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Abstract

Angiogenesis is mediated by signaling through receptor tyrosine kinases (RTKSs), Src family
kinases and adhesion receptors such as integrins, yet the mechanism how these signaling pathways
regulate one another remains incompletely understood. The RTK modulator, Sprouty4 (Spry4)
inhibits endothelial cell functions and angiogenesis, but the mechanisms remain to be fully
elucidated. In this study, we demonstrate that Spry4 regulates angiogenesis in part by regulating
endothelial cell migration. Overexpression of Spry4 in human endothelial cells inhibited migration
and adhesion on vitronectin (VTN), whereas knockdown of Spry4 enhanced these behaviors.
These activities were shown to be c-Src-dependent and Ras-independent. Spry4 disrupted the
crosstalk between vascular endothelial growth factor-2 and integrin aV(3, the receptor for VTN.
Spry4 overexpression resulted in decreased integrin 33 protein levels in a post-transcriptional
manner in part by modulating its tyrosine phosphorylation by c-Src. Conversely, knockdown of
Spry4 resulted in increased integrin B3 protein levels and tyrosine phosphorylation. Moreover, in
vivo analysis revealed that Spry4 regulated integrin 33 levels in murine embryos and yolk sacs.
Our findings identify an unanticipated role for Spry4 in regulating c-Src activity and integrin 3
protein levels, which contributes to the regulation of migration and adhesion of endothelial cells.
Thus, targeting Spry4 may be exploited as a target in anti-angiogenesis therapies.
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Introduction

Angiogenesis is critical to normal physiological processes such as wound healing and post-
ischemic tissue regeneration as well as pathological conditions such as cancer and
rheumatoid arthritis [1,2]. Angiogenesis is initiated by angiogenic growth factors such as
vascular endothelial cell growth factor (VEGF), binding to their cognate receptors in
coordination with integrin receptors binding to extracellular matrix (ECM) components [3—
5]. Modulation of angiogenesis is considered to be a promising target for pharmacological
interventions in patients with cancer [6,7], macular degeneration and complications of
diabetes [8,9]. Integrin aV[3 is expressed at low levels on quiescent endothelial cells in
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vivo, but is significantly elevated during angiogenesis [10-12]. Vascular development is
defective in the absence of integrin V3, as evidenced by impaired maturation of coronary
capillaries in integrin f3-null mice [13]. On the other hand, DiYYF-knockin mice expressing a
signaling defective integrin B3 exhibit an impaired angiogenic response, a phenotype similar
to that produced by integrin aVVB3-blocking antibodies or peptides [14]. In vitro studies
show that engagement of integrin aVVf33 by its ligand vitronectin (VTN) increases activation
of VEGF receptor-2 (VEGFR-2) signaling, which enhances angiogenic responses [15]. The
cooperative interaction between integrin aVVp3 and VEGFR-2 is mediated in part by c-Src,
where VEGFR-2 activation results in c-Src-mediated tyrosine phosphorylation of integrin 3
and enhanced affinity to VTN. Moreover, deficiency in VTN, the ligand of integrin aVf3, is
associated with increased wound fibrinolysis and decreased microvascular angiogenesis
[16].

While much has been learned about the activation of integrins and receptor tyrosine kinases
(RTKS) in endothelial cells, much less is known about the mechanisms that attenuate these
signals. The Sprouty (Spry) family of proteins was originally identified as feedback
inhibitors of fibroblast growth factor receptor signaling [17-19] and subsequent studies
showed that other RTK signaling pathways such as VEGF are also inhibited by Spry [20-
22]. Four mammalian Spry genes have been identified, and all of them are expressed in
endothelial cells. Spry1, Spry2 and Spry4 have all been shown to potently inhibit VEGF
signaling in endothelial cells [23-25], although the mechanisms are not well understood. It
was reported that Spry4 physically interacts with Rafl and blocks its activation by VEGF
through phospholipase Cy and protein kinase C pathways [26], although other pathways
were not investigated. Gene targeting studies in mice show that simultaneous deletion of
Spry2 and Spry4 is embryonic lethal due to severe vascular defects, whereas deletion of
either Spry alone has no effect on vascular development [27]. Adenovirus-mediated
overexpression of Spry4 inhibits sprouting and branching of small vessels resulting in
abnormal embryonic development, and also inhibits endothelial cell proliferation by
arresting cell cycle progression without inducing apoptosis [24]. Spry4-null mice show mild
limb defects and are born without obvious vascular defects, but show increased vascular
density in several tissues and accelerated neovascularization after hindlimb ischemia
[28,29]. However, the signaling pathways involved in enhanced vascularization of Spry4-
null mice have not been fully elucidated.

In the present study, we report that Spry4 inhibits endothelial cell migration and adhesion in
part by inhibiting c-Src activation and by decreasing integrin 3 protein levels. These data
indicate that Spry4 is a negative regulator of angiogenesis, in part, by regulating c-Src
activation and integrin 3 stability. Because integrins have been targets for anti-angiogenic
therapies, our data suggest that targeting Spry4 may also be exploited to treat cardiovascular
disorders and solid tumors.

Materials and methods

Mice

The Maine Medical Center Research Institute (MMCRI) Transgenic Mouse Core generated
the conditional Spry4 transgenic (CAGGFP-Spry4) mice. The CAGCAT-Z vector
containing a chicken B-actin gene promoter-loxP-chloramphenicol acetyltransferase (CAT)
gene-loxP-LacZ was modified by replacing the CAT gene with the open reading frame of
green fluorescent protein [30]. The LacZ cassette was then replaced with a Myc/His tagged
open reading frame of mouse Spry4. Ophir Klein (UCSF) generously provided conditional
Spry4f/fmice. Conditional overexpression or targeted-deletion of Spry4in endothelial cells
was achieved by mating female CAGGFP-Spry4 or Spry4f/fmice to male VE-cad-Cre or
Tie2-Cre mice (Jackson Laboratory) [31]. The resulting bitransgenic and knockout mice
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were genotyped by polymerase chain reaction as previously described [32]. The Institutional
Animal Care and Use Committee at MMCRI approved all experiments involving mice.

Primary murine endothelial cell isolation

Lungs of adult mice were aseptically dissected and washed with phosphate buffered saline
(PBS, Thermo Scientific). After cut into small pieces with scissors, lung tissues were
digested with collagenase (0.2 %, Sigma) on a rocker at 37 °C overnight. Tissue pieces were
further separated into single cell suspensions by passing through 23 gauge needles and the
cells were cultured in Dulbecco’s modified eagle medium (DMEM, Thermo Scientific)
containing fetal bovine serum (FBS, 10 %, Atlanta Biologicals) at 37 °C for 6 days. Cells
were then trypsinized and endothelial cells were isolated with magnetic beads (BD)
conjugated with anti-PECAM antibodies (BD) and grown in DMEM containing FBS (20 %)
on VTN (0.5 g/ml, BD).

Cells culture and viruses

Human umbilical vein endothelial cells (HUVECS, Lonza) and human aortic endothelial
cells (HAECs, Lonza) were maintained according to the supplier’s instructions and used
between passage 4 and 9. 293T cells were culture in DMEM supplemented with FBS (10
%). Spry4 adenovirus (AdSpry4) and integrin f3 adenovirus (AdB3) were generated in our
laboratory using the pAdLox system, and acZ adenovirus (AdLacZ) and Cre adenovirus
(AdCre) were prepared as previously described [33]. Spry4 shRNA lentiviruses
(LentishSpry4) and non-targeting lentivirus (LentiNT) were purchased from Open
Biosystems. Constitutively active c-Src adenovirus (AdCASrc) and dominant negative c-Src
adenovirus (AdDNSrc) were generously provided by Dr. Alejandro Adam and Dr. Kevin
Pumiglia (Albany Medical Center). Adenoviruses were used at 1 x 103 vp/cell, and
lentiviruses were used at 1 x 104 vp/cell.

Retinal angiogenesis assay

Eyes from P5 mice were excised, washed with PBS and fixed in paraformaldehyde (PFA, 4
%, Sigma) at room temperature (RT) for 5 min. Retinas were then dissected and further
fixed with PFA (4 %) at RT for 2-5 h. Samples were then permeabilized and blocked in
bovine serum albumin (BSA, 1 %, Roche) supplemented with Triton X-100 (0.2 %, Sigma)
at 4 °C overnight. Retinas were washed twice with PBS, and incubated in Isolectin B4 Alexa
Fluor® dye conjugates (5 pg/ml, Invitrogen) at 4 °C overnight. Samples were then washed
five times with PBS, flat mounted and analyzed by DFC 340 FX inverted fluorescent
microscope (Leica) according to manufacturer’s instructions. Images were further analyzed
and processed using ImageJ software (NIH) according to the user’s guide.

Boyden chamber assay

Modified Boyden chamber migration assays were performed as previously described [34].
Briefly, serum starved endothelial cells were seeded as 1 x 10° cells/well in 100 pl of serum-
free endothelial basal medium (EBM-2, Lonza) into 5.0 ym pore size polycarbonate
transwells (Falcon) pre-coated with VTN (0.5 pg/ml), and the transwells were inserted into a
24-well plates (Falcon) containing 600 pl of EBM-2. Cells were incubated at 37 °C for 1 h,
and then VEGF-A (R&D) was added into the lower chambers at a final concentration of 20
ng/ml. Six hours later, cells on the upper surface of transwells were removed and cells that
had crossed the pores were stained with DAPI (2 pg/ml, SIGMA). Endothelial cell migration
was quantified by measuring the numbers of migrating cells at 5 distinct positions using
DFC 340 FX inverted fluorescent microscope according to manufacturer’s instructions. All
assays were performed in triplicates.
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Wound healing assay

Cells were grown to confluence on 6-well plates (Falcon) pre-coated with VTN (0.5 pg/ml).
After treated with mitomycin C (10 pg/ml, Sigma) for 20 min at 37 °C, monolayers were
washed with EBM-2, scratched with a pipet tip and cultured in endothelial complete
medium (EGM-2, Lonza) at 37 °C. Photographs were taken with Axiovert 40C microscope
(Zeiss) at the indicated times. Endothelial cell migration was quantitated by measuring the
width of the cell-free zone (distance between the edges of the injured monolayer) at 5
distinct positions, and all assays were performed in triplicates.

Adhesion assays

Black 96-well plates (Nunc) were coated with VTN (0.5 pg/ml) at 37 °C for 1 h. Equal
number of cells were seeded onto each well and incubated in EBM-2 at 37 °C for 30 min.
The adherent cells were stained with CYQUANT NF dye (Invitrogen) at 37 °C for 1 h. The
fluorescent signal from labeled cells was captured and analyzed using a Modulus microplate
reader (Turner Biosystems) according to the manufacturer’s instructions.

Immunoprecipitation and Immunoblot analysis

Immunoprecipitation and immunoblot analysis was performed and quantified as described
[31]. Briefly, for immunoprecipitation, equal amounts of cell lysate were incubated with the
indicated antibodies overnight at 4 °C with rotation. Protein A/G-agarose beads (20 pl, Santa
Cruz) were then added to the lysates to capture the immune complexes at 4 °C with rotation
for 1 h. For immunoblotting, equal volume of proteins were loaded into SDS-
polyacrylamide gels, separated by electrophoresis, and transferred onto nitrocellulose
membranes (Bio-Rad). Antibodies against c-Myc (9E10), B-tubulin and diphosphorylated
ERK1/2 were purchased from Sigma. Antibodies against phospho-Src (Tyr416), phospho-
AKT (Ser473), AKT and VEGFR-2 (55B11) were purchased from Cell Signaling.
Antibodies against c-Src, ERK1 (C-16), Spry4 (H-100), phospho-integrin f3 (Tyr747),
integrin B3 (H-96), PECAM-1 (H-300), HDAC2 (H-54) and integrin aV (H-75) were
purchased from Santa Cruz. The immunoblotting images were analyzed and quantified by
ImageJ software. The data are presented as relative expression of the experimental groups
compared to the control after normalization to the loading controls. All experiments were
performed at least three times.

RT-PCR and real-time quantitative PCR analysis

Total RNA was extracted using an RNeasy mini kit (Qiagen) following the manufacturer’s
instructions. First strand cDNA was synthesized using the NEB first stand synthesis system
(New England Biolabs). RT-PCR analysis was performed using PCR MasterMix (5Prime)
and real-time quantitative PCR analysis was performed using SYBR green and iCycle
system (Bio-Rad). The comparative Ct method was used to calculate the relative abundance
of mMRNA compared with that of GAPDH expression.

Flow cytometry

Both embryos and yolk sacs were isolated at E9.5. After incubating in tryspin-EDTA
(0.25%, Thermo) at 37 °C for 30 min, tissues were further separated into single cell
suspensions through 23 gauge needles and cells were collected by centrifugation at 1200
rpm for 4 min. After blocking with rat 1gG (1%, BD) in BSA (0.1%) at 4 °C for 5 min, anti-
mouse/rat integrin B3 PE and anti-mouse PECAM APC conjugated antibodies (eBioscience)
were added and incubated at 4 °C for 30 min. Cells were then analyzed with a FACS Calibur
(BD). The data were analyzed by FlowJo software.
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Statistical analysis

All values were expressed as mean + S.D. Statistical significance was determined with 2-
tailed Student’s ftest. Statistical significance was defined as P < 0.05 and indicated with
asterisk.

Results

Spry4 overexpression in endothelial cells inhibits in vivo angiogenesis

Previous studies showed that injection of a Spry4 encoding adenovirus into the mouse
embryonic vasculature inhibited vascular development [24]. Global gene targeting of Spry4
in the mouse results increased vascular density in some tissues, and resistance to hindlimb
ischemia due to enhanced neovascularization [29]. Because neither of these previous studies
targeted the endothelial cells specifically, we developed a conditional Spry4 transgenic
mouse (Suppl. Fig. 1). Conditional CAGGFP-Spry4 female mice were crossed with VE-cad-
Cre male transgenic mice and retinas from P5 CAGGFP-Spry4,;VVE-cad-Cre mice compared
to CAGGFP-Spry4 Cre-negative mice. Overexpression of Spry4 in VE-cadherin expressing
endothelial cells had little effect on primary branching (Fig. 1A), however, secondary
branching and overall vascular density were reduced in retinas from CAGGFP-Spry4, VE-
cad-Cremice (Fig. 1B&C). These data indicate that endothelial cell-specific overexpression
of Spry4 impairs angiogenesis in vivo. Conversely, previous studies showed deletion of
Spry4 increased angiogenesis [29]. Taken together, these data show that Spry4 is a regulator
of angiogenesis in vivo.

Inhibition of endothelial cell migration by Spry4 is Ras-independent and c-Src-dependent

It was previously reported that Spry4 inhibited Ras-independent angiogenic signaling [28],
however other signals were not fully elucidated. Therefore, to investigate what signaling
pathways may be suppressed by Spry4, we used murine primary endothelial cells isolated
from the lungs of CAGGFP-Spry4,;VE-cad-Cre, Spry4l/f;VE-cad-Cre mice or their Cre-
negative littermates. These cells adhered and grew best on VTN coated dishes (data not
shown) compared to other ECM proteins. Therefore all in vitro experiments were conducted
using VTN, except where indicated. Immunoblot analysis shows that overexpression of
Spry4 inhibits phosphorylation of c-Src, AKT and ERK (Fig. 1D), whereas knockout of
Spry4 enhances phosphorylation of these signaling proteins (Fig. 1E). Exogenously
expressed Spry4 proteins were marked with a Myc tag on its C-terminus.

Endothelial cell migration is an essential component of angiogenesis, and previous studies
showed that Spry4 inhibited Ras/ERK signaling in endothelial cells [24]. Therefore, we
sought to determine the effect of Spry4 on this pathway in the regulation of endothelial cell
migration using wound healing assays. Overexpression of Spry4 in HUVECSs by adenovirus
transduction significantly inhibited both cell migration and ERK activation. Transduction of
HUVECs with AdCARas resulted in increased ERK activation but had little effect on
migration. Moreover, co-transduction of HUVECs with AdSpry4 and AdCARas resulted in
inhibition of cell migration while leaving ERK activation intact (Suppl. Fig. 2A-C). Because
the cells were pre-treated with mitomycin C to inhibit proliferation, the differences we
observed were due to cell migration and not proliferation. This suggested that Spry4
inhibited HUVEC migration through a Ras/ERK-independent mechanism. To determine
which pathways might be affected by Spry4 to inhibit endothelial cell migration, we treated
HUVECs with several chemical inhibitors to analyze signaling pathways impacted by
Spry4. The Src family kinase (SFK) inhibitor PP2 significantly inhibited wound healing
compared to DMSO controls, whereas the mitogen-activated protein kinase MEK inhibitor
U0126 and the phosphoinositide 3-kinase inhibitor Ly294002 had little effect on cell
migration (Suppl. Fig. 2D-F).
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Because Spry4 inhibited c-Src activation in endothelial cells, and because the SFK inhibitor
PP2 inhibited cell migration in a manner similar to Spry4, we sought to determine the
mechanistic interaction between Spry4 and c-Src in regulating endothelial cell migration.
Results of Boyden chamber migration assays showed that transduction of HAECs with
AdSpry4 resulted in a marked decrease in cell migration, whereas AJCASrc increased cell
migration relative to the LacZ control (Fig. 2A&C). Interestingly, co-transduction of
AdSpry4 and AACASrc showed that CASrc was able to overcome the inhibitory effects of
Spry4 expression on HAEC migration (Fig. 2A&C). On the other hand, ADDNSrc inhibited
HAEC migration. Knockdown of Spry4 resulted in an increase in cell migration relative to
NT control treated cells, and DNSrc reversed this effect (Fig. 2B&D). In addition, wound-
healing assays using HUVECs gave similar results (Fig. 2E-H). Immunoblot analysis of
HUVEC lysates confirmed Spry4 expression levels and c-Src phosphorylation (Fig. 21&J).
Both gain- and loss-of-function experiments indicated that Spry4 regulates endothelial cell
migration via modulating c-Src activation.

Spry4 interacts with c-Src in endothelial cells

Previous studies showed that Spry4 binds to Rafl and TESKZ1 to inhibit their kinase activity
[26,35]. Thus, we hypothesize that Spry4 may also regulates the activation of c-Src through
protein-protein interactions. To address this, we tried to detect the interaction between these
two proteins in endothelial cells by co-immunoprecipitation. Because endogenous Spry4
protein levels are low in normal human primary endothelial cells, we overexpressed
exogenous Spry4 using adenoviral expression. As expected, Spry4 co-immunoprecipitated
with endogenous c-Src in both HUVECs and HAECs (Fig. 3A&B). When either
constitutively active or dominantly negative forms of c-Src were co-transduced with Spry4,
there was little impact on the interaction between Spry4 and c-Src (Fig. 3A&B), suggesting
that the activation of c-Src is not required for the binding of Spry4 and c-Src. Moreover,
immunoprecipitation and immunoblot analysis showed that Spry4 also interacted with c-Src
as well as its dominant negative and constitutively active forms in 293T cells (Suppl. Fig. 3).
These results suggest that the regulation of c-Src activation may be due in part to its
interaction with Spry4.

Spry4 regulates integrin 3 protein levels and its interaction with VEGFR-2 via modulating
its phosphorylation by c-Src

Integrin aVp3 is a receptor for VTN on endothelial cells, and plays important roles during
vasculogenesis and angiogenesis [36]. Furthermore, previous studies showed that VEGF
mediates strong reciprocal activation between VEGFR-2 and integrin 3 in HUVECs grown
on VTN [37]. Because this crosstalk is in part dependent on c-Src, but not other Src family
members, and VEGFR-2 activation results in c-Src-mediated tyrosine phosphorylation of
integrin 3 on Y747 and Y759 and enhanced VEGFR-2 signaling, we sought to determine
whether Spry4 had an effect on tyrosine phosphorylation of c-Src and integrin 3 in
response to VEGF-A stimulation of HUVECSs. Overexpression of Spry4 decreased tyrosine
phosphorylation of ¢c-Src and integrin B3 in response to VEGF stimulation, which was
rescued by DNCsk (Suppl. Fig. 4A). Knockdown of Spry4 increased tyrosine
phosphorylation of ¢c-Src and integrin 3, which persisted longer than controls (Suppl. Fig.
4B). Furthermore, phosphorylation of ¢c-Src and integrin 3 induced by knockdown of Spry4
was repressed by the SFK inhibitor PP2 (Suppl. Fig. 4B). Interestingly, overexpression of
Spry4 reduced integrin B3 protein levels, which may account in part for the decrease in
integrin 3 tyrosine phosphorylation. Knockdown of Spry4 enhanced integrin 33 protein
expression. Moreover, DNCsk increased integrin 33 protein levels, whereas PP2 decreased
integrin 3 protein expression. Taken together, these results suggest that Spry4 regulates
integrin 33 phosphorylation and protein levels in part through regulation of c-Src activity.
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To confirm that inhibition of c-Src activation by Spry4 was responsible for the decrease in
integrin 33 protein levels, and to investigate how Spry4 modulates the crosstalk between
VEGFR-2 and integrin B3, we transduced HUVECSs with AdSpry4, AACASrc or both.
Forced expression of Spry4 reduced integrin 3 phosphorylation and expression as expected,
and co-expression of CASrc with Spry4 rescued the effects of Spry4 (Fig. 4A&C). In
addition, knockdown of Spry4 increased integrin 3 phosphorylation and protein levels and
DNSrc reversed these effects (Fig. 4B&D). These results suggest that DNSrc can suppress
increased integrin f3 phosphorylation and expression as a result of Spry4 deletion. By
immunoprecipitation of equal amount of either VEGFR-2 or integrin f3 with limiting
volume of antibodies, we show that Spry4 overexpression impaired the interaction of
VEGFR-2 and integrin B3, and that expression CASrc can rescue this interaction (Fig. 4E).
Conversely, Spry4 knockdown enhanced the interaction of VEGFR-2 and integrin 3, and
DNSrc repressed the interaction (Fig. 4F). Taken together, Spry4 regulates both integrin 3
protein levels and binding to VEGFR-2 via modulating its phosphorylation by c-Src.

Spry4 modulates Integrin B3 protein stability via regulating its phosphorylation by c-Src

Because Spry4 overexpression decreased, and Spry4 knockdown increased integrin 33
protein levels, we investigated the mechanisms by which this might occur. Both real-time
RT-gPCR (Fig. 5A) and RT-PCR (Fig. 5B) analysis of HUVECs showed that
overexpression or knockdown of Spry4 had little effect on integrin f3 mRNA levels. This
suggests that Spry4 regulates integrin 3 expression by a post-transcriptional or post-
translational mechanism. To determine the effect of Spry4 on integrin B3 protein stability,
we treated HUVECs with the protein synthesis inhibitor cycloheximide. Immunoblot
analysis showed Spry4 overexpression significantly shortened the half-life of integrin 3
proteins, whereas CASrc reversed this effect (Fig. 5C&D). Moreover, knockdown of Spry4
with shRNAs extended the half-life of integrin 33 proteins, and DNSrc reversed this effect
(Fig. 5C&E). These results suggest that Spry4 regulates integrin p3 protein levels via
modulating its stability and degradation. We also investigated the subcellular localization of
integrin 3 in HUVECSs where Spry4 was overexpressed or knocked down. Immunoblot
analysis showed that Spry4 overexpression reduced the amount of integrin 3 in the
membrane fraction while having no effect on PECAM levels (Fig. 5F). Spry4 was present in
both the membrane and cytoplasmic fractions. Knockdown of Spry4 resulted in an increase
in integrin 3 in the membrane fraction compared to non-targeting control (Fig. 5F). Taken
together, these data show that Spry4 regulates integrin 3 protein levels by increasing
integrin 3 turnover, and that Spry4 reduces membrane bound as well as total levels of
integrin 3 which in part may contribute to reduced cell migration in Spry4 expressing
endothelial cells.

Spry4 regulates endothelial cell migration and adhesion via modulating Integrin B3

expression

Our data indicate that Spry4 regulates integrin 3 protein levels by a post-transcriptional
mechanism. Therefore, we treated HUVECSs overexpressing Spry4 with the proteasome
inhibitor MG132. Treatment of HUVECSs overexpressing Spry4 with MG132 resulted in a
partial rescue of the inhibitory effect of Spry4 on endothelial cells migration (Fig. 6A&B).
The rescue of HUVEC migration by MG132 correlated with a restoration of integrin 3
protein levels (Fig. 6C). Furthermore, when proteasome degradation was blocked by
MG132, Spry4 overexpression increased the ubiquitination levels of integrin 3 proteins
(Fig. 6C). Similar effects were also observed in HAECs (Suppl. Fig. 5A&B). Moreover,
Spry4 overexpression significantly shortened the half-life of integrin B3 proteins in HAECs,
whereas MG132 reversed this effect (Suppl. Fig. 5C). These data further support a role for
Spry4 in the regulation of endothelial cell migration and adhesion, in part through regulating
integrin 3 protein ubiquitination and degradation.
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To confirm integrin B3 is a target in the regulation of endothelial cell migration and adhesion
by Spry4, we performed rescue experiments by overexpressing exogenous integrin 3.
Forced expression of integrin 33 in HUVECSs by adenoviral transduction partially rescued
Spry4-mediated inhibition of cell migration on VTN (Fig. 6D&E). In addition, Spry4
overexpression in HUVECs mimicked the function of the integrin a3 blocking antibody,
LM609, on cell adhesion to VTN, further establishing a role for Spry4 in regulating integrin
aVB3-mediated attachment to VTN (Fig. 6F). Moreover, exogenous expression of integrin
(33 restored adhesion of HUVECs overexpressing Spry4 (Fig. 6F&G). Taken together, these
data suggest that Spry4 regulates integrin 3 protein levels in endothelial cells via a
proteasome-dependent mechanism, which in part regulates endothelial cell migration and
adhesion.

Spry4 regulates integrin B3 expression in murine endothelial cells both ex vivo and in vivo

Primary endothelial cells were isolated from conditional transgenic CAGGFP-Spry4 and
Spry4f/f gene targeted mice. Overexpression or deletion of Spry4in murine primary
endothelial cells was achieved by Cre-mediated recombination using AdCre.
Immunoblotting of endothelial cell lysates from CAGGFP-Spry4 mice that had been
induced to overexpress Spry4 showed a significant decrease in integrin 33 protein levels
relative to AdLacZ transduced control cells (Fig. 7A&B). Conversely, AdCre-mediated
deletion of Spry4in murine primary endothelial cells from Spry4f/fmice showed a
significant increase in integrin 33 protein levels (Fig. 7C&D). Similar to the results obtained
from HUVECs (data not shown), increased or decreased expression of Spry4 in murine
primary endothelial cells showed little effect on the expression of integrin aV (Fig. 7A&C).
We also investigated whether Spry4 regulates integrin 3 protein levels in vivo. Conditional
CAGGFP-Spry4 and Spry4f/ffemale mice were crossed with 77e2-Cre male mice. Embryos
and yolk sacs were collected at E9.5 and analyzed by flow cytometry. While conditional
overexpression or knockout of Spry4 in Tie2-positive cells had little effect on endothelial
cell number as indicated by the number of PECAM-positive cells (Fig. 7TE&G), integrin 3
staining intensity was decreased in PECAM-positive cells from CAGGFP-Spry4; Tie2-Cre
transgenic embryos and yolk sacs relative to Cre-negative controls (Fig. 7F). Conversely,
integrin 3 staining intensity was increased in PECAM-positive cells from Spry41/f; Tie2-
Creyolk sacs relative to Cre-negative controls, whereas in embryos the increase did not
reach statistical significance probably due to a lower overall percentage of endothelial cells
in embryos (Fig. 7H). These results indicated that Spry4 plays an important role in
regulating integrin 3 protein levels both ex vivo and in vivo.

Discussion

Although the role of Spry4 in regulating angiogenesis has been investigated previously, the
mechanisms by which this occur remains to be fully elucidated. In this study, we used
human primary endothelial cells and conditional transgenic and gene-targeted mice to
investigate the regulation of angiogenesis by Spry4. Angiogenesis is mediated through the
complex interaction between endothelial cells and signals in the microenvironment such as
VEGF and the ECM [2,3,38]. It was first reported that Spry4 negatively regulated RTK-
mediated Ras/MAPK activation in endothelial cells and that activation of this pathway is
required for angiogenesis [24,39]. It was subsequently shown that Spry4 deficiency in mice
enhanced angiogenesis by potentiating Ras-independent angiogenic signals [27,28]. Despite
these studies, the mechanisms by which Spry4 regulates endothelial cell migration and
adhesion remains to be established. Here, we report for the first time that Spry4 inhibits c-
Src signaling and regulates integrin 3 protein levels to regulate endothelial cell migration
and adhesion, two critical steps in the angiogenic cascade. Our results are consistent with
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previous reports that Spry4 regulates Ras-independent signals, and we identify c-Src as one
of the potential Ras-independent signals regulated by Spry4.

We observed a decrease in total integrin 3 protein but not mRNA levels in endothelial cells
overexpressing Spry4. This suggests that Spry4 regulates integrin 33 by a post-
transcriptional mechanism. Indeed, treatment of endothelial cells overexpressing Spry4 with
the proteasome inhibitor MG132 restored integrin 3 protein to control levels, suggesting
that Spry4 mediates proteasomal degradation of integrin 3. We also found that knockdown
of Spry4 increased integrin 33 protein levels without affect mRNA levels, supporting a role
for Spry4 in regulating integrin 3 stability and turnover.

Little is known about the degradative pathways that regulate integrin protein levels.
Following endocytosis integrins are targeted to the early endosomes where they are sorted
into different compartments such as late endosomes and lysosomes where they are degraded,
or sorted to other compartments for recycling [40]. Integrin B5 is degraded upon recruitment
of c-Cbl after activation of FGFR2 in osteoblasts [41]. Furthermore, it was recently reported
that degradation of integrin B1 is dependent upon ubiquitination, and integrin Bl is a
required component of fibroblast migration [42]. While Spryl and Spry2 have been shown
to bind c-Cbl through a conserved N-terminal sequence and are degraded by a proteasome-
dependent mechanism [43-45], Spry4 does not bind, nor is it ubiquitinated by c-Cbl [46],
although it contains a similar N-terminal sequence including a canonical conserved tyrosine
residue. In addition, we have previously shown that Spry1 and Spry2 are ubiquitinated by
Siah2, and degraded in a proteasome dependent manner, whereas Spry4 is not [47]. Thus,
Spry4 may have a unique role among Spry family members with regard to its own stability
and the regulation of the stability of other proteins. Although both our gain- and loss-of-
function studies show that Spry4 plays a role in regulating integrin 3 stability and turnover,
additional study will be required to define the precise mechanism by which this occurs.

It has been reported that integrin aV3 forms complexes with VEGFR-2, which results in
enhanced downstream signaling mediated by VEGF-A, and that adhesion to VTN together
with stimulation with VEGF-A results in c-Src-mediated tyrosine phosphorylation of
integrin B3 [15]. Studies also showed that c-Src is the major kinase responsible for the
tyrosine phosphorylation of integrin 3, which is required for VEGF-A induced activation of
integrin 33 for high affinity binding to VTN, cell adhesion, and maximal formation of the
VEGFR-2: integrin aVp3 signaling complex [37]. Our results show that overexpression of
Spry4 results in both decreased integrin 3 tyrosine phosphorylation and protein levels, and
knockdown of Spry4 has opposite effects. Furthermore, we show that Spry4 modulates the
interaction between VEGFR-2 and integrin aV3; Spry4 overexpression decreases the
interaction and knockdown of Spry4 increases it. These findings also confirm that c-Src-
induced tyrosine phosphorylation of integrin B3 is required for the interaction between these
two important transmembrane proteins on endothelial cell surface.

It was reported that Spry4 regulates Rafl and TESK1 kinase activities by directly
associating with these proteins [26,35]. We show in the present study that Spry4 interacts
with c-Src as shown by immunoprecipitation, suggesting that this association may play a
role in the inhibition of c-Src activity. VEGF stimulation of endothelial cells results in
recruitment of c-Src to VEGFR-2 where c-Src becomes activated. Because there is no
obvious difference between the interactions of Spry4 with either active or inactive form of c-
Src, we speculate that Spry4 through its association with c-Src sequesters it in a manner that
prevents its activation by VEGFR-2. This would subsequently prevent tyrosine
phosphorylation of integrin 3, and consequently reduce its association with VEGFR-2 and
the affinity of integrin aVV3 for VTN, resulting in decreased cell adhesion and migration.
Immunoblotting of subcellular fractions showed that Spry4 was present in both cytoplasmic
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and membrane compartments, indicating the possibility of its interaction with c-Src at the
membrane. Moreover, immunoprecipitation also revealed that Spry4 also interacted with c-
Src in 293T cells, which express very little VEGFR-2 or integrin aV/p3. These data suggest
that the association between Spry4 and c-Src may be constitutive and not limited to VEGF
signaling. We cannot rule out the association of other signaling proteins with the Spry4:c-
Src complex that may contribute to reduced c-Src activation and inhibition of adhesion and
migration. Additional study will be required to further define the nature of the inhibition of
c-Src by Spry4.

Gene targeting of Spry4 in the mouse does not produce any overt embryonic vascular
phenotypes [32]. However, adult Spry4-/-mice have increased vascular density in some
tissues, are resistant to hindlimb ischemia-induced tissue damage, and show enhanced
neovascularization of transplanted tumors[27]. The results of our experiments using mouse
embryos and primary murine endothelial cells indicate that Spry4 has a role in regulating
integrin 3 levels in vivo. It has been shown that SFKs are required for VEGF-induced
angiogenesis in vitro and in vivo [48,49], and that vascular development and angiogenic
responses are defective in integrin f3-null mice and DiYF-knockin mice, which express an
integrin 3 mutant where Tyr747 and 759 have been mutated to Phe and are defective in
signaling [13,14]. Therefore, we hypothesize that the enhanced angiogenic responses
observed in Spry4—/—mice are due in part to increased c-Src activation based upon our
observations that Spry4 knockdown in HUVEC results in increased migration and adhesion,
two important components of angiogenesis. Furthermore, because integrin aV3, a major
mediator of angiogenesis, is increased in Spry4f/f; Tie2-Cre PECAM-positive cells this may
also contribute to enhanced angiogenesis on a Spry4 null background.

Overall, the results of this study show that Spry4 regulates migration and adhesion of
endothelial cells on VTN in part through inhibition of c-Src signaling, and increasing the
turnover of integrin 3 by a proteasome-dependent mechanism. These data provide new
mechanistic information on the role of Spry4 in modulating c-Src signaling and integrin p3
protein levels to regulate adhesion and migration, two critical steps in the angiogenic
cascade. Our data also suggest a potential mechanism for increased vascular density and
enhanced angiogenesis in Spry4—-/—mice. These novel observations demonstrate new roles
for Spry4 as a negative regulator of angiogenic signaling, and will inform new targets for
therapy in vascular disease and cancer.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Specific overexpression of Spry4 in endothelial cellsinhibitsretina angiogenesis
Representative photographs show B4 staining of different parts of retinas from P5 wild-
type (WT) and Spry4, VE-cad-Cre transgenic mice. Spry4 has no effect on primary
branching from the center of retina (A), but significantly represses secondary branching (B)
and vessel density (C). (n = 6; * p < 0.05). Murine Primary endothelial cells were isolated
from the lungs of Spry4,VE-cad-Cre (SprydTG), Spry4t/f:VE-cad-Cre (Spry4—/-) mice and
their Cre-negative littermates. Deletion or overexpression of Spry4 was achieved by
transducing cells in vitro with AdCre. Cells were use 24-48 h after Cre-mediated
recombination. Representative immunoblots are shown. Equal amount of cell lysate were
loaded for all samples. Spry4 overexpression inhibits phosphorylation of c-Src, AKT and
ERK in murine primary endothelial cells (D), whereas Spry4 knockout enhances their
phosphorylation (E).
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Fig. 2. Spry4 regulates human endothelial cell migration on VTN via modulating c-Src activation
(A) HAECs were transduced with AdLacZ or AdSpry4 with or without AdCASrc, and
subjected to Boyden chamber assays 24 h later. Representative photographs show DAPI
staining of migrating cells 6 h after addition of VEGF (20 ng/ml) to the bottom well. (B)
HAECs were transduced with LentiNT or LentishSpry4, both of which have puromycin drug
resistance marker for selecting, and selected with puromycin (0.5 pg/ml) for 5 days. After
transduction with AdLacZ or ADDNSrec, the cells were subjected to Boyden chamber assays
asin A. (C, D) Quantification of migrating HAECs; n = 6; data are means + S.D. * p < 0.05;
**p < 0.01. (E) Confluent HUVECs were grown on VTN and transduced with AdLacZ or
AdSpry4 with or without AACASrc. Twenty-four h later cells were treated with mitomycin
C (10 pg/ml) for 20 min before subjected to scratch wound-healing assay. (F) Confluent
HUVECs grown on VTN were transduced with LentiNT or LentishSpry4, and selected with
puromycin (0.5 pyg/ml) for 5 days. Cells were then transduced with AdLacZ or ADDNSrc
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and subjected to wound healing assays as in E. Representative photographs are shown.
Dashed lines indicate where the edge of the wound at time 0, and arrowheads indicate the
gap between cells 24 h later. (G, H) Quantification of relative wound closure; n = 6; data are
means + S.D. * p < 0.05; ** p < 0.01. (I, J) Cell lysates of the transduced HUVECs
subjected to scratch assays were analyzed by immunoblotting. Representative immunaoblots
are shown. The exogenous Spry4 proteins were marked with a Myc tag on the C-terminus.
Equal amount of cell lysate were loaded for all samples.
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HUVECs (A) and HEACs (B) were transduced with different adenovirus combinations as
indicated, and lysed 24 h later. Cell lysates were immunoprecipitated with anti-Myc or anti-
c-Src antibodies. Immune complexes and whole cell lysate were resolved by SDS-PAGE
and analyzed for c-Src and Myc using specific antibodies. Representative immunoblots are
shown. Equal amount of immune complexes and cell lysate were loaded for all samples.
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Fig. 4. Spry4 modulatesintegrin B3 expression and itsinteraction with VEGFR-2 via c-Src

(A) HUVECs grown on VTN were transduced with AdLacZ or AdSpry4 with or without
AdCASrc, and lysed 24 h later and subjected to immunoblotting with the indicated
antibodies. (B) HUVECs grown on VTN were transduced with LentiNT or LentishSpry4,
and selected with puromycin (0.5 pg/ml) for 5 days. After transduction with AdLacZ or
AdDNSrec, the cells were lysed 24 h later and subjected to immunoblotting with the
indicated antibodies. (C, D) Quantification of relative integrin B3 expression normalized to
tubulin and relative to LacZ or NT controls; n = 6; data are means £ S.D. ** p < 0.01. (E, F)
Cell lysates were immunoprecipitated with anti-VEGFR-2 or anti-integrin B3 antibodies.
Immune complexes were then resolved by SDS-PAGE and immunoblotted with VEGFR-2,
integrin 33 and Src specific antibodies. Representative immunoblots are shown. Equal
amount of immune complexes and cell lysates were loaded for all samples.
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Fig. 5. Spry4 regulatesthe protein stability of integrin f3 viac-Src

(A) Real-time gPCR analyses reveals no effect of Spry4 on integrin f3 mRNA levels; n = 3;
data are means = S.D. (B) RT-PCR analysis show that mRNA levels of integrin g3 in
HUVECs that either overexpressing or depleted of Spry4 by shRNAs are unaffected. (C)
HUVECs were transduced as indicated, and cell lysates were prepared at different time
points as indicated after cycloheximide (10 pg/ml) treatment. Equal amounts of cell lysate
were loaded and analyzed by immunoblotting. Representative immunoblots are shown. (D,
E) Quantification of relative integrin B3 protein levels normalized to tubulin and relative to
the levels at 0 hr of each group; n = 3; data are means + S.D. (F) Subcellular factions of
HUVEC:s either overexpressing or depleted of Spry4 by shRNAs were prepared and
analyzed by immunoblotting. Representative immunoblots are shown. Equal amount of cell
lysate were loaded for all samples.

Angiogenesis. Author manuscript; available in PMC 2014 October 01.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Gong et al.

Page 20

S
+
=
(0]
Ieie
=)
N
vy)
*
*
*
*

A Lacz+oMSO  Sp

4+DMSO_ LacZ+MG132  Sp

. |
L L é\r c,‘»
S ¥ @ ¢
& o S
YTy — 250um \9" & & (\&

memgg

Relative Wound
Closure (%)
©oo00o

AdLacZ + AdLacZ + - +
AdSpry4 - + = + AdSpry4 - -

+ +
+

IP: Integrin B3 WCL

Kk *k
2 120
3 = 100
= 80
g S 60
> @
£ 0 40 '
3 Y 20
& o B
& > %] %]
o
R ;,Q(\ ¥ R
o
R

F sk * %k dk G o)
c &
s 12 S
é lgg N4 R @ R
< a0 Integrin B3 | WEEEG_ WS L
s=a hall
s 0
] »‘i@q \?;y Qg v&" \»8& Myc
g T EF T

> & [
& L =
v.

Fig. 6. Spry4 regulates human endothelial cell migration and adhesion on VTN via modulating
integrin 3 protein levels

(A) MG132 rescues migration of HUVECs overexpressing Spry4. Confluent HUVECs
grown on VTN were transduced with AdLacZ or AdSpry4 and subjected to wound healing
assays with DMSO or MG132 (5 uM) 24 h later. Confluent monolayers were pre-treated
with mitomycin C (10 pg/ml) for 20 min, scratched, and photographed at the indicated
times. (B) Quantification of relative wound closure; n = 6; data are means = S.D. ** p <
0.01. (C) HUVECs were transduced with the indicated adenoviruses and treated with
MG132 as described in A, and analyzed by immunoprecipitation and immunoblotting.
Representative immunoblots are shown. Equal amount of cell lysate were loaded for all
samples. (D) Confluent HUVECs grown on VTN were transduced with adenoviruses as
indicated and subjected to wound healing assays 24 h later as described in A. (E)
Quantification of relative wound closure; n = 6; data are means + S.D. ** p < 0.01. (F)
Overexpression of exogenous integrin 3 rescues inhibition of cell adhesion by Spry4.
HUVECs were transduced with adenoviruses as indicated and subjected to adhesion assays
on VTN (0.5 ug/ml) 24 h later. Cell adhesion was quantified relative to untreated control; n
= 3; data are means + S.D. ** p < 0.01. The integrin aV/p3-blocking antibody LM609 was
used as a positive control. (G) Cell lysates of the transduced HUVECs subjected to scratch
assays were analyzed by immunoblotting to confirm exogenous integrin 3 expression.
Representative immunoblots are shown. Equal amount of cell lysate were loaded for all
samples.
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Fig. 7. Spry4 regulatesintegrin B3 protein levels both ex vivo and in vivo

Murine primary endothelial cells were isolated from the lungs of CAGGFP-Spry4 and
Spry4f/fmice. Cells were then transduced with AdLacZ or AdCre to either overexpress (A,
B) or delete (C, D) Spry4. The expression of integrin subunits aV and 3 were analyzed by
immunoblotting. The images were quantified by ImageJ and normalized to tubulin levels; n
= 3; data are means * S.D. * p < 0.05. Conditional CAGGFP-Spry4 transgenic (E, F) or
Spry4f/f (G, H) knockout female mice were mated with male 77e2-Cre transgenic mice.
Both embryos and yolk sacs at E9.5 were dissociated into single cell suspensions and
analyzed by flow cytometry. The level of integrin 3 in PECAM-positive cells was
quantified; n = 5; data are geometric means + S.D. * p < 0.05. Spry4 transgene significantly
inhibits integrin B3 protein levels in both embryos and yolk sacs, whereas Spry4 deletion
increases integrin 33 protein levels.
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