 2.5% FBS, 50 ng/ml
recombinant human VEGF (R&D Systems), and 50 ng/ml recombi-
nant murine HGF (R&D Systems) and imaged 8 days later on an

inverted microscope (Nikon Eclipse TE200) with SPOT RT3 camera
(Diagnostic Instruments, Inc.).

Generation of Micropatterned and Fibronectin-coated
Substrates

Micropatterned substrates to control cell adhesion were generated
as previously described [23]. Briefly, stamps containing arrays of
squares were generated by casting poly(dimethylsiloxane)
(PDMS; Sylgard 184, Dow Corning) from silicon masters patterned
by photolithography. Stamps were immersed for 1 h in an aqueous

Fig. 2 - Cell adhesion and spreading regulate the expression of genes associated with angiogenesis. (A) Cell adhesion is controlled by
constraining cells to micropatterned islands of fibronectin (“unspread,” 1764 pm? area, high density 20 ng/ml fibronectin) or
reducing fibronectin density (5 pg/ml), as compared to fully spread cells on high density fibronectin (“spread”). Phase images in top
row, bar = 50 pm. Immunofluorescent images in bottom row with vinculin (green) and Hoechst 33342 (blue), bar =20 pm. The
average focal adhesion number per cell is quantified for each condition (means + SD, n= 15 cells per condition). *, p<0.05 versus
high fibronectin density, as calculated by one-way ANOVA and post-hoc Tukey's HSD test. (B) Heatmap of expression of genes
associated with angiogenesis in four conditions (spread no VEGF, spread with VEGF, unspread no VEGF, unspread with VEGF) after
18 h of culture. Heatmap values represent log-transformed ratios of expression in one condition to the average expression value
over all conditions for a given gene, averaged over three replicates. Genes are clustered based on similarities in expression patterns
using Ward's hierarchical clustering method. (C) HUVECs were cultured as spread or unspread, in starvation medium with or
without 25 ng/ml VEGF for 16-18 h and analyzed for expression of select genes by quantitative real-time PCR analysis (EPHA7 = Eph
Receptor A7, MMP14 = Membrane type 1 MMP, STC1 = Stanniocalcin 1, CCND1 = Cyclin D1). Data represent means + SEM (n>3). *,
p<0.05 compared to the spread condition, and +, p<0.05 compared to no VEGF control, as calculated by two-way ANOVA and
post-hoc Tukey's HSD test. #, p<0.05 compared to the spread condition, as calculated by Student's t-test (not significant by ANOVA).
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solution of 20 ug/ml fibronectin (BD Biosciences), rinsed three
times in water, and blown dry with nitrogen. They were then
placed in conformal contact against UV ozone-treated PDMS-
coated culture surfaces, which were then blocked with 0.2%
Pluronic F127 (BASF) for 1h and rinsed with PBS before cell
seeding. Substrates with different densities of adsorbed fibronec-
tin were generated by immersing PDMS-coated surfaces in the
specified concentration of fibronectin for 1 h, rinsing two times in
water, blocking in 0.2% Pluronic F127 for 1 h, and rinsing in PBS
before cell seeding.
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Microarray Analysis

HUVECs were cultured on micropatterned islands (1764 um?) of
fibronectin or allowed to spread fully for 2 h and then stimulated with
50 ng/ml VEGF or no growth factor for 18 h in starvation medium.
Sample RNA from each of 3 replicates was isolated using the Qiagen
RNeasy Mini Kit and prepared for hybridization to microarrays as
described in the Affymetrix GeneChip Expression Analysis Technical
Manual. Briefly, 2 g of total RNA was converted to first-strand cDNA
using Superscript Il reverse transcriptase primed by a poly(T) oligomer
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that incorporated the T7 promoter. Second-strand cDNA synthesis was
followed by in vitro transcription for linear amplification of each
transcript and incorporation of biotinylated CTP and UTP. The cRNA
products were fragmented to 200 nucleotides or less, heated at 99 °C
for 5min and hybridized for 16 h at 45 °C to Affymetrix Human
Genome U133 Plus 2.0 GeneChip expression microarrays. The
microarrays were then washed at low (6x SSPE) and high (100 mM
MES, 0.1 M NaCl) stringency and stained with streptavidin-phycoer-
ythrin. Fluorescence was amplified by adding biotinylated anti-
streptavidin and an additional aliquot of streptavidin—-phycoerythrin
stain. A confocal scanner was used to collect fluorescence signal at
3 um resolution after excitation at 570 nm. The average signal from
two sequential scans was calculated for each microarray feature.
GCRMA-normalized expression data from each microarray were
deposited in NCBI's Gene Expression Omnibus and are accessible
through GEO Series accession number GSE19098 at the following link:
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE19098.
All data are MIAME compliant.

Real-time Gene Expression Analysis

Sample RNA was isolated using the Qiagen RNeasy Micro Kit, then
quantified using a UV spectrophotometer (Becton Dickinson) at
260 nm and 280 nm. RNA was then reverse-transcribed using M-MLV
RT (Invitrogen), and the resulting cDNA was amplified using Tagman
gene expression assay primers (Applied Biosystems) on an Applied
Biosystems 7300 real-time PCR instrument. Gene expression values
represent 2~ 24 normalized to GAPDH and the indicated spread or
high fibronectin density control condition in all experiments.

Quantification of Focal Adhesions

Focal adhesions were quantified as previously described [24].
Briefly, cells were incubated for 1 min in ice-cold cytoskeleton
buffer (50 mM NaCl, 150 mM sucrose, 3 mM MgCl,, 1 pg/ml
aprotinin, 1pg/ml leupeptin, 1pug/ml pepstatin, and 2 mM
PMSF), followed by 1 min in cytoskeleton buffer containing 0.5%
Triton X-100. Detergent-extracted cells were fixed in 4% parafor-
maldehyde in PBS for 20 min, blocked in 33% goat serum for 1 h, and
incubated with a primary antibody to vinculin (hVin1, Sigma-
Aldrich), followed by incubation with Alexa Fluor 594-conjugated
secondary antibodies (Invitrogen). Samples were imaged on an
inverted microscope (Zeiss Axiovert 200 M) with a 63 x1.40 NA,
oil immersion objective and a Zeiss AxioCamHRm camera using
Zeiss AxioVision software. Images were filtered and binarized
using Matlab, and adhesions over 0.5 um? counted toward the
overall focal adhesion number per cell.

Immunoblotting

Cells were rinsed in PBS and lysed in ice-cold RIPA buffer (1% Triton
X-100, 150 mM sodium chloride, 0.5% sodium deoxycholate, 0.1% SDS,
50 mM Tris pH 8.0, 1 mM sodium orthovanadate, 5% (v/v) R-
mercaptoethanol, and 1 pg/ml each aprotinin, leupeptin, pepstatin,
and PMSF). Proteins were separated by SDS-PAGE, transferred to PVDF
membranes, and blocked with 5% BSA or 5% milk in TBS-T as
recommended for each antibody. Blots were probed with antibodies
against total FAK (clone 77, BD Biosciences), phosphorylated FAK
(Y397, Biosource), FRNK (06-543, Millipore), total Pyk2 (clone 11, BD
Biosciences; 06-559, Millipore), phosphorylated Pyk2 (Y402, Bio-

source), GAPDH (clone 6 C5, Ambion), and a-tubulin (clone B-5-1-2,
Sigma) followed by horse radish peroxidase-conjugated secondary
antibodies (Jackson ImmunoResearch) and SuperSignal West Dura
chemiluminescent detection (Pierce). Densitometric analysis was
performed using a VersaDoc digital imaging system with QuantityOne
software (BioRad).

Results

Decreased Adhesive Ligand Density Enhances Angiogenic
Sprouting

To begin to explore the effects of modulating cell-ECM adhesion on
angiogenic sprouting, we adopted a simple but robust classical assay
in which explanted embryonic chick aortic arches (E12) are
sectioned into rings and embedded into fibrin gels [20]. In this
model, endothelial cells within the aortic tissue rapidly invade the
surrounding fibrin, in the form of multicellular, tube-like structures.
To examine the effect of changing adhesion, we varied the density of
fibrin by polymerizing gels with fibrinogen ranging from 5 to
20 mg/ml. We observed significantly enhanced sprouting in low
density as compared to high density fibrin gels (Figs. 1A and C),
with the average length of sprouts in 5 mg/ml fibrin gels twice that
in 20 mg/ml fibrin gels by 48 h. Interestingly, not just the degree but
also the character of sprouting appeared to be modulated by
adhesion, with longer, more sparsely arranged sprouts in low
density fibrin gels contrasting shorter, more densely packed sprouts
in high density fibrin gels. Labeling the samples with an endothelial
cell-specific lectin confirmed that the majority of cells within the
sprouts were endothelial cells (Fig. 1B).

Varying fibrin density alters the density of crosslinks and the
mechanical properties of the gels as well as adhesive ligand density
(here, while ligand density is altered 4-fold, mechanical compli-
ance is altered approximately 2.5-fold [25]). Indeed, others have
observed changes in sprouting or vascular assembly with varying
densities of fibrin, collagen, and Matrigel and have attributed these
effects to differences in matrix stiffness or diffusivity [26-29]. To
eliminate the potential confounding effects of altered crosslinking,
we assessed sprouting in a synthetic hydrogel ECM, poly(ethylene
glycol) diacrylamide (PEGDAAm), in which adhesive ligand density
can be altered as an independent variable. We varied the density of
the adhesive ligand RGDS immobilized within otherwise identical
PEGDAAm gels that contained a matrix metalloproteinase-sensi-
tive peptide inserted into the backbone of the matrix, allowing for
cell-mediated invasion through the engineered ECM. As it has
previously been suggested that incorporation of peptide ligands
can affect the mechanical properties of PEG gels [30], the total
amount of immobilized ligand was kept constant between
conditions through the incorporation of the non-adhesive RGES
peptide such that the final adhesive RGDS plus non-adhesive RGES
ligand density remained constant. We confirmed that the mechan-
ical properties of the gels did not significantly vary with changes in
RGDS density through rheological measurements (Fig. S1). In this
setting, we observed a biphasic sprouting response to changes in
adhesive ligand density: the complete absence of adhesive ligand
(which could not be achieved with fibrin gels) did not permit any
sprouting, while sprouting was promoted at an intermediate ligand
density of 1 umol/ml RGDS and again decreased at a higher RGDS
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density of 10 umol/ml (Figs. 1D and E). Thus, while the effect of
ECM on angiogenesis is likely multifactorial and includes factors
such as matrix stiffness and diffusivity, our results demonstrate
that adhesive ligand density also plays an important role in
regulating angiogenic sprouting and that this effect is biphasic in
nature.

Cell Adhesion and Spreading Regulate the Expression of
genes associated with Angiogenesis

We next examined whether more precise methods to limit the
degree of cell adhesion could similarly induce an activated
angiogenic phenotype. We utilized two approaches to modulate
cell-ECM adhesion: one involves coating cell culture substrates
with different densities of fibronectin to control ECM availability
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[13], and the other involves micropatterning substrates with
different sizes of fibronectin-coated islands to control the physical
area of cell-ECM contact [15]. Because our sprouting studies
revealed increased invasion with decreased adhesive ligand
density, we selected adhesive conditions for this study in which
adhesion would be either maximal or approximately half of
maximal, as measured by quantification of focal adhesions. We
cultured human umbilical vein endothelial cells (HUVECs) on
micropatterned islands of fibronectin (1764 pm~, “unspread”) or
low density (5 pg/ml) fibronectin (average cell spreading area
1750 pm?), as compared to cells allowed to spread fully on surfaces
coated with high density (20 pg/ml) fibronectin (average area
3200 um?, “spread”). Staining for focal adhesions verified that both
unspread cells and cells cultured on low density fibronectin had
significantly fewer adhesions than spread cells (Fig. 2A).
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Fig. 3 - FAK is not a major regulator of limited adhesion-induced angiogenic gene expression. (A) Western blot of FAK
phosphorylation in HUVECs cultured on high (20 pg/ml) and low (5 pg/ml) density fibronectin-coated surfaces with or without
VEGF stimulation for 30 min. Data represent means + SEM (n= 3). *, p<0.05 compared to low density fibronectin, as calculated by
two-way ANOVA and post-hoc Tukey's HSD test. (B) Western blot of FAK and Pyk2 phospheorylation in GFP-, FAK-, and
FRNK-overexpressing HUVECs cultured on high density fibronectin without VEGF stimulation. Note that for phospho-Pyk2, the
antibody interacts non-specifically with FAK and thus results in a higher molecular weight band (125kD) when FAK is
overexpressed; the Pyk2 Y402 band is the lower molecular weight band at 116 kD. (C) Gene expression of GFP-, FRNK-, and
FAK-overexpressing HUVECs after 16-18 h of culture in spread or unspread conditions with or without VEGF stimulation. Data
represent means + SEM (n= 3). *, p<0.05 compared to GFP, as calculated by three-way ANOVA and post-hoc Tukey's HSD test.
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While these well-defined adhesive contexts offer an approach to
isolate the specific effects of cell-ECM adhesion, they do not support
the complex invasion and sprouting behavior observed in the fibrin
gels. As such, to better characterize the phenotype of endothelial cells
cultured on these substrates, we examined global gene expression
changes by microarray analysis. We compared limited versus high
adhesion by culturing HUVECs on micropatterned islands of fibronec-
tin (1764 um?, “unspread”) to represent intermediate levels of cell
spreading or allowed to spread fully (average area 3200 um?,
“spread”) for 2 h and then stimulated with 50 ng/ml VEGF or no
growth factor for 18 h in starvation medium. ANOVA analysis
indicated that many genes (1641 out of 28,970) changed expression
at least 2-fold in response to changes in spreading alone. In contrast,
only a small subset of genes (108) was upregulated at least 2-fold in
response to VEGF in highly adherent, well-spread cells, highlighting
the dramatic effects of adhesion on global gene expression in
endothelial cells. Interestingly, substantially more genes (521)
responded to VEGF in unspread cells, indirectly hinting at the
possibility that the response to VEGF may be enhanced in the context
of limited cell adhesion.

Importantly, when focusing only on genes previously associ-
ated with angiogenesis (genes associated with Gene Ontology
category of angiogenesis, as well as genes previously described to
be upregulated in models of angiogenesis [31,32]), a majority were
upregulated in unspread cells as compared to spread cells (Fig. 2B).
These upregulated genes primarily belonged to functional group-
ings such as angiogenic growth factor signaling, cell-ECM
adhesion and migration, cell-cell adhesion, and matrix invasion.
Together, this constellation was representative of an activated
angiogenic phenotype. In contrast, genes upregulated in spread
cells were primarily associated with proliferation. These results
were consistent with previous studies demonstrating a switch
between proliferation and tubulogenesis with changes in spread-
ing [12,13,15] and suggested the possibility of genetic markers
representing functional differences in endothelial cell behavior.

We confirmed the expression of several genes by quantitative real-
time PCR (Fig. 2C), including: Eph receptor A7 (EPHA7), a member of
the ephrin tyrosine kinase receptor family that, along with ephrin
ligands, mediate cell-cell communication important for vessel
sprouting and morphogenesis [33]; stanniocalcin 1 (STC1), a gene
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Fig. 4 - Pyk2 regulates the expression of genes associated with angiogenesis. (A) Western blot of Pyk2 phosphorylation in HUVECs
cultured on high (20 pg/ml) and low (5 ng/ml) density fibronectin-coated surfaces with or without VEGF stimulation for 30 min.
Data represent means + SEM (n=4) and *, p<0.05, as calculated by two-way ANOVA and post-hoc Tukey's HSD test. (B) Pyk2 and
FAK protein expression by Western blot (left) and Pyk2 mRNA (right) in HUVECs transfected with control (B-gal) versus Pyk2 shRNA
cultured on high density fibronectin without VEGF stimulation. mRNA graph data represent means + SEM (n=4). *, p<0.05, as
calculated by Student's t-test. (C) Western blot of Pyk2 and FAK phosphorylation in GFP- and Pyk2-overexpressing HUVECs cultured
on high density fibronectin without VEGF stimulation. (D) Gene expression of HUVECs transfected with control versus Pyk2 shRNA
after 16-18 h of culture in spread or unspread conditions with or without VEGF stimulation. Data represent means & SEM (n=3). ¥,
p<0.05, as calculated by three-way ANOVA and post-hoc Tukey's HSD test. (E) Gene expression of GFP- and Pyk2-overexpressing
HUVECs after 16-18 h of culture in spread or unspread conditions with or without VEGF stimulation. Data represent means + SEM
(n=3). #, p<0.05, as calculated by Student's t-test (not significant by ANOVA).
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involved in endothelial cell migration [34] and highly upregulated in
several microarrays of angiogenesis [31,32]; membrane type 1 MMP
(MMP14), a matrix metalloproteinase required for vascular invasion
[35,36]; and cyclin D1 (CCND1), a cyclin required for G1/S progression
in the cell cycle known to regulate endothelial cell proliferation [37].
The same results were observed in a second endothelial cell type,
human microvascular endothelial cells (HMVECs), as well as in
HUVECs cultured on high versus low densities of fibronectin (Fig. S2),
demonstrating that limiting cell adhesion through multiple mecha-
nisms, whether via changes in cell spreading or ligand density, induced
the expression of genes associated with the invasive processes of
angiogenesis. Given the consistency of results between the two
different methods to control cell adhesion, we employ both of them in
subsequent experiments. Micropatterned islands allow for more
precise control of cell spreading and adhesion and were therefore
used as our primary manipulation of adhesion. In contrast, altering
fibronectin density in a two-dimensional setting represents a closer tie
to studies altering adhesive ligand density in three-dimensional gels
and were used to confirm key results, as well as in settings where large
numbers of cells were required.

>

PF228
(FAK inhibitor)

PF755
(Pyk2 inhibitor)

Control

5 mg/ml

O 20 mg/ml

Wild type
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FAK Is Not a Major Regulator of Limited Adhesion-induced
Angiogenic Gene Expression

To begin to explore potential signaling pathways responsible for
transducing changes in adhesion and spreading into changes in gene
expression, we first turned to FAK, which is known to transduce both
soluble growth factor and adhesive signals in angiogenesis [38] and is
required for embryonic vascular development in vivo[39,40]. We first
confirmed that FAK phosphorylation is promoted by increased cell
adhesion and VEGF stimulation (Fig. 3A), consistent with previous
reports [19,38,41]. To investigate the role of FAK in VEGF-induced
gene expression, we expressed wild-type FAK or FRNK, the
dominant-negative C-terminal fragment of FAK, in HUVECs using
recombinant adenoviruses and confirmed that these treatments
increased or decreased FAK signaling, respectively (Fig. 3B). FAK-,
FRNK-, and control GFP-expressing cells were cultured in spread or
unspread conditions with or without VEGF exposure for 16-18 h and
analyzed for gene expression. FAK manipulation had no significant
effect on the expression of CCND1. Interestingly, the only statistically
significant change was rescue of VEGF-induced STC1 expression in
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—r—7—1 W Control
* % * [IPF228
480 W PF755
1 [ PF228+PF755
320 | ——
* *
711
E

5 20
Fibrin density (mg/ml)

O Average sprout length (um)

100

Percent aortic rings
sprouting
(4]
i

Wildtype Pyk2 KO

Fig. 5 - Pyk2 regulates angiogenic sprouting. (A) Sprouting of chick aortic rings in the presence of DMSO control, 500 nM PF228,
500 nM PF755, or both 500 nM PF228 and 500 nM PF755 in low (5 mg/ml) versus high (20 mg/ml) density fibrin in EGM-2 medium at
48 h, bar =300 pm. (B) Quantification of average sprout length for aortic rings in (A). Data represent means & SEM (n= 3), with
each experiment averaged over at least 2 aortic rings. *, p<0.05, as calculated by one-way ANOVA and post-hoc Tukey's HSD test.
(C) Sprouting of aortic rings isolated from Pyk2 knockout versus wild type mice in 2.5 mg/ml collagen I gels in VEGF-containing
medium at 8 days, bar = 500 pm. (D) Quantification of percent of aortic rings with sprouting in the conditions in (C). Data represent
means + SEM (n=4), with each experiment averaged over at least 8 aortic rings. *, p<0.05, as calculated by Student's t-test.
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FRNK-expressing spread cells to levels greater than in control
unspread cells (Fig. 3C), though EPHA7 appeared to trend upwards
with FRNK expression. Overexpression of FAK, which leads to
increased FAK activity (opposite to the effect of FRNK), surprisingly
had no significant effect though also led to an upward trend in STC1
and EPHA7 expression. These data suggested that FAK may have at
best some minor role in the observed angiogenic gene expression
response to limited adhesion.

Pyk2 Regulates the Expression of Genes Associated with
Angiogenesis

While endothelial cell-specific knockout of FAK has been shown to
be embryonic lethal [39,40], inducible knockout of FAK in adult
endothelial cells does not affect angiogenesis due to a compensa-
tory upregulation of its structurally related homologue, Pyk2 [42].
Pyk2 is activated by a number of extracellular signals, including
growth factors and ECM adhesion [43,44]. However, unlike FAK,
which is ubiquitously expressed, Pyk2 is restricted to primarily
hematopoietic and neuronal tissues, with upregulation in a
broader group of tissues only later in development [45,46], and
thus its role in angiogenesis has not been fully characterized. In
addition to its compensatory role for FAK in adult angiogenesis,
Pyk2 has been shown to be involved in endothelial cell spreading
and migration [41], VE-cadherin-mediated cell-cell adhesion [47],
and neovessel formation [48,49]. However, the effect of different
adhesive contexts on its role in angiogenesis has not been
explored.

We first investigated whether changes in adhesion regulate Pyk2
phosphorylation in endothelial cells by measuring Pyk2 phosphor-
ylation in response to VEGF in HUVECs cultured on high and low
densities of fibronectin. We observed a two-fold increase in
phosphorylation in cells cultured on low density versus high density
fibronectin (Fig. 4A), suggesting that reduced adhesion enhances
Pyk2 activation by VEGF, in contrast to FAK (Fig. 3A). To investigate
the role of Pyk2 in regulating angiogenic gene expression in different
adhesive contexts, we first knocked down expression of Pyk2 using a
targeted shRNA (Fig. 4B) and cultured Pyk2 and control ((3-gal)
shRNA-expressing HUVECs in spread or unspread conditions with or
without VEGF exposure for 16-18 h. Pyk2 knockdown led to a
significant decrease in the expression of EPHA7 and STC1 in unspread
cells exposed to VEGF, to levels similar to wild type spread cells
stimulated with VEGF (Fig. 4D). While these data suggest that Pyk2 is
necessary for VEGF-induced gene expression in limited adhesive
contexts, it is not clear whether Pyk2 signaling is sufficient for
controlling angiogenic gene expression. To address this possibility,
we overexpressed wild-type Pyk2 (Fig. 4C) and placed cells in high
versus low adhesive contexts, with and without VEGF stimulation.
Although Pyk?2 alone could not initiate angiogenic gene expression, it
rescued EPHA7 and STC1 expression in fully spread cells in response
to VEGF (Fig. 4E), indicating Pyk2 was necessary and sufficient for
transducing the low adhesive context that supports VEGF respon-
siveness. We noted a slight decrease in FAK phosphorylation with
overexpression of wild-type Pyk2, which has been previously
reported [50]. However, because we did not observe a major effect
from the direct manipulation of FAK, this compensatory change in
FAK following Pyk2 manipulation is not likely a central mechanism
for the effects of Pyk2 signaling. Interestingly, CCND1 expression was
not affected by Pyk2 manipulation, suggesting that only genes
normally upregulated by decreased adhesion and associated with an

activated endothelial phenotype - and not those associated with
proliferation - are regulated by Pyk2.

Pyk2 Regulates Angiogenic Sprouting

Our studies uncovered a role for Pyk2 in regulating the expression of
several genes involved in angiogenesis. However, it remained unclear
whether these effects on gene expression would ultimately impact
the physical process of angiogenic sprouting observed earlier. As
such, we examined the effects of Pyk2 and FAK manipulation on
sprouting in the chick aortic ring model in fibrin gels. We were unable
to use our mutant constructs or siRNA methods with the chick aortic
rings, so we inhibited Pyk2 with the pharmacological inhibitor PF-
4594755 (“PF755” [50]) and FAK with the pharmacological inhibitor
PF-573228 (“PF228” [51]), choosing concentrations based on
maximal inhibition of the target kinase and minimal inhibition of
the other (Fig. S3). Pyk2 inhibition with PF755 significantly reduced
sprouting in both low and high density fibrin gels. FAK inhibition
with PF228 also inhibited sprouting in low density gels, resulting in a
synergistic reduction of sprouting with the two inhibitors together
(Figs. 5A and B). These results confirm a role for Pyk2, and to a lesser
extent FAK, in regulating adhesion-dependent angiogenic sprouting.

While pharmacological manipulation uncovered a role for Pyk2
in regulating sprouting angiogenesis, we wanted to confirm this
finding using a more specific manipulation of Pyk2. To this end, we
measured sprouting from aortic rings isolated from Pyk2 knockout
versus wild type mice. The percent of aortic rings sprouting was
significantly decreased in rings isolated from Pyk2 knockout mice
(55%) as compared to wild type mice (89%) (Figs. 5C and D),
confirming an important role for Pyk2 in regulating angiogenic
sprouting in an ex vivo setting.

Discussion

The Role of Multiple Adhesive States in Angiogenesis

Previous studies have demonstrated enhanced endothelial cell
proliferation with increased cell spreading and ECM density
[12,15], and inhibition of either endothelial proliferation or cell-
ECM adhesion are proven mainstay strategies for developing anti-
angiogenic therapies [8,52]. As a result, it has largely been assumed
that angiogenesis would be optimal in highly adhesive contexts. It
was therefore unexpected that we initially observed a role for
limited adhesion in promoting capillary sprouting. Previous reports
had described increased tubulogenesis with limited cell adhesion
and spreading in vitro in assays reminiscent of vasculogenesis
[13,18], but the relevance of these findings to angiogenesis had
remained unclear. Interestingly, here we revealed that limited
adhesion drives sprouting in part by stimulating an activated
endothelial phenotype associated with vascular invasion and
remodeling, which can now be characterized by a specific gene
expression profile. It has recently been shown that increasing
matrix compliance, which in other studies is thought to suppress
integrin activation [53], appears to enhance VEGF responsiveness
of endothelial cells and angiogenesis in vivo [27]. Another recent
study has also reported that low concentrations of integrin
antagonists, under development as anti-angiogenic cancer thera-
peutics, actually promote angiogenesis [54]. Our studies here point
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to one mechanism by which both the matrix compliance and
integrin antagonist effects could be explained.

In our studies, we observed a biphasic angiogenic response to
changes in adhesive ligand density, supportive of studies showing
an analogous effect in response to matrix compliance and integrin
antagonists [27,54]. While cells cannot adhere to and invade a
scaffold that completely lacks adhesive ligand, there appears to be
an intermediate level of adhesion at which angiogenic sprouting is
optimal. In this study we did not identify a precise ligand density at
which sprouting would be maximal in our system, as this would
likely only be specific for the exact synthetic scaffold formulation
used in our study. However, more detailed quantitative studies of
ligand density effects on angiogenesis - in relation to other
material properties including matrix stiffness, diffusivity, and
degradability - would be warranted in future investigations.

The fact that differences in the degree of cell-ECM adhesion
could promote distinct (proliferative versus invasive) endothelial
cell behaviors important for angiogenesis may have implications in
numerous settings. Because angiogenesis is a complex, multi-step
process, it is possible that these different cellular behaviors are
stimulated in different stages of angiogenesis: enhanced MMP
production and ECM degradation at the sprouting tips [55] could
limit adhesion and thereby promote migration and cellular
invasion, and increased ECM deposition along the stalks could be
responsible for the observed proliferation in these regions [56].
Notably, our microarray analysis identified upregulation of genes
associated with tip cells - VEGFR-2/KDR, PDGF-B, and MT1-MMP/
MMP14 [55,56] - in cells with limited adhesion exposed to VEGF,
suggesting that adhesive gradients may indeed play an important
role in dictating the diverse cell behaviors that are coordinated along
angiogenic sprouts. Extending these implications to the pathologic
settings of matrix-dense tumors and fibrotic tissue, it is possible that
the altered degree of adhesive interactions may contribute to the
abnormal angiogenesis in these settings as much as excessive soluble
growth factor stimulation, which is widely cited as a key promoter of
pathological angiogenesis [6,57].

The Roles of Pyk2 Versus FAK in Angiogenesis

Previous studies have suggested that FAK and Pyk2 have overlapping
and redundant functions in regulating angiogenesis. While the
endothelial-specific FAK knockout is embryonic lethal [39,40],
conditional knockout in adults results in no abnormal phenotype
due to a compensatory mechanism in which Pyk2 upregulation
rescues angiogenesis [42]. Interestingly, while Pyk2-null mice have
no overt developmental vascular defects, hindlimb reperfusion after
ischemia is impaired, and Pyk2-null endothelial cell migration and
tubulogenesis are defective [48]. Our own results demonstrate
impaired angiogenic sprouting from aortic rings isolated from adult
Pyk2-knockout mice. The importance of Pyk2 only in adult
angiogenesis could be explained by its lack of expression in
embryonic endothelium [45], whereas FAK is always expressed.
Our results indicate FAK and Pyk2 may be responsible for different
aspects of angiogenesis depending on the adhesive context. We show
that Pyk2 phosphorylation is upregulated with decreased adhesion
and that it is responsible for promoting angiogenic gene expression
and sprouting in limited adhesive contexts. In contrast, FAK
phosphorylation is increased with greater cell adhesion and
spreading [19,58], has little effect on modulating the expression of
angiogenic genes associated with endothelial invasion and migration,

but appears to be important for regulating endothelial cell
proliferation [19,59]. Thus, FAK and Pyk2 may be responsible for
differences in the regulation and character of angiogenesis in
developmental versus adult settings as well as in high versus low
density matrices. This balance between the two homologues may
even explain observed differences in endothelial cell behaviors
within a single angiogenic sprout as a result of local gradients in the
adhesive cues present, in which cells in the stalk are surrounded by a
more developed ECM and proliferate while cells at the tip are
degrading ECM and taking on a more invasive phenotype.

Although FAK and Pyk2 are homologues with some structural
and sequence similarity, they have distinct characteristics that
could explain their individual functions in the context of
angiogenesis. The increase in Pyk2 phosphorylation with de-
creased adhesion could potentially result from a direct competi-
tion with binding partners of FAK. Adhesion is thought to increase
FAK signaling in part by co-localizing FAK signaling partners to
assembling focal adhesions [60]. Pyk2, with its more cytoplasmic
distribution as compared to FAK [44], may therefore better access
upstream and downstream signaling partners when they are not
sequestered into focal adhesions. Its increased phosphorylation
with limited adhesion only in the presence of VEGF could reflect a
requirement for both VEGF stimulation and adhesion-regulated
interactions with binding partners for maximal activation, or
perhaps that interaction with binding partners occurs only upon
VEGF stimulation. Other possible mechanisms, such as the
activation of a phosphatase limiting Pyk2 activity in highly
adhesive cells, could also be explored.

It will ultimately be important to determine how Pyk2 signals
downstream to promote expression of invasive angiogenic genes.
It has been shown that STC1 expression in endothelial cells
requires MAPK and PKC signaling [61], and it is known that Pyk2
signals downstream to both pathways [62]. Possible transcrip-
tional regulators of angiogenic gene expression include JAK/
STAT5A, shown to be activated in endothelial cells by integrin-
mediated cell adhesion [63] and VEGF [64], as well as HOXA13,
known to regulate EPHA7 expression [65]. Whether a central
mechanism or multiple parallel signaling pathways and transcrip-
tional regulators are responsible for the regulation of angiogenic
genes by limited adhesion remains to be determined.

Conclusions

Here, we report a role for limited endothelial adhesion in
promoting an invasive angiogenic gene expression profile and
capillary sprouting, and demonstrate that Pyk2 plays a critical role
in mediating these effects. These findings further suggest the
existence of a balance between invasive and proliferative
phenotypes regulated by cell adhesion, which is potentially
mediated by a balance between Pyk2 and FAK signaling. Thus,
while it has previously been shown that integrins and integrin-
mediated adhesion are required for angiogenesis, the data
presented here suggest a substantially more subtle interplay
between changes in the degree of adhesion and endothelial cell
phenotypes, which likely contributes to the complex staging of
multiple behaviors necessary to generate new capillary beds.

Supplementary materials related to this article can be found
online at doi:10.1016/j.yexcr.2011.05.006.
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