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Slow binding kinetics of secreted protein, acidic, rich in
cysteine-VEGF interaction limit VEGF activation of
VEGF receptor 2 and attenuate angiogenesis
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VEGF-A (VEGF) drives angiogenesis
through activation of downstream effectors to promote endothelial cell proliferation and migration. Although VEGF
binds both VEGF receptor 1 (R1) and receptor 2 (R2), its
proangiogenic effects are attributed to R2. Secreted protein,
acidic, rich in cysteine (SPARC) is a matricellular glycoprotein thought to inhibit angiogenesis by preventing VEGF
from activating R1, but not R2. Because R2 rather than
R1 mediates proangiogenic activities of VEGF, the role of
human SPARC in angiogenesis was reevaluated. We conﬁrm that association of SPARC with VEGF inhibits VEGFinduced HUVEC adherence, motility, and proliferation in
vitro and blocks VEGF-induced blood vessel formation ex
vivo. SPARC decreases VEGF-induced phosphorylation of
R2 and downstream effectors ERK, Akt, and p38 MAPK as
shown by Western blot and/or phosphoﬂow analysis. Surface plasmon resonance indicates that SPARC binds slowly
to VEGF (0.865 6 0.02 3 104 M21s21) with a Kd of 150 nM,
forming a stable complex that dissociates slowly (1.26 6
0.003 3 1023 s21). Only domain III of SPARC binds VEGF,
exhibiting a 15-fold higher afﬁnity than full-length SPARC.
These ﬁndings support a model whereby SPARC regulates
angiogenesis by sequestering VEGF, thus restricting the
activation of R2 and the subsequent activation of downstream targets critical for endothelial cell functions.—
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NEOVASCULARIZATION AND ANGIOGENESIS during normal development and wound repair are tightly regulated processes
involving interactions among endothelial cells, pericytes,
and components of the extracellular matrix (ECM) microenvironment (1). Collagen-rich interstitial matrices provide
scaffolding for nascent blood vessels and modulate the activities and distribution of potent angiogenic factors such as
ﬁbroblast growth factor (FGF), TGF-a and TGF-b, plateletderived growth factor (PDGF), and VEGF-A (VEGF) (1, 2).
VEGF is a potent angiogenic factor that induces endothelial cell proliferation, migration, tube formation, and
survival and has been targeted for the treatment of vasculardependent pathologies, such as cancer progression and
macular degeneration (3). VEGF effects are mediated by
high-afﬁnity binding to 2 transmembrane tyrosine kinase
receptors, VEGF receptor 1 [(R1) Flt1] and receptor 2
[(R2) Kdr and Flk1], which activate distinct downstream
signaling pathways (4). The precise function of R1 is not
fully understood but is thought either to promote endothelial stalk cell proliferation or, because of its weak kinase
activity relative to R2 (5), to serve as a decoy to sequester
VEGF from R2.
A transient ECM component implicated in vascularization is secreted protein, acidic, rich in cysteine
(SPARC), a small soluble Ca2+-binding glycoprotein
expressed at high levels during organogenesis, wound
repair, and tissue remodeling (6–9). SPARC exerts antiadhesive and antiproliferative effects on endothelial and
cancer cells and has been described as a tumor suppressor (6, 10). Cumulative data indicate that SPARC may
regulate vascularization through multiple mechanisms
(9, 11–13), with the majority of studies showing an antiangiogenic function. Radiolabeled SPARC was shown to
bind to VEGF by immunoprecipitation with a polyclonal anti-human VEGF antibody (14). Interestingly, SPARC
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inhibited VEGF-mediated tyrosine phosphorylation of
R1 but not of R2 in human microvascular endothelial cells
(HMECs) (14, 15). This ﬁnding suggested that SPARC may
enhance angiogenesis by binding VEGF and preventing
its interaction with R1, thereby freeing VEGF to selectively bind and activate R2. However, given the prominent
proangiogenic activity of R2, this model contradicts
the antiangiogenic activity of SPARC. We therefore reexamined the ability of SPARC to inhibit endothelial
cell proliferation, adhesion, migration, and angiogenesis.
The ability of SPARC to interact directly with VEGF was
addressed, and the kinetics of this binding were fully characterized using surface plasmon resonance. Importantly,
we also determined the impact of SPARC-VEGF interaction
on VEGF-R2 phosphorylation and activation of downstream effectors using Western blot and ﬂow cytometry.
MATERIALS AND METHODS
Cell culture
HUVECs [CRL-1730; American Type Culture Collection
(ATCC), Manassas, VA, USA] were cultured at 37°C in a humidiﬁed 5% CO2 incubator in vascular cell basal medium
(ATCC) supplemented with the Endothelial Cell Growth KitBBE (ATCC) containing 0.2% bovine brain extract, 5 ng/ml
epidermal growth factor, 10 mM L-glutamine, 0.75 U/ml
heparin sulfate, 1 mg/ml hydrocortisone, 50 mg/ml ascorbic
acid, and 2% fetal bovine serum (FBS).
Expression and puriﬁcation of recombinant human SPARC
and VEGF
Human full-length SPARC, SPARC domains I, II, and III, and
human VEGF165 were cloned into an His6-calmodulin (HiCaM)
tag expression construct and expressed in BL-21 Escherichia coli as
dual-tagged recombinant fusion proteins (16). Primers used to
generate cDNA encoding FLAG-tagged SPARC domains from
HiCaM-SPARC construct were as follows: SPARC domain I, forward 59-ATGATGACTGCAAAAAGCCATATGGACTACAAGG
ACGACGATGACAAGGCCCCTCAGCAAGAAGCCCTGCCT-39
and reverse 59-GCAGTGGTGGTTGGATCCTTAATTTTCCGCCAC-39; SPARC domain II, forward 59-GATGATGGTGCAGAGCATATGGACTACAAGGACGACGATGACAAGCCCTGCCAGAACCACCACTGCAAACACGGC-39 and reverse 59-CTCAGAGTCCAGGGATCCTTAGATGTATTTGCA-39; and SPARC
domain III, forward 59-CACAAGCTCCACCATATGGACTACAA
GGACGACGATGACAAGCCCCCTTGCCTGGACTCTGAGCTGACC-39 and reverse 59-GCTTTGTTAGCAGCCGGATCCTTAGATCACAAGATC-39. HiCaM-VEGF was puriﬁed by immobilizedmetal afﬁnity chromatography (IMAC) on a nickel-nitrilotriacetic
acid (Ni-NTA) agarose column (Qiagen, Toronto, ON, Canada)
(continued from previous page)
HiCaM, His6-calmodulin; HMEC, human microvascular endothelial cell; HRP, horseradish peroxidase; IMAC, immobilizedmetal afﬁnity chromatography; ka, association rate; kd, dissociation rate; MHC, major histocompatibility complex; MRW, mean
residue weight; Ni-NTA, nickel-nitrilotriacetic acid; PDGF,
platelet-derived growth factor; PE, phycoerythrin; pERK, phosphorylated ERK; pp38, phosphorylated p38; pR2, phosphorylated receptor 2; pVEGF-R2, phosphorylated VEGF receptor 2;
RU, response unit; SPARC, secreted protein, acidic, rich in cysteine; VEGF, VEGF-A; R1, receptor 1; R2, receptor 2
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under denaturing conditions using 8 M urea as previously described (17). HiCaM-SPARC protein was puriﬁed under native
conditions in 50 mM Tris (pH 8.0) by IMAC on an Ni-NTA agarose column followed by hydrophobic interaction chromatography on a Phenyl Sepharose 6 Fast Flow column (GE Healthcare,
Mississauga, ON, Canada) as previously described (16). HiCaMFLAG-tagged SPARC domain proteins were also puriﬁed under
native conditions in 50 mM Tris (pH 8.0) by IMAC on an Ni-NTA
agarose column. Solutions of puriﬁed HiCaM-VEGF, HiCaMSPARC, and HiCaM-FLAG-tagged SPARC domain proteins were
concentrated and dialyzed by ultracentrifugation using Amicon
Ultra-15 centrifugal ﬁlter units (EMD Millipore, Billerica, MA,
USA) against 50 mM Tris (pH 8.0), 150 mM NaCl, and 5 mM 2ME. The HiCaM tag was subsequently cleaved using recombinant
tobacco etch virus protease, and the resulting untagged VEGF or
SPARC proteins or FLAG-tagged SPARC domains were recovered
as ﬂow-through fractions from passing the cleaved products
through Ni-NTA agarose columns. The purity of the recombinant
proteins was conﬁrmed by SDS-PAGE. The identity of the proteins
was veriﬁed by immunoblotting (Supplemental Figs. 1 and 2). The
biologic activity of puriﬁed VEGF was conﬁrmed by its dosedependent ability to induce proliferation of HUVECs (Supplemental Fig. 3). VEGF glycosylation is not required for its mitogenic
activity, as previously reported (18). The folded state of SPARC was
validated by comparing the circular dichroism (CD) spectrum
with a previously published spectrum of native SPARC (19, 20).
These preparations of SPARC and VEGF were used throughout
this study with the exception of VEGF121, which was commercially
obtained (Sino Biological Incorporated, Beijing, China).
Analysis of SPARC inﬂuence on HUVEC dynamics
The effects of SPARC on VEGF-stimulated HUVEC adhesion,
proliferation, and migration were measured in real time using an
xCELLigence RTCA DP label-free, impedance-based cell-sensing
instrument (ACEA Biosciences Incorporated, San Diego, CA,
USA). To monitor VEGF-dependent cellular adhesion and proliferation, HUVECs were suspended in complete vascular cell
basal medium (lacking VEGF) and dispensed (104 cells per well)
into 16-well microtiter plates (E-plates) precoated with 0.1%
gelatin and containing VEGF (ﬁnal concentration, 2.5 nM)
and/or SPARC (ﬁnal concentration, 5 nM), thus yielding
a 1:2 molar ratio.
Monitoring the effect of SPARC on migration of HUVECs in
response to a VEGF chemotactic gradient was performed using
CIM-16 sensor plates (ACEA Biosciences Inc.). The polyethylene
terephthalate membrane was coated with 0.1% gelatin, and medium containing either 2.5 nM VEGF, 5.0 nM SPARC or 2.5 nM
VEGF preincubated with 5.0 nM SPARC was dispensed in the
lower chamber of CIM-16 sensor wells. HUVECs were serum
starved for 5 h and subsequently resuspended in vascular basal
medium containing 1% FBS and then dispensed into the upper
chamber of the CIM-16 sensor wells at a density of 15,000 cells per
well. The attachment, proliferation, and migration of the cells
were measured in real time at 1-min intervals as a change in
relative impedance, termed cell index (CI) (17).
Chick embryo chorioallantoic membrane assay
Fertilized chicken eggs (Boreal Laboratories, St. Catharines, ON,
Canada) were incubated for 3 days (37.5°C; 60% humidity) before
placing the embryos into Petri dishes. The embryos were maintained ex ovo at 37°C (50% humidity) for an additional 6 days. On
day 9, 300 ml growth factor-reduced, high-concentration, phenol
red-free Matrigel (BD Biosciences, Mississauga, ON, Canada)
containing either 0.16 mM VEGF, 0.32 mM SPARC or a mixture of
VEGF preincubated with SPARC at a 1:2 molar ratio was pipetted
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onto the surface of the chick chorioallantoic membranes (CAMs)
with Matrigel containing PBS used as a control. On day 12, CAM
images were recorded, and the length, branching, and number of
vascular tubules within the Matrigel discs were quantiﬁed using
AngioQuant software (www.cs.tut.ﬁ/sgn/csb/angioquant/) (21).

number of VEGF-R1, VEGF-R2, and GAPDH transcripts was quantiﬁed using a QX200 Droplet Digital PCR system (Bio-Rad,
Mississauga, ON, Canada), as recommended by the manufacturer.

Immunoprecipitation

A VEGF solution was prepared in 100 mM sodium carbonate
buffer (pH 9) at the ﬁnal concentration of 1 mg/ml. FITC (1 mg)
(Life Sciences, Burlington, ON, Canada) was dissolved in 1 ml
DMSO, and 100 ml of this solution was added to 1 mg protein.
The ﬁnal molar ratio between VEGF and FITC was 1:5. The
reaction was gently stirred in the dark for 2 h at 22°C and loaded
onto a PD10 desalting column (Amersham Biosciences AB,
Uppsala, Sweden) pre-equilibrated with PBS (pH 7.4). The calculated ﬂuorescein:VEGF molar ratio from the recovered ﬂuorescently labeled protein (void volume) was 0.8 as estimated by
measuring the absorbance at 495 and 280 nm.

Magnetic protein G beads precoated with either anti-SPARC
mouse mAb (R&D Systems, Oakville, ON, Canada) or an isotype
control mouse antibody were added to a suspension containing
5 mg SPARC and/or 5 mg VEGF protein. The beads were washed
with buffer [20 mM Tris (pH 8.0), 150 mM NaCl, and 0.1% Tween
20], and the presence of VEGF in the eluate was detected by
immunoblotting using an anti-VEGF rabbit polyclonal antiserum
(1:7500; Abcam, Oakville, ON, Canada).

Preparation of ﬂuorescein-labeled VEGF

Analysis of SPARC-VEGF interaction by ELISA
Sequestering VEGF from solution using immobilized SPARC
The relative afﬁnity of the VEGF-SPARC interaction was analyzed
by ELISA as previously described (17, 22). Brieﬂy, ﬂat-bottomed
96-well ELISA plates were coated with 0.5 mg per well of puriﬁed
VEGF. After blocking with PBS containing 1% bovine serum albumin (BSA; 1 h), the plates were incubated with serial dilutions
of SPARC or BSA in PBS containing 1 mM CaCl2 (1.5 h at 22°C).
The presence of bound SPARC was detected using an antiSPARC rabbit mAb (1:250 for 1 h at 37°C; Sino Biological
Incorporated), followed by incubation with horseradish peroxidase (HRP)-coupled anti-rabbit IgG secondary antibody (1:2500
dilution for 1 h at 22°C). After washing with PBS with 0.05%
Tween 20, 100 ml of the substrate 3,39,5,59-tetramethylbenzidine
(Sigma-Aldrich, St. Louis, MO, USA) was added to each well. The
chromogenic reaction was stopped with 50 ml of 0.5 M H2SO4,
and absorbance was measured at 450 nm. The equilibrium Kd
was calculated using GraphPad Prism Software, version 5.0
(GraphPad Software, La Jolla, CA, USA) (22).
The intermolecular interactions contributing to SPARC-VEGF
binding were explored by preincubating SPARC in PBS containing either NaCl (250 or 500 nM) or glycerol (10% ﬁnal concentration) in the presence of 1 mM CaCl2 or 3 mM EDTA for
30 min prior to addition to VEGF-coated plates. To evaluate
SPARC binding to VEGF121, ELISA plates were coated with 0.5 mg
per well of puriﬁed VEGF121 or VEGF165. After blocking, the
plates were incubated with 100 ml of 0.25 mM SPARC or BSA in
PBS containing 1 mM CaCl2 (1.5 h at 22°C). The presence of
bound SPARC was detected as previously described.
Analysis of VEGF-R1 and VEGF-R2 gene expression by
digital PCR
Quantiﬁcation of VEGF-R1 and VEGF-R2 expression in HUVECs
was performed using digital PCR. Brieﬂy, total RNA was extracted
from 107 HUVECs using RNeasy Mini spin columns (Qiagen) as
directed by the manufacturer. cDNA synthesis was performed
using the RevertAid First Strand cDNA Synthesis Kit (Thermo
Fisher Scientiﬁc, Waltham, MA, USA), using oligo (dT)18
primer. This cDNA was then used to determine the number of
VEGF-R1 and VEGF-R2 transcripts by digital PCR. VEGF-R1
was ampliﬁed using the forward primer (59-ACCTCACTGTTCAAGGAACCTC-39) and reverse primer (59-GTCCGGCACGTAGGTGATT-39). VEGF-R2 was ampliﬁed using the forward
primer (59-CAGTGGGCTGATGACCAAGA-39) and reverse primer
(59-GGGTGGGACATACACAACCA-39). As a control, the GAPDH
(glyceraldehyde 3-phosphate dehydrogenase) was ampliﬁed using
the forward primer (59-CAAGGTCATCCATGACAACTTTG-39)
and reverse primer (59-GTCCACCACCCTGTTGCTGTAG-39). The

SPARC was immobilized onto phenyl Sepharose beads by passing
1 ml of a 3 mM solution of SPARC, prepared in buffer [50 mM Tris
(pH 8), 150 mM NaCl, and 1 mM CaCl2], through a column
containing 250 ml phenyl Sepharose beads. The loading of
SPARC protein onto the beads was conﬁrmed by measuring the
absorbance of the SPARC solution at 280 nm before and after
passing it through the phenyl Sepharose column. Subsequently,
1 ml of a 0.3 mM solution of VEGF was passed through 250 ml
SPARC-loaded phenyl Sepharose beads.
Analysis of VEGF sequestration by SPARC
HUVECs were collected, washed 3 times using ice-cold PBS, and
adjusted to a suspension containing 2.5 3 105 cells/ml PBS.
Aliquots of the HUVEC suspension (1 ml) were then dispensed
into round-bottom polypropylene tubes containing phycoerythrin (PE)-coupled anti-VEGF-R2 mAb (BioLegend, San Diego,
CA, USA) suspended in either 0.5 ml PBS or PBS containing
VEGF-FITC that had been passed through columns made of
phenyl Sepharose beads or beads precoated with SPARC. The
relative ﬂuorescence of VEGF-FITC and VEGF-R2-PE on
HUVECs was quantiﬁed by ﬂow cytometry using a FACSCalibur
instrument (BD Biosciences).
Surface plasmon resonance
VEGF-SPARC binding kinetics were investigated by surface plasmon
resonance using a Biacore T200 instrument (GE Healthcare). VEGF
was immobilized on a CM5 sensor chip using amine-coupling
chemistry as described by the manufacturer. Brieﬂy, the carboxymethylated dextran matrix on the surface of the sensor chip was
activated with a mixture of 0.5 M 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride/0.1 M N-hydroxysuccinimide (1:1 v/v;
ﬂow rate, 10 ml/min; contact time, 420 s) followed by the injection
of VEGF (50 mg/ml) dissolved in 10 mM sodium acetate buffer
(pH 5) (ﬂow rate, 10 ml/min; contact time, 420 s). Any remaining
amino reactive sites on the sensor chip were subsequently capped by
passing a solution of ethanolamine [1 M ethanolamine-HCl (pH
8.5)] over the chip. Binding analyses were performed using a singlecycle kinetic procedure (23), where immobilized VEGF was exposed to increasing concentrations (0.03–1 mM) of SPARC
prepared in Tween 20-supplemented 4-(2-hydroxyethyl)-1piperazineethanesulfonic acid (HEPES)-buffered saline (pH 7.4)
containing 1 mM CaCl2 (ﬂow rate, 30 ml/min; association time,
120 s; dissociation time, 240 s). Preliminary experiments
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showed that a ﬂow rate of 30 ml/min was sufﬁcient to eliminate
effect of mass transfer. The chip surface was regenerated using
50 mM NaOH (ﬂow rate, 30 ml/min; contact time, 30 s). The
choice of single-cycle kinetic over full-kinetic analysis was dictated by the lack of stability of the immobilized VEGF during
complete regeneration of the chip surface, after injection of
analyte solutions of different concentrations (23). The singlecycle kinetic method does not require the inclusion of a regeneration step between injections, which allowed for a scaledown of the number of regeneration steps from 5 to 1, thereby
leading to reducing the risk of denaturing the ligand immobilized on the chip surface. To control for nonspeciﬁc association
of SPARC with the sensor chip, solutions of analyte were injected over a VEGF-free surface and subtracted from binding data
prior to analysis. All measurements were performed in triplicate. Series of sensorgrams were obtained and subsequently
analyzed using the 1:1 ligand model provided in the BIAevaluation software (GE Healthcare, Pittsburgh, PA, USA) to calculate association and dissociation rate (ka and kd, respectively)
constants (23). x2 and residual data value analyses were used to
evaluate the quality of the ﬁts between experimental data sets
and of the binding model. The early binding phase was used to
determine the ka, whereas the kd was measured using the rate of
decline in response unit (RU) values following injection. The
Kd was calculated using the equation Kd = kd/ka.
Far UV CD spectroscopy
CD spectra were measured in a 1100 CD spectropolarimeter
(Jasco, Oklahoma City, OK, USA). Data were collected from 260
to 195 nm at 25°C in PBS (pH 7.4), in quartz cell (path length,
1 mm). The scan speed was 50 nm/min, with a time constant of
2 s. Spectra represent average proﬁles derived from 5 scans. The
spectrum of PBS alone was subtracted from that of samples. The
protein concentration used was 10 mM in the presence of 2.5 mM
CaCl2 or 5 mM EDTA. Molar ellipticity [u] (degrees times centimeter squared per decimole) values were calculated from the
equation [u] = uobsMRW/10lc, where uobs is the observed ellipticity in millidegrees, MRW is the mean residue weight of the
protein (molecular weight/number of residues), l is the optical
path length of the cell in centimeters, and c is the protein concentration in milligrams per milliliter.
Western blot analysis
HUVECs were serum starved overnight in 0.1% FBS plus BBE
kit-supplemented medium prior to treatment for 5 (for R2,
ERK1/2, and p38) or 15 min (for Akt) with 0.5 nM VEGF,
1.0 nM SPARC, or preincubated VEGF-SPARC (45 min at 37°C;
1:2 molar ratio). Cells were harvested in ice-cold PBS and collected by centrifugation at 450 g for 5 min at 4°C. Cells were
resuspended in RIPA lysis buffer (50 mM HEPES, 150 mM NaCl,
1% Triton X-100, 0.1% sodium dodecyl sulfate, and 1% sodium
deoxycholate) containing HALT Protease Inhibitor (Thermo
Fisher Scientiﬁc) and PhosSTOP phosphatase inhibitor (Roche
Applied Science, Penzberg, Germany). Following incubation
on ice for 30 min, the lysates were clariﬁed by centrifugation at
21,000 g for 15 min at 4°C. Total protein in the lysates was
determined using a BCA Protein Assay Kit (Thermo Fisher
Scientiﬁc). Aliquots of cell lysates (10–12 mg protein) were resolved by SDS-PAGE, transferred to PVDF membranes, and
immunoblotted with the following antibodies: rabbit antiVEGF-R2 (1:2500); rabbit anti-phosphorylated VEGF-R2
(pVEGF-R2) (Y1175, 1:100); mouse anti-ERK1/2 (1:5000);
rabbit anti-phosphorylated ERK (pERK)1/2 (1:5000); rabbit
anti-p38 (1:1000); rabbit anti-phospho p38 (1:1000); rabbit antiAkt (1:1000); and rabbit anti-phospho Akt (1:1000) (all from Cell
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Signaling Technology, Danvers, MA, USA). Secondary antibodies used were HRP-conjugated goat anti-rabbit and goat
anti-mouse antibodies (1:1000; Santa Cruz Biotechnology,
Dallas, TX, USA). Immunoreactive bands were detected using
ECL (Santa Cruz Biotechnology) and quantiﬁed using ImageJ,
version 1.47 software (National Institutes of Health, Bethesda,
MD, USA).

Analysis of VEGF-R2 phosphorylation by ﬂow cytometry
HUVECs were serum starved overnight with 0.1% FBS and BBE kitsupplemented medium prior to treatment for 5 min with 1 mM
sodium pervanadate (control for maximum signal detection;
data not shown), 0.5 nM VEGF, 1.0 nM SPARC, or preincubated
VEGF-SPARC (1:2 molar ratio). The treatment was removed,
and cells were collected using trypsin. Cells were incubated with
Phosﬂow Fix Buffer I (BD Biosciences) at 37°C for 10 min. The
pellet was washed once with PBS and permeabilized with 500 ml
ice-cold Phosﬂow Perm Buffer III (BD Biosciences). Cells were
then placed on ice for 2 h, washed once with staining buffer (BD
Biosciences), and incubated for 30 min at 22°C in the dark with
the appropriate ﬂuorochrome-conjugated antibodies: Paciﬁc
Blue mouse anti-phosphorylated p38 (pp38) (pT180/pY182,
1:5; BD Biosciences); PE rabbit anti-pVEGF-R2 (1:500; antibodiesonline.com); and Alexa Fluor 488 mouse anti-human pERK1/2
(pT202/pY204, 1:5; BD Biosciences). Cells were washed once
with staining buffer, resuspended in 200 ml of the same buffer,
and stored at 4°C until analysis. Data acquisition was performed
using the LSR II ﬂow cytometer (BD Biosciences). Data analyses
were performed using FlowJo software (Tree Star, Ashland,
OR, USA).

RESULTS
Recombinant SPARC alters endothelial cell functions
mediated by VEGF
The ability of SPARC to regulate VEGF-dependent
HUVEC adhesion, migration, and proliferation was evaluated in real time using label-free, impedance-based
assays (Fig. 1). The addition of VEGF, but not SPARC, to
sensor plates augmented HUVEC adhesion, migration,
and proliferation by 20–50% (Fig. 1). In contrast, the
addition of VEGF preincubated with SPARC to sensor
plate wells containing HUVECs blocked VEGF-induced
augmentation of cell adhesion, migration, and proliferation to levels indistinguishable from those observed using
nonstimulated HUVECs (Fig. 1).
SPARC-induced inhibition of VEGFdependent angiogenesis
The regulatory role that SPARC plays in endothelial cells
was further analyzed in an ex vivo context using a CAM
assay. Matrigel suspensions (300 ml) containing either VEGF, SPARC or preincubated VEGF-SPARC were
placed near a blood vessel branch point on vascularized CAMs. Three days after application, CAMs were
photographed, and a tabulation of tubule junctions,
length, and size in images was performed using AngioQuant software. As shown in Fig. 2A, CAMs treated with
Matrigel/PBS or with Matrigel/SPARC revealed a similar
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Figure 1. SPARC inhibits VEGFinduced endothelial cell adherence, migration, and proliferation. The impact of SPARC on
VEGF-induced HUVEC adhesion
(A), migration (B), and proliferation (C) was assessed as changes
in relative electrical impedance
(DCI) at 1-min intervals. Sensorigrams are shown on the left. The
calculated percent changes in adherence (after 3 h), migration
(after 5 h), and proliferation (after
12 h) shown on the right represent
mean values 6 SEM derived from
4 independent wells. Group differences were statistically compared by 2-way ANOVA followed
by Student-Newman-Keuls post
hoc comparison test (P , 0.05).
Columns with different letters
are statistically different from
one another.

pattern of vascularization. In contrast, CAMs treated with
Matrigel/VEGF resulted in a strong angiogenic response
marked by a sharp increase in the length and size of
tubules and the number of junctions (Fig. 2). Consistent
with our in vitro data with HUVECs, Matrigel containing
VEGF plus SPARC blocked VEGF-mediated proangiogenic effects, with the number of junctions and length
and size of tubules equal to that observed for Matrigel/
PBS or Matrigel/SPARC.
A direct SPARC-VEGF interaction
A direct interaction of SPARC with VEGF was established
by immunoprecipitation and Western blot analysis in a cellfree system, where the 20 kDa protein band corresponding
to VEGF was recovered using an anti-SPARC mAb, but not
with an isotype-matched irrelevant mouse IgG (Fig. 3A).

An equilibrium Kd of 125 6 7 nM was calculated for the
interaction of SPARC with VEGF as derived from an ELISAbased saturation-binding analysis (Fig. 3B). Soluble SPARC
bound to immobilized VEGF in a dose-dependent manner,
with saturation occurring at a SPARC concentration of
0.25 mM, a value that corresponds to a SPARC:VEGF molar
ratio of 1:1. No interaction was observed between immobilized VEGF and BSA (negative control; Fig. 3B). The
glycosylated state of VEGF did not affect its ability to bind
SPARC (Supplemental Fig. 4).
To further examine the ability of SPARC to bind and sequester VEGF, HUVECs were incubated with PE-conjugated
R2-speciﬁc antibody to label VEGF-binding sites. R2 is the
predominant receptor expressed by these cells as determined by digital PCR, which indicated a 6:1 ratio of VEGF-R2:
VEGF-R1 transcripts (Fig. 4A). FITC-labeled VEGF was exposed to SPARC immobilized on Sepharose beads or to
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Figure 2. SPARC suppresses VEGF-dependent blood vessel formation ex vivo. The inhibitory effects of SPARC on VEGFstimulated blood vessel formation were assessed using a chick embryo CAM assay. A) Representative images show reduction of
VEGF-elicited vascularization following the addition of SPARC. Changes in length (B) and size (C) of tubule complexes and
number of bifurcations (D) were quantiﬁed using AngioQuant software. The average values (6SEM) of tubule parameters were
derived from digitized images from 3 independent assays. Error bars with different letters are statistically different from one
another as determined by 2-way ANOVA followed by Student-Newman-Keuls post hoc comparison test (P , 0.05).

Sepharose beads alone, and the resulting FITC-labeled VEGF
solutions were incubated with the R2-labeled HUVECs. The
labeling of VEGF with FITC did not alter its ability to bind
SPARC (Supplemental Fig. 4A). Fluorescence intensities associated with PE-labeled R2 or FITC-VEGF signals on labeled
HUVECs were determined by FACS analysis. PE-labeled R2
levels were not affected by the treatment (Fig. 4B).
Preincubation of FITC-VEGF with immobilized SPARC
resulted in an ;50% reduction of the mean ﬂuorescence
intensity of HUVECs labeled with VEGF-FITC, when
compared to VEGF-FITC that was not preincubated with
immobilized SPARC (Fig. 4B). These results indicate that
SPARC physically sequesters VEGF from solution, thereby limiting its availability to interact with its cognate receptor. SPARC also binds VEGF121, albeit slightly less than
VEGF165, indicating that the absence of the heparinbinding site on VEGF has a minimal impact on its interaction with SPARC (Supplemental Fig. 4B).
Slow-on and -off kinetics of SPARC binding to VEGF
A detailed analysis of the binding kinetics between SPARC
and VEGF was performed using surface plasmon resonance. Increasing concentrations of SPARC were passed
over immobilized VEGF, with binding kinetics recorded in
the presence of Ca2+ (Fig. 5). The ka and kd constants were
derived using a nonlinear curve ﬁtting of the sensorgrams
recorded during single-cycle kinetic analysis. Analysis of
residual data reﬂected minimal deviation between experimental and ﬁtted data for a kinetic study, with a x2 value of
3498
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1.06 (RU2) for an Rmax of 80 (RU), consistent with a 1:1
association model. The ka and kd values for the SPARCVEGF interaction were 0.865 6 0.02 3 104 M21s21 and
1.26 6 0.003 3 1023 s21, respectively, in the presence of
Ca2+ (Table 1). The observed low ka value indicates a slow
initial protein-protein interaction that is followed upon
association by the formation of a stable molecular complex
displaying a slow kd value. The resulting Kd was 149 6 0.7 nM,
a value that is in agreement with the Kd value determined
by ELISA (Fig. 1B).
The presence of Ca2+ enhances the structural stability
and binding of SPARC to VEGF
SPARC contains 2 Ca2+-binding domains: an acidic glutamic acid-rich domain that can bind up to 8 Ca2+ ions with
low afﬁnity, and 2 high-afﬁnity Ca2+-binding EF hands
within the a-helical-rich C-terminal half of the protein.
Previous studies have demonstrated that Ca2+ binding to
the EF hands enhances the a-helicity of this domain (19,
20, 24). We therefore performed CD to verify the effect of
Ca2+ on the secondary structure of SPARC. Aliquots of
SPARC were dissolved in buffer containing either CaCl2 or
EDTA, and CD spectra of the resulting solutions were
recorded between 195 and 260 nm. The CD spectra presented in Fig. 6A highlight the occurrence of 2 minima
centered at 222 and 208 nm, indicating the presence of
a-helical content associated with the 2 calmodulin-like EF
hands located in the C-terminal domain of SPARC (19). As
previously reported (25), the molar ellipticity values at
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Figure 3. SPARC interacts directly with VEGF. A) Coimmunoprecipitation of VEGF-SPARC complexes with a SPARC-speciﬁc
antibody. Solutions containing puriﬁed VEGF and SPARC were
incubated with magnetic protein G beads precoated with antiSPARC mouse mAb (lane 1) and analyzed for the presence of
VEGF by Western blot using anti-VEGF rabbit polyclonal antiserum.
Controls consisting of VEGF alone (protein G beads precoated with
anti-SPARC antibody) (lane 2) and magnetic beads precoated
with mouse isotype IgG (lane 3) are shown. rhVEGF, recombinant human VEGF. B) Dose-dependent binding of SPARC
(N) or BSA (s) to immobilized VEGF as determined by ELISA
using an anti-SPARC rabbit monoclonal antiserum. OD, optical
density; protein conc., protein concentration. Each data point
represents the average absorbance value (6SEM) from 3 independent experiments performed in triplicate.

activate R2 and downstream mediators, including ERK, Akt,
and p38 (3). HUVECs were treated with PBS, VEGF, SPARC,
or preincubated VEGF-SPARC, and levels of phosphorylated R2 (pR2), ERK, Akt, and p38 were determined by
Western blot analyses. VEGF increased the level of pR2 and
all downstream effectors (Fig. 7). Addition of SPARC reduced VEGF-induced phosphorylation of R2, ERK, and Akt,
but not p38. SPARC had no effect in the absence of VEGF.
To better quantify the impact of SPARC on VEGFinduced R2 activity, pR2, ERK, and p38 phosphorylation
levels in HUVECs were measured by intracellular phosphoﬂow cytometry. VEGF treatment led to an approximate
5-, 13-, and 40-fold increase in pR2, pERK, and pp38 staining intensity, respectively. These increases were markedly
diminished by preincubating VEGF with SPARC (Fig. 8),
providing compelling evidence that SPARC binding to
VEGF inhibits the ability of VEGF to activate R2.
SPARC domain III tightly binds to VEGF
SPARC is a modular protein consisting of 3 domains, with a
centrally located follistatin-like domain (domain II) between

222 and 208 nm become more negative in the presence of
Ca2+, a feature related to an increase in a-helical content in
peptide regions ﬂanking the Ca2+-binding sites (Fig. 6A).
Conversely, the addition of EDTA resulted in a less helical
structure with molar ellipticity values at 222 and 208 nm being
less negative (Fig. 6A). The Ca2+-bound SPARC was estimated
from recorded signals at 222 nm to contain 7% more a-helical content than the Ca2+-depleted protein (Fig. 6A).
The observed differences in structural conformation
imparted by the presence or absence of Ca2+ correlated
with the stability of its complex with VEGF. As shown by
ELISA, the lack of Ca2+ ions resulted in an ;50% decrease
of VEGF binding to SPARC (Fig. 6B). The presence of high
salt concentration (500 mM NaCl) reduced SPARC-VEGF
interaction by ;70%, regardless of the presence or absence
of Ca2+ (Fig. 6B). However, the addition of 10% glycerol
resulted in a 25% decrease in the amount of SPARC bound
to VEGF in the presence of Ca2+ (Fig. 6B). Collectively,
these ﬁndings indicate that Ca2+ triggers a conformational
change in SPARC that exposes additional hydrophobic
surfaces that, in addition to ionic interactions, further stabilize SPARC binding to VEGF.
SPARC inhibits the activation of R2 and downstream
mediators of VEGF signaling
Inhibition of VEGF-mediated angiogenesis by SPARC has
been attributed to SPARC preventing the binding of VEGF
selectively to R1, thereby driving R2 activation (14); however, this event should lead to increased rather than decreased angiogenic activity. We therefore determined
whether VEGF interaction with SPARC affects its ability to

Figure 4. SPARC sequestration of VEGF. A) HUVECs express
6-fold higher levels of VEGF-R2 than VEGF-R1 transcripts as
determined by digital RT-PCR. B) SPARC sequesters VEGF
to limit binding to HUVECs. Suspensions of HUVECs were
dispensed into tubes containing PE-coupled anti-VEGF-R2 mAb
in the presence of ﬂuorescein-labeled VEGF or ﬂuoresceinlabeled VEGF preincubated with immobilized SPARC. NS, not
statistically signiﬁcant. Mean ﬂuorescence intensities of VEGFFITC and VEGF-R2-PE on HUVECs (6SD) were quantiﬁed by
ﬂow cytometry. Groups were compared by 1-way ANOVA and
Student’s t test. *P , 0.001.

SPARC BINDING TO VEGF ATTENUATES VEGF-R2 SIGNALING

Downloaded from www.fasebj.org by (142.76.31.226) on February 06, 2018. The FASEB Journal Vol. 29, No. 8, pp. 3493-3505.

3499

Figure 5. SPARC binds to VEGF with high afﬁnity and slowon and -off kinetics as determined by surface plasmon
resonance. VEGF was immobilized onto the surface of a CM5
sensor chip and incubated in the presence of SPARC serving
as an analyte. The binding of SPARC to VEGF was assessed by
surface plasmon resonance in the presence of Ca2+. The
binding analysis was performed 3 times using a single-cycle
kinetic procedure. Increasing amounts of SPARC (0.03–1 mM)
were added at the indicated times. Red line represents experimental data; black line represents ﬁtted data.

subsequent presentation to T cell receptors . The slow rate of
association is thought to accommodate critical conformational rearrangement of the peptide that is compatible with
the binding groove of the MHC complex, whereas the slow
rate of dissociation reﬂects a highly stable complex (26). Our
data support a comparable model whereby SPARC binding
to VEGF results in the formation of a stable complex that
favors prolonged sequestration of VEGF, thereby impeding
R2 signaling activity to inhibit angiogenesis.
Under normal physiologic conditions, the Ca2+ concentration in the extracellular environment of soft tissues
is ;1 mM. Thus, the acidic N-terminal domain of SPARC
and the EF hands of domain III will be in a Ca2+-saturated
state. We have established that binding of SPARC to
VEGF in the presence of Ca2+ involves both hydrophobic
and electrostatic interactions, whereas in the absence of
Ca2+, SPARC-VEGF interactions are primarily electrostatic in nature. Chelation of Ca2+ with EDTA reduced
binding; however, the disruption of electrostatic interactions with high salt concentrations reduced binding independent of the presence of Ca2+. In contrast,

the N-terminal glutamic acid-rich (domain I) and the Cterminal EF hand-containing (domain III) domains (Fig.
9A). A past study indicated that a mimetic 20-amino acid
peptide corresponding to a conserved C-terminal EF
hand in domain III, termed peptide 4.2, was able to
modulate angiogenesis but at high micromolar concentrations (14). We were unable to detect the binding of
peptide 4.2 to VEGF by SPR (data not shown); therefore,
we examined each of the 3 modular SPARC domains to
determine their ability to bind VEGF. Only domain III was
found to bind VEGF by ELISA, with a Kd of 10 nM (Fig. 9B,
C), a 15-fold higher afﬁnity than with full-length SPARC.
Surface plasmon resonance indicated a slightly higher Kd
with a 3-fold faster on-rate and similar off-rate constants
compared to full-length SPARC (Fig. 9D and Table 2).
DISCUSSION
This study provides the ﬁrst unequivocal evidence that
SPARC binds directly to VEGF. The binding is stoichiometric, of high afﬁnity, and occurs with rare slow-on and
slow-off kinetics, with modular domain III, exhibiting
a stronger afﬁnity for VEGF than full-length SPARC. We
also establish for the ﬁrst time that SPARC binding to VEGF
impedes VEGF activation of VEGF-R2, the receptor that
mediates the majority of proangiogenic activities of VEGF.
The unusual slow-on, slow-off kinetics for SPARC-VEGF
binding are resonant with that of the interaction between class II major histocompatibility complex (MHC)
proteins with peptide antigens, which is necessary for their
TABLE 1. Calculated ka, kd, and Kd values for SPARC interaction
with VEGF in the presence of Ca2+
ka (M21s21)

0.865 6 0.02 3 104

kd (s21)

Kd (nM)

1.26 6 0.003 3 1023

149 6 0.7

Calculated values represent mean 6
independent experiments.
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SEM

values derived from 3

Figure 6. SPARC-VEGF binding is enhanced in the presence
of Ca2+ and involves ionic and hydrophobic bonds. A) CD
spectra of SPARC in the presence of 2.5 mM Ca2+ ions (solid
line) or 5 mM EDTA (dashed line). B) The impact of SPARC
conformation and ionic and hydrophobic interactions on
VEGF-SPARC binding. Binding of SPARC to immobilized
VEGF was compared in the presence of 1 mM Ca2+ or 3 mM
EDTA and determined by ELISA in the presence of high salt
concentrations or 10% glycerol. OD450nm values from control
SPARC-VEGF associations were used to establish maximal
binding (retention). Each error bar represents the average
percent binding (6SEM) calculated from 3 independent
experiments performed in triplicate, expressed relative to
binding in the presence of 1 mM CaCl2.
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Figure 7. SPARC inhibits VEGF-induced phosphorylation of R2 and downstream effectors as determined by Western blot analysis.
Representative images of Western blots show staining for tyrosine 1175-pVEGF-R2 and total VEGF-R2 (A), phosphorylated and
total ERK (B), phosphorylated and total Akt (C), and phosphorylated and total p38 (D). Each error bar represents the mean
phosphoprotein band intensity to total protein value (6SEM) calculated from 3–7 independent experiments. Error bars with
different letters are statistically different from one another as determined by 2-way ANOVA followed by Student-Newman-Keuls
post hoc comparison test (P , 0.05).

disruption of hydrophobic interactions by glycerol reduced the level of binding in the presence of Ca2+ but did
not further reduce binding in the absence of Ca2+, indicating that the tertiary structure of SPARC is necessary for
hydrophobic interactions with VEGF. The Ca2+-induced
structural change and exposure of hydrophobic surfaces on
SPARC are reminiscent of a similar phenomenon documented for calmodulin (27). Speciﬁcally, a hydrophobic
surface on calmodulin is exposed in the presence of Ca2+
(27, 28), which is thought to be responsible for the diverse
intermolecular associations of calmodulin with cellular
targets (29).
VEGF plays a primary and indispensable multifaceted
role in the complex process of angiogenesis (3), which
requires precise spatiotemporal regulation of endothelial
cell proliferation, migration, and tube formation as well as
pericyte recruitment (30). This regulation is effected by
multiple signaling molecules, with R2 acting as the principal receptor mediating the angiogenic effects of VEGF,
despite this receptor having a lower afﬁnity for VEGF
than R1. VEGF binding activates R2, resulting in downstream phosphorylation of ERK, p38 MAPK, and Akt,
which increases endothelial cell proliferation, migration,
and survival, respectively (3). In contrast, R1 has minimal

kinase activity relative to R2 and is largely considered to
exert antiangiogenic activity.
Both R1-null and R2-null mice die in utero for opposite
reasons: targeted disruption of R1 results in the formation of
large disorganized blood vessels consistent with excessive
angiogenesis (31), whereas disruption of R2 results in a lack
of vasculogenesis (32). Although R1 binding to VEGF subverts VEGF from R2 to diminish angiogenic signaling, activation of R1 also decreases R2 phosphorylation through the
activation of the phosphatase SHP-1 (33, 34). Recent studies
indicate that R1 can heterodimerize with and transactivate
R2 (35) to stimulate endothelial cell migration, tube formation, and vascular permeability as do R2 homodimers.
Unlike R2 homodimers, however, the activation of R1-R2
heterodimers does not result in endothelial cell proliferation (36). Thus, differential expression of R1 and R2 in
endothelial cells is an important regulatory mechanism
that directs the response and precise role of speciﬁc endothelial cells during blood vessel formation (37).
SPARC was previously shown to coimmunoprecipitate
with VEGF and to prevent VEGF binding to R1, but not R2
(14), which would lead to increased R2 activation. However, the same study reported that SPARC inhibited VEGFinduced HMEC proliferation, which contrasts with the
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Figure 8. SPARC inhibits VEGF-induced phosphorylation of R2 and downstream effectors as determined by ﬂow cytometry.
Representative cytometric proﬁles (left) and histograms (right) highlight shifts in mean ﬂuorescence intensities (MFI) of
phosphorylated (p) VEGF-R2 (A), pERK (B), and pp38 (C) in HUVECs in the presence and absence of VEGF and SPARC. Each error
bar represents the average MFI value (6SEM) from 3 independent experiments. Error bars with different letters are statistically different
from one another as determined by ANOVA followed by Student-Newman-Keuls post hoc comparison test (P , 0.05).

present understanding of R1 and R2 interactions and signaling. A subsequent study using a choroid neovascularization model assigned a proangiogenic function to SPARC
because it relates to differential R1 and R2 signaling
by VEGF (15). The authors proposed that the presence
of SPARC is a key determinant of whether VEGF exerts
proangiogenic (R2-mediated) or antiangiogenic (R1mediated) activity. Other studies have assigned both proand antiangiogenic activities to SPARC, which may relate in
part to effects of SPARC on other growth factors and
cytokines involved in angiogenesis. For example, SPARC
inhibits the proliferation- and migratory-stimulating effects
3502
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of basic FGF and PDGF in endothelial cells (38, 39). SPARC
also inhibits the production and secretion of VEGF and
matrix metalloproteinases to inhibit angiogenesis (13).
Our data establish that SPARC blocks VEGF activation of
R2, which is consistent with its antiangiogenic activity. We
demonstrate that HUVECs used in this study express low
levels of R1 transcripts relative to R2, which is consistent
with previous reports that show that these cells likely possess
few, if any, R1 homodimers (36). Using real-time assessments, we found that SPARC inhibited VEGF-induced
HUVEC proliferation, adhesion, and migration. Because
R1-R2 heterodimer activation by VEGF does not result in

The FASEB Journal x www.fasebj.org

CYDZIK ET AL.

Downloaded from www.fasebj.org by (142.76.31.226) on February 06, 2018. The FASEB Journal Vol. 29, No. 8, pp. 3493-3505.

Figure 9. SPARC domain III binds VEGF with high afﬁnity and slow-on slow-off kinetics. A) Ribbon structure shows the modular
domains of SPARC. Derived crystal structure from the coordinates (Protein Data Bank 1BMO) downloaded from the Research
Collaboratory for Structural Bioinformatics Protein Data Bank (http://www.rcsb.org) (24). B) Percent binding of FLAG-tagged
SPARC domains (SD) to immobilized VEGF determined by ELISA. Bound SPARC domains were detected using HRP-coupled
anti-FLAG M2 antibody. C) Dose-dependent binding of FLAG-tagged SPARC domain III (s) or BSA (Δ) to immobilized VEGF as
determined by ELISA using HRP-coupled anti-FLAG M2. Each data point represents the average absorbance value (6SEM) from
an experiment performed in triplicates. D) VEGF-SPARC domain III binding kinetics. VEGF was immobilized onto the surface of
a CM5 sensor chip, and SPARC domain III served as an analyte. The binding of SPARC domain III to VEGF was assessed by
surface plasmon resonance in the presence of 1 mM CaCl2. The binding analysis was performed 3 times using a single-cycle
kinetic procedure. Increasing amounts of SPARC domain III (0.015–0.5 mM) were added at the indicated times. Red line
represents experimental data; black line represents ﬁtted data.

HUVEC proliferation (36), these ﬁndings are consistent
with decreased R2 activation. Moreover, we provide ex vivo
evidence that SPARC functions to inhibit VEGF-induced
angiogenesis.
Based upon our ﬁndings, we propose a mechanistic
model for the antiangiogenic activities of SPARC (Fig. 10).
Within a hypoxic tissue environment, VEGF secretion is increased to create a chemoattractant gradient that serves to
guide migrating endothelial tip cells. Tip cells express predominantly R2 and migrate against a VEGF gradient established in the stroma. Stalk cells, in contrast, express high
levels of R1 relative to R2 (37), suggesting prevalent R1
homodimers and R1-R2 heterodimers with little or no R2
homodimers. Proliferation of stalk cells is essential for
elongation of the sprout shaft during angiogenesis. Because
R1-R2 heterodimers do not enable VEGF-induced proliferation, stalk cell proliferation is maintained by other
signaling molecules, including Notch signaling inhibitors
and Wnt (40). VEGF is a potent cytokine and at high levels
can cause the formation of aberrant leaky blood vessels;
thus, its availability within tissues must be tightly regulated
both during angiogenesis and vascular homeostasis. Our
ﬁndings raise the possibility that SPARC may serve to regulate VEGF availability to its receptors in the tissue microenvironment independent of the presence of heparin-binding

sites on VEGF. SPARC production is stimulated by VEGF
(41), and SPARC binds to structural ECM components including collagen I and IV (25, 42, 43). By binding VEGF,
tethered SPARC could serve to limit tissue VEGF availability,
preventing excessive signaling while contributing to the establishment of a VEGF tissue gradient (Fig. 10). SPARCbound VEGF would thus serve as a reservoir for active VEGF,
regulated by its slow release from SPARC. Aberrant blood
vessel formation or function could result from situations
where the ratio of VEGF:SPARC becomes dysregulated.
The unmasking of the unusual slow-on, slow-off binding
kinetics for SPARC-VEGF interaction combined with the
demonstration of an R2-dependent inhibition of angiogenesis provides essential information to guide the development of potential therapeutics to modulate VEGF
TABLE 2. Summary of SPR calculated VEGF-SPARC domain III
binding kinetics
ka (M21s21)

3.31 6 0.31 3 104

kd (s21)

Kd (nM)

1.25 6 0.14 3 1023

38 6 6

Calculated values represent mean values (6SEM) derived from 3
independent experiments.
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Figure 10. Proposed mechanistic model for the attenuation of VEGF-mediated angiogenesis by SPARC. Angiogenesis generally occurs
against a hypoxia-induced VEGF gradient. SPARC production is also induced in situations of hypoxia, tissue remodeling, and wounding
where it exists in equilibrium (Kd ;2 mM) between a soluble and collagen-bound form. Our model proposes that SPARC sequesters
soluble VEGF (Kd ;150 nM), which may contribute to establishing the VEGF gradient and serve as a reservoir for VEGF.

availability and activity. The higher afﬁnity for VEGF of
SPARC domain III raises the possibility that peptides based
upon sequences contained within this domain could mimic
the tumor suppressor activities of SPARC. Although many
activities of SPARC have been shown to be induced by high
molar concentrations of the EF hand-containing mimetic
peptide 4.2, including effects on angiogenesis, we were
unable to detect high-afﬁnity binding of this peptide
to VEGF. Although sequences within domain III independent of peptide 4.2 may be key to domain III
interaction with VEGF, further studies are required to
determine if the second EF hand has any contribution
to SPARC-VEGF binding.
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and Engel, J. (1995) The C-terminal portion of BM-40 (SPARC/
osteonectin) is an autonomously folding and crystallisable domain
that binds calcium and collagen IV. J. Mol. Biol. 253, 347–357

26. Margulies, D. H., Corr, M., Boyd, L. F., and Khilko, S. N. (1993) MHC
class I/peptide interactions: binding speciﬁcity and kinetics. J. Mol.
Recognit. 6, 59–69
27. LaPorte, D. C., Wierman, B. M., and Storm, D. R. (1980) Calciuminduced exposure of a hydrophobic surface on calmodulin. Biochemistry 19, 3814–3819
28. Gopalakrishna, R., and Anderson, W. B. (1985) The effects
of chemical modiﬁcation of calmodulin on Ca2+-induced exposure of a hydrophobic region. Separation of active and inactive forms
of calmodulin. Biochim. Biophys. Acta 844, 265–269
29. Anderson, W. B., and Gopalakrishna, R. (1985) Functional and
regulatory importance of calcium-mediated hydrophobic regions of
calmodulin, protein kinase C, and other calcium-binding proteins.
Curr. Top. Cell. Regul. 27, 455–469
30. Patel-Hett, S., and D’Amore, P. A. (2011) Signal transduction in
vasculogenesis and developmental angiogenesis. Int. J. Dev. Biol. 55,
353–363
31. Kearney, J. B., Ambler, C. A., Monaco, K. A., Johnson, N., Rapoport,
R. G., and Bautch, V. L. (2002) Vascular endothelial growth factor
receptor Flt-1 negatively regulates developmental blood vessel formation by modulating endothelial cell division. Blood 99, 2397–2407
32. Shalaby, F., Rossant, J., Yamaguchi, T. P., Gertsenstein, M., Wu, X. F.,
Breitman, M. L., and Schuh, A. C. (1995) Failure of blood-island formation and vasculogenesis in Flk-1-deﬁcient mice. Nature 376, 62–66
33. Bhattacharya, R., Kwon, J., Wang, E., Mukherjee, P., and Mukhopadhyay,
D. (2008) Src homology 2 (SH2) domain containing protein
tyrosine phosphatase-1 (SHP-1) dephosphorylates VEGF receptor2 and attenuates endothelial DNA synthesis, but not migration*.
J. Mol. Signal. 3, 8
34. Olsson, A. K., Dimberg, A., Kreuger, J., and Claesson-Welsh, L.
(2006) VEGF receptor signalling—in control of vascular function.
Nat. Rev. Mol. Cell Biol. 7, 359–371
35. Autiero, M., Waltenberger, J., Communi, D., Kranz, A., Moons, L.,
Lambrechts, D., Kroll, J., Plaisance, S., De Mol, M., Bono, F., Kliche,
S., Fellbrich, G., Ballmer-Hofer, K., Maglione, D., Mayr-Beyrle, U.,
Dewerchin, M., Dombrowski, S., Stanimirovic, D., Van Hummelen,
P., Dehio, C., Hicklin, D. J., Persico, G., Herbert, J. M., Communi, D.,
Shibuya, M., Collen, D., Conway, E. M., and Carmeliet, P. (2003) Role
of PlGF in the intra- and intermolecular cross talk between the VEGF
receptors Flt1 and Flk1. Nat. Med. 9, 936–943
36. Cudmore, M. J., Hewett, P. W., Ahmad, S., Wang, K. Q., Cai, M.,
Al-Ani, B., Fujisawa, T., Ma, B., Sissaoui, S., Ramma, W., Miller, M. R.,
Newby, D. E., Gu, Y., Barleon, B., Weich, H., and Ahmed, A. (2012)
The role of heterodimerization between VEGFR-1 and VEGFR-2 in
the regulation of endothelial cell homeostasis. Nat. Commun. 3, 972
37. Blanco, R., and Gerhardt, H. (2013) VEGF and Notch in tip and stalk
cell selection. Cold Spring Harb. Perspect. Med. 3, a006569
38. Hasselaar, P., and Sage, E. H. (1992) SPARC antagonizes the effect of
basic ﬁbroblast growth factor on the migration of bovine aortic
endothelial cells. J. Cell. Biochem. 49, 272–283
39. Raines, E. W., Lane, T. F., Iruela-Arispe, M. L., Ross, R., and Sage,
E. H. (1992) The extracellular glycoprotein SPARC interacts with
platelet-derived growth factor (PDGF)-AB and -BB and inhibits the
binding of PDGF to its receptors. Proc. Natl. Acad. Sci. USA 89,
1281–1285
40. Welti, J., Loges, S., Dimmeler, S., and Carmeliet, P. (2013) Recent
molecular discoveries in angiogenesis and antiangiogenic therapies
in cancer. J. Clin. Invest. 123, 3190–3200
41. Kato, Y., Lewalle, J. M., Baba, Y., Tsukuda, M., Sakai, N., Baba, M.,
Kobayashi, K., Koshika, S., Nagashima, Y., Frankenne, F., Noël, A.,
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