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Thrombospondin-1 Inhibits VEGF Receptor-2 Signaling by
Disrupting Its Association with CD47
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Thrombospondin-1 (TSP1) can inhibit angiogenic responses
directly by interacting with VEGF and indirectly by engaging
several endothelial cell TSP1 receptors. We now describe a
more potent mechanism by which TSP1 inhibits VEGF recep-
tor-2 (VEGFR2) activation through engaging its receptor
CD47. CDA47 ligation is known to inhibit downstream signaling
targets of VEGFR?2, including endothelial nitric-oxide synthase
and soluble guanylate cyclase, but direct effects on VEGFR2
have not been examined. Based on FRET and co-immunopre-
cipitation, CD47 constitutively associated with VEGFR2. Liga-
tion of CD47 by TSP1 abolished resonance energy transfer
with VEGFR2 and inhibited phosphorylation of VEGFR2 and
its downstream target Akt without inhibiting VEGF binding to
VEGEFR2. The inhibitory activity of TSP1 in large vessel and
microvascular endothelial cells was replicated by a recombi-
nant domain of the protein containing its CD47-binding site
and by a CD47-binding peptide derived from this domain but
not by the CD36-binding domain of TSP1. Inhibition of
VEGEFR2 phosphorylation was lost when CD47 expression was
suppressed in human endothelial cells and in murine CD47-
null cells. These results reveal that anti-angiogenic signaling
through CDA47 is highly redundant and extends beyond inhibi-
tion of nitric oxide signaling to global inhibition of VEGFR2
signaling.

VEGE-A is essential for developmental angiogenesis and
plays important roles in adult animals to control vascular per-
meability and homeostasis, blood pressure, and pathological
angiogenesis associated with wound healing and cancer (1-4).
Based on its major role as an angiogenic factor and autocrine
growth factor for many cancers, therapeutic angiogenesis in-
hibitors that sequester VEGF or inhibit signaling through
VEGEF receptor-2 (VEGFR2)?*/KDR and extend survival of
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some cancer patients have been developed for clinical use (5,
6). VEGF binding to VEGFR2 and its coreceptor neuropilin-1
on endothelial cells activates the tyrosine kinase activity of
VEGFR?2 and initiates several signaling pathways that pro-
mote endothelial cell survival, motility, and proliferation and
release of nitric oxide (2).

Physiological VEGF/VEGEFR2 signaling is regulated by en-
dogenous angiogenesis inhibitors (7). These are typically se-
creted proteins that can act by binding and sequestering
VEGF or by engaging cell-surface receptors that convey inhib-
itory signals downstream of VEGFR2. The first identified en-
dogenous angiogenesis inhibitor was thrombospondin-1
(TSP1) (8—10). TSP1 inhibits angiogenic responses stimulated
by several factors, including FGF2, lysophosphatidic acid, and
VEGE.

Several mechanisms have been proposed to account for
inhibition of VEGF-mediated angiogenesis by TSP1 (11). The
scavenger receptor CD36 is required for TSP1 to inhibit
FGF2-stimulated endothelial migration in vitro and angiogen-
esis in the corneal assay (12, 13). CD36 ligation induces Fyn
phosphorylation and p38 activity, leading to increased endo-
thelial cell apoptosis (13). CD36 is also a fatty acid translocase,
and TSP1 binding to CD36 inhibits uptake of myristate into
endothelial cells and myristate-stimulated activation of Src
kinases and cGMP signaling (14). This provides a mechanism
for TSP1 to inhibit the previously reported activation of endo-
thelial NOS (eNOS) by exposure of endothelial cells to extra-
cellular myristate (15). Recently, CD36 was reported to co-
immunoprecipitate with VEGFR2, suggesting direct cross-talk
between these two receptors (16). Although a recombinant
CD36-binding domain of TSP1 at micromolar concentrations
inhibited VEGF-stimulated VEGFR2 phosphorylation, differ-
ential permeability responses to VEGF in TSP1-null versus
wild-type mice implied that endogenous TSP1 at high pico-
molar concentrations stimulates rather than inhibits VEGF
signaling via this pathway.

At nanomolar concentrations, TSP1 can also inhibit VEGF
signaling by directly binding to the protein and by competing
with VEGF for binding to cell-surface heparan sulfate proteo-
glycans (17). These activities are mediated by the type 1 and 3
repeats of TSP1 and its N-terminal heparin-binding domain,

amino]-2-(hydroxymethyl)propane-1,3-diol; MTS, 3-(4,5-dimethylthiazol-
2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tretrazolium
(inner salt).
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respectively. A subsequent study revealed that direct binding
of VEGF to TSP1 can further inhibit VEGF signaling by inter-
nalization of the VEGF-TSP1 complex via the TSP1 receptor
LRP1 (LDL-related receptor protein-1) (18).

TSP1 also inhibits the Akt/eNOS/NO/cGMP/cGMP-de-
pendent protein kinase cascade stimulated by VEGF (11, 19).
At nanomolar TSP1 concentrations, this inhibition can be
mediated by CD36 (14), but at physiological circulating
plasma TSP1 concentrations (100 —200 pm), CD47 is the nec-
essary TSP1 receptor for inhibiting activation of soluble gua-
nylate cyclase (20) or cGMP-dependent protein kinase (21).
CD47-null and TSP1-null mice show similarly enhanced sur-
vival of full thickness skin grafts and increased angiogenic
responses in the wound bed (22).

CD47 is the only TSP1 receptor that is known to mediate
inhibition of VEGF signaling at physiological circulating TSP1
concentrations, but this inhibition has been documented only
downstream of NO. However, VEGFR2 stimulates angiogene-
sis through several additional signaling pathways (2). Because
endogenous TSP1 also limits phosphorylation of Akt and Src
(which are upstream of the known CD47 targets) in retina
(23), we further examined the effects of CD47 on upstream
signaling through VEGFR2. We show here that CD47 consti-
tutively associates with VEGFR2 and that ligation of CD47 by
TSP1 or other CD47 ligands inhibits this association and
VEGEFR?2 phosphorylation.

EXPERIMENTAL PROCEDURES

Cell Culture and Reagents—Human umbilical vein endo-
thelial cells (HUVEC; Lonza) and bovine aortic endothelial
cells (BAEC) (24) were cultured at 37 °C in 5% CO,, using
EGM2 medium (Thermo Fisher Scientific Inc., Waltham,
MA). Human dermal microvascular endothelial cells
(HDMVEC) were generously provided by Dr. Frank Cuttitta
(Angiogenesis Core Facility, NCI, National Institutes of
Health). The TSP1-derived CD47-binding peptide 7N3
(FIRVVMYEGKK) and inactive control peptide 604
(FIRGGMYEGKK) were synthesized by Peptides Interna-
tional (Louisville, KY) (25). Human TSP1 was purified from
the supernatant of thrombin-activated platelets obtained from
the National Institutes of Health Blood Bank as described
(26). Recombinant proteins containing the type 1 domains
(TSP1 type 1 repeats; 3TSR) or C-terminal signature domains
of TSP1 (residues 648 —1170; E3CaG) were prepared as de-
scribed previously and provided by Dr. Deane Mosher (Uni-
versity of Wisconsin) (27) and Dr. Jack Lawler (Harvard Med-
ical School) (28). VEGF-165 was obtained from Open
Biosystems.

A VEGFR2-mCherry plasmid encoding mCherry fused to
the C terminus of human VEGFR2 was purchased from
GeneCopoeia (Germantown, MD). CD47-GFP plasmid en-
coding an in-frame fusion of enhanced GFP at the C terminus
of full-length human CD47 isoform 2 was obtained from Dr.
Dennis E. Discher (University of Pennsylvania, Philadelphia,
PA) (29). Alexa Fluor 594-conjugated donkey anti-rabbit IgG
and Alexa Fluor 488-conjugated goat anti-mouse IgG anti-
bodies were purchased from Invitrogen. Anti-VEGFR2 and
anti-phospho-Tyr''”> VEGFR2 antibodies were obtained
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from Cell Signaling (Danvers, MA) or Upstate. Anti-CD47
antibody B6H12 was from Abcam, and H-100 was from Santa
Cruz Biotechnology. Rabbit polyclonal antibodies against
phospho-Ser*”® Akt, phospho-Thr?**® Akt, and Akt were from
Cell Signaling.

Immunoprecipitation and VEGFR2 Phosphorylation—
HUVEC, BAEC, or HDMVEC were plated at 1 X 10° cells in
10-cm? plates. After achieving 80% confluence, the cells were
serum-starved overnight in the presence of 0.1% BSA (Sigma).
The cells were incubated with TSP1, 3TSR, or E3CaG for 20
min and then treated with VEGF for 5 min under each condi-
tion. Single-treatment controls were used in each assay. Cell
lysates were made using either radioimmune precipitation
assay buffer (50 mm Tris (pH 7.4), 150 mm NaCl, 1% Nonidet
P-40, 0.5% sodium deoxycholate, 1 mm EGTA, and 1 mm NaF)
or immunoprecipitation buffer (50 mm Tris-HCI, 150 mm
NaCl, and 1% Nonidet P-40) along with 1X Complete Mini
protease inhibitor mixture (Roche Applied Science) and
Na;VO,. Cell lysates were centrifuged at 13,000 rpm for 15
min. A BCA assay (Pierce) was used to quantify total protein.
Dynabeads (Invitrogen) were used for immunoprecipitation.
The Dynabeads were washed three times with activation
buffer. The cell lysates were incubated in Dynabeads-protein
G along with anti-VEGFR2 antibody (1:500) and incubated for
2 h at 4 °C on a shaker. The beads were washed three times
with lysate buffer and boiled at 95 °C for 5 min. The immuno-
precipitated cell lysates were loaded on 4-12% NuPAGE gels
(Invitrogen), and Western blotting was performed. For immu-
noprecipitation, primary antibody against phospho-VEGFR2
(1:1000; Cell Signaling) was used. Normalization of protein
lysates used for Western blotting was performed with anti-g-
actin (1:3000) or anti-VEGFR2 (1:1000) antibody.

Western Blotting—HUVEC and BAEC were seeded in EGM
(Lonza) at 2 X 10° cells/well on 6-well plates. When 60% con-
fluent, HUVEC and BAEC were serum-deprived for 24 and
18 h, respectively, before the addition of VEGF (20 ng/ml) and
TSP1 (1 pg/ml), 7N3 (1 um), or control peptide 604 (1 um).
After a 15-min incubation at 37 °C and 5% CO, in EBM2 me-
dium (Lonza) plus 0.1% BSA, cells were lysed at 4 °C in 1X
SDS sample buffer. Cell lysates were boiled for 5 min, electro-
phoretically separated on 4—12% BisTris (HUVEC) and 7%
Tris acetate (BAEC) NuPAGE gels (Invitrogen) for 1.5 h at
150 V, and transferred to Immobilon-P polyvinylidene difluo-
ride membranes (Millipore) for 2 h at 100 V. Membranes
were blocked in 5% BSA, 0.1% Tween 20, and PBS and incu-
bated overnight at 4 °C with primary antibody (1:1000)
against phospho-Ser*”® Akt, phospho-Thr*°® Akt, phospho-
VEGFR?2, or VEGFR2. SuperSignal® West Dura extended
duration chemiluminescent substrate (Pierce) was used for
detection. Stripped membranes were reprobed with rabbit
anti-Akt polyclonal antibody (1:1000) to confirm protein
loading levels.

Western blots were quantified using the Bio-Rad Quantity
1.1 program. 3-Actin was used as a loading control for all
blots. Results are presented as the mean = S.D. of three inde-
pendent experiments.

Endogenous Immunostaining—HUVEC and HDMVEC
were plated 10,000 cells/well in Lab-Tek II glass chamber
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cover slips, grown overnight, and serum-starved for 2 h in
EBM2 medium. The cells were washed three times with PBS.
The endothelial cells were fixed with 4% paraformaldehyde
for 20 min at room temperature. The cells were washed with
PBS three times for 5 min each. Cells were permeabilized with
0.25% Triton X-100 for 5 min. The fixed cells were washed 3
times with PBS for 5 min each. Cells were blocked with 1%
BSA in 0.1% Tween 20 and PBS for 1 h at room temperature.
The cells were incubated in a mixture of two primary antibod-
ies (mouse anti-human CD47 (B6H12) and rabbit anti-human
VEGFR?2 (Upstate)) overnight at 4 °C. Primary anti-CD47 and
anti-VEGFR?2 antibodies alone were used as single controls.
For HDMVEC, a primary anti-VEGFR2 antibody (Cell Signal-
ing) was used. Secondary antibodies alone were used as con-
trols for background. The cells were washed with PBS three
times for 5 min each. The cells were incubated with a mixture
of two secondary antibodies (Alexa Fluor 488 anti-rabbit and
Alexa Fluor 594 anti-mouse) in 1% BSA for 1 h at room tem-
perature in the dark. The cells were washed with PBS three
times for 5 min each. The slides were mounted using
VECTASHIELD mounting medium with DAPI (Vector
Laboratories).

Transfection—HUVEC and NIH3T?3 cells were plated over-
night in either 6-well 10-cm2 plates or Lab-Tek chambers.
The endothelial cells were transfected with CD47-GFP or
VEGFR2-mCherry by using EndoFectin (GeneCopoeia) or
Plus reagent and Lipofectamine (Invitrogen). The medium
was replaced 3-5 h post-transfection. After 24 —36 h, the cells
were used for experiments. CD47 morpholino was transfected
using the Amaxa Nucleofection kit (Lonza) in HUVEC.
Transfection was performed according to protocol instruc-
tions. At 24—36 h post-transfection, the cells were harvested
and used for experiments.

Confocal Microscopy—HUVEC were grown and transfected
on Lab-Tek II chambers with GFP-tagged human CD47 along
with VEGFR2-mCherry. Single CD47-GFP and VEGFR2-
mCherry transfections were used as controls for each experi-
ment. Cells were serum-starved for 2 h in EBM2 medium.
Cells were treated with TSP1 (20 min) in the presence or ab-
sence of VEGF (5 min) at 37 °C in 5% CO,. Confocal images
were sequentially acquired with Zeiss AIM software on a
Zeiss LSM 510 confocal system with a Zeiss Axiovert 100 M
inverted microscope and a 50-milliwatt argon UV laser tuned
to 364 nm, a 25-milliwatt argon visible laser tuned to 488 nm,
and a 1-milliwatt HeNe laser tuned to 543 nm. A Plan-
Neofluar 63X/1.4 numerical aperture oil immersion objective
was used at various digital zoom settings. Emission signals
after sequential excitation were collected with a BP 385-470,
BP 505-550, or LP 560 filter, respectively, using individual
photomultipliers. Co-localization analyses of CD47-GFP and
VEGFR2-mCherry proteins were performed with Zeiss AIM
software (Version 4.2) with thresholds set based on the single-
stained control image of each fluorophore acquired with the
same confocal parameters as the double-stained sample.

FRET—CD47-GFP, VEGFR2-mCherry, and CD47 +
VEGFR?2 were transfected into HUVEC. Cells were serum-
starved for 2 h in EBM2 medium. Cells were treated similarly
with 7N3 and TSP1 in the presence or absence of VEGF, and
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FRET was analyzed. FRET analysis was performed using the
Zeiss AIM macro for sensitized emission, where controls for
background and donor alone (GFP) or acceptor alone
(mCherry) were acquired with the same confocal settings as
the acceptor plus donor samples. Fc-FRET and N-FRET algo-
rithms were used to analyze the FRET data.

Cell Adhesion Assay—Changes in cell adhesion were quan-
tified using an ACEA Biosciences instrument. HUVEC
(20,000 cells/well) were incubated in 50 wl of EGM2 medium
in duplicate overnight at 37 °C in 5% CO.,. After 24 h, the me-
dium was changed to basal medium containing 0.1% BSA for
20 min, and the cells were then treated with either TSP1,
E3CaG, or 3TSR in the presence or absence of VEGF for
0-6 h. The impedance signal was normalized to 1 before
treatment. Changes in cell spreading and/or proximity to the
substrate were measured as an increase or a decrease in im-
pedance and expressed normalized to the initial signal for
each well as the cell index after treatment with respect to “un-
treated.” Untreated was taken as 1 in each replicate.

Cell Proliferation Assay—NIH3T3 cells were plated (=~1500
cells/well) in 96-well plates. VEGFR2-mCherry plasmid was
transiently transfected in NIH3T3 cells using Plus reagent and
Lipofectamine. Untransfected cells were used as negative con-
trols for each experiment. At 3 h post-transfection, the me-
dium was replaced with 0.5% FBS and TSP1 (2 nm), VEGF (30
ng/ml), and TSP1 (2 nm) + VEGF (30 ng/ml). Duplicate
transfected plates were used for 0-h background. After
24.-36 h, cell proliferation was measured using a CellTiter
96%® AQ,cous One Solution cell proliferation assay (MTS) kit
(Promega). Absorbance was measured at 492 nm after a 6-h
incubation with MTS solution. Net proliferation was calcu-
lated by subtracting the 0-h absorbance values and normaliz-
ing to untransfected cells (= 100%).

VEGF Cell Binding Assay—VEGF was iodinated using
IODO-GEN (Pierce) and the protocol suggested by the manu-
facturer, resulting in a specific activity of 15-25 mCi/umol.
Endothelial cells (1 X 10°) were then added to tubes contain-
ing 10-15 fmol of '**I-VEGF with or without purified TSP1
in Dulbecco’s PBS with Ca>* and Mg>* (Invitrogen) and 0.1%
BSA. After incubation for 2 h at room temperature on a gyro-
tory shaker at 160 cycles/min, the cells were separated from
the soluble material by centrifugation for 60 s through NyoSil
M25 oil (Nye Lubricants, Fairhaven, MA). Oil and medium
were aspirated, and '*°I in the cell pellets was quantified di-
rectly. A 200-fold excess of unlabeled VEGF ligand was used
to access nonspecific binding in the assay.

VEGF Binding to Immobilized TSP1—Immulon 2HB Re-
movawells (Thermo, Franklin, MA) were coated with 50 ul of
TSP1 (10 pg/ml) for 16 —20 h at 4 °C. Nonspecific binding was
blocked by incubating the wells with Dulbecco’s PBS with
Ca®" and Mg®" and 1% BSA for 2 h at room temperature.
10-15 fmol of ***I-VEGF was added in the presence or ab-
sence of competing protein or peptide and incubated at room
temperature for 2 h. The liquid was then aspirated, the wells
were rinsed twice with Dulbecco’s PBS/BSA, and individual
wells were quantified directly. A 200-fold excess of unlabeled
VEGF ligand was used to access nonspecific binding in the
assay.
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FIGURE 1. TSP1 and a CD47-binding peptide inhibit VEGFR2 signaling without inhibiting VEGF binding. A, TSP1 suppresses VEGFR2 phosphorylation.
A representative Western blot is shown using anti-Tyr''”> VEGFR2 and anti-VEGFR2 antibodies with lysates from untreated BAEC (/ane 1) and BAEC stimu-
lated with VEGF (30 ng/ml) for 5 min (lane 2), treated with TSP1 (2 nm) alone (lane 3), and pretreated with TSP1 (2 nm) followed by VEGF (30 ng/ml) for 5 min
(lane 4). B, quantification of VEGFR2 phosphorylation in three independent experiments normalized to loading controls. p values were as follows: VEGF ver-
sus untreated (UT), 0.00007 (*); and VEGF versus TSP1 + VEGF, 0.0001 (**). C, inhibition of VEGFR2 phosphorylation by TSP1 in HDMVEC (quantification of
two independent experiments). p values were as follows: untreated versus VEGF, 0.09 (*); VEGF versus TSP1 + VEGF, 0.07 (**); VEGF versus TSP1, 0.08; and
untreated versus TSP1, 0.7. D, iodinated VEGF binding to BAEC was assessed in the presence of the indicated concentrations of TSP1 or in the presence of a
200-fold excess of unlabeled VEGF. E, TSP1 and 7N3 inhibition of VEGF binding to BAEC. f, inhibition of VEGFR2 phosphorylation by peptide 7N3. Lane 1,
untreated; lane 2, 7N3 (1 um) alone; lane 3, 7N3 (1 um) and VEGF (30 ng/ml); lane 4, VEGF (30 ng/ml)-stimulated. G, quantification of three independent ex-
periments. p values were as follows: untreated versus VEGF; 0.007 (*); and VEGF versus 7N3 + VEGF, 0.012 (**).

Statistical Analysis—Three independent experiments were
performed, and Student’s ¢ test was used for p values. Values
<0.05 were considered statistically significance.

RESULTS

TSP1 Inhibits VEGFR2 Phosphorylation Independently of
VEGF Sequestration—A preliminary time course using BAEC
treated with 30 ng/ml VEGF demonstrated maximal VEGFR2
phosphorylation at 5 min (supplemental Fig. S1A), which was
used for all subsequent experiments except where indicated.
In addition to inhibiting VEGF signaling through its receptors
CD36 and CD47, TSP1 is reported to directly sequester VEGF
and thereby inhibit VEGFR2 phosphorylation (17, 18, 30).
Consistent with these studies, VEGF-stimulated VEGFR2
phosphorylation at Tyr''”® in serum-starved BAEC was inhib-
ited in a dose-dependent manner when the cells were pre-
treated for 20 min with 0.2-2 nm TSP1 (supplemental Fig.
S1B). Based on three independent experiments, treatment
with 1 pg/ml (2.2 nm) TSP1 inhibited VEGF-stimulated
VEGFR?2 phosphorylation by 3-fold relative to VEGF-stimu-
lated cells (p = 0.0001) (Fig. 1, A and B). TSP1 alone did not
significantly alter VEGFR2 phosphorylation at the same con-
centration. TSP1 at 2.2 nm similarly inhibited VEGF-induced
VEGFR?2 phosphorylation in HDMVEC (Fig. 1C).

However, the same concentrations of TSP1 failed to signifi-
cantly inhibit '**I-VEGF binding to BAEC (Fig. 1D). Specific
binding was confirmed by displacement with unlabeled VEGF
(Fig. 1, D and E). However, TSP1 did not inhibit VEGF bind-
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ing to these cells even at a 10-fold higher concentration than
that required to optimally inhibit VEGFR2 phosphorylation.
TSP1 also failed to inhibit '*’I-VEGF binding to HUVEC
(data not shown). Consistent with these data, the K, for direct
binding of '**I-VEGF to immobilized TSP1 was found to be
~10 nM (data not shown). Therefore, =2.2 nm TSP1 inhibits
VEGEFR?2 activation independently of inhibiting VEGF binding
to the cell surface.

Ligation of CD47 Is Sufficient to Inhibit VEGFR2
Phosphorylation—TSP1 inhibits endothelial cell NO/cGMP
signaling via CD47 at =10 pm concentrations (31). To explore
the possibility that TSP1 also regulates VEGFR2 phosphoryla-
tion via CD47, we first used the TSP1-derived CD47-binding
peptide 7N3 (FIRVVMYEGKK). VEGF-stimulated VEGFR2
phosphorylation in serum-starved BAEC was inhibited by
pretreatment for 5 min with 1 um 7N3 (Fig. 1, Fand G), a
concentration shown previously to maximally inhibit NO-
mediated activation of soluble guanylate cyclase via CD47
(20). 7N3 alone did not exhibit any change in phosphoryla-
tion. The control peptide 604 (FIRGGMYEGKK) did not in-
hibit VEGF-stimulated phosphorylation (data not shown).

As was found for TSP1, peptide 7N3 at the concentration
used did not inhibit VEGF binding to BAEC (Fig. 1E). There-
fore, ligation of CD47 is sufficient to suppress VEGF-stimu-
lated VEGFR2 phosphorylation on the time scale that we ob-
served inhibition by TSP1 and without preventing VEGF
binding to the cells.
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FIGURE 2. CD47 is necessary for inhibition of VEGFR2 signaling. A, TSP1 mediates suppression via its CD47-binding domain but not via its CD36-binding
domain. Lane 1, untreated; lane 2, VEGF (30 ng/ml)-treated; lane 3, E3CaG (2 nm) + VEGF (30 ng/ml); lane 4, E3CaG (2 nm) alone; lane 5, 3TSR (2 nm) + VEGF
(30 ng/ml); lane 6, 3TSR alone (2 nm). B, quantification of three independent experiments. p values were as follows: untreated (UT) versus VEGF; 0.01 (**);
VEGF versus E3CaG + VEGF, 0.02 (*); and VEGF versus 3TSR + VEGF. 0.10. C, VEGFR2 Tyr''”> phosphorylation was assessed in unstimulated HDMVEC (lane 1)
and in cells stimulated with VEGF (30 ng/ml) for 5 min (lane 2), treated with TSP1 (2 nm) alone (lane 3), pretreated with TSP1 (2 nm) and stimulated with VEGF
(30 ng/ml) for 5 min (lane 4), treated with E3CaG (2 nm) alone (lane 5), pretreated with E3CaG and stimulated with VEGF for 5 min (lane 6), treated with pep-
tide 7N3 (1 um) alone (lane 7), and pretreated with peptide 7N3 and stimulated with VEGF for 5 min (lane 8). Numbers represent densitometry for phospho-

VEGFR2/total VEGFR2 normalized to 1.0 for untreated cells. D and E, TSP1 does not suppress VEGFR2 phosphorylation after CD47 knockdown in HUVEC.

D, control HUVEC (first lane) and HUVEC treated with VEGF (30 ng/ml) (second lane), TSP1 (2 nm) (third lane), TSP1 (2 nm) + VEGF (30 ng/ml) (fourth lane).

E, CD47 morpholino (MO)-treated HUVEC left untreated (first lane) or treated with VEGF (30 ng/ml) (second lane), TSP1 (2 nwm) (third lane), and TSP1 (2 nm) +

VEGF (fourth lane). Numbers represent densitometric analysis of the phospho-VEGFR2 signal normalized to 1.0 for untreated cells. F and G, primary murine

lung endothelial cells from wild-type and CD47-null mice were treated with VEGF in the absence or presence of TSP1 and analyzed by Western blotting for
VEGFR2 phosphorylation. Numbers represent densitometric analysis of the phospho-VEGFR2 signal.

TSP1 Inhibits VEGFR2 Phosphorylation via Its CD47-bind-
ing Domain but Not Its CD36-binding Domain— Although the
binding and signaling activities of VVM peptides via CD47 are
well documented, their role in the binding of intact TSP1 to
CD47 remains unclear (32). To confirm that the CD47-bind-
ing domain of TSP1 is responsible for inhibition of VEGFR2
phosphorylation, we treated BAEC with a recombinant
CD47-binding domain of TSP1 (E3CaQ). After pretreatment
with 2 nm E3CaG, VEGF-stimulated VEGFR2 phosphoryla-
tion was significantly reduced (p = 0.02) (Fig. 2, A and B). In
contrast, pretreatment with a recombinant CD36-binding
domain of TSP1 (3TSR) at the same concentration had no
effect. We also increased the dose of 3TSR from 2 to 20 nm
but did not observe a significant decrease in VEGFR2 phos-
phorylation (data not shown). From these data, we conclude
that physiological concentrations of TSP1 regulate VEGFR2
phosphorylation via CD47 but not via CD36. Our results con-
trast with a previous report that =10 nm 3TSR inhibited
VEGFR?2 phosphorylation in HDMVEC (16). This may be due
to the higher CD36 expression in microvascular cells. How-
ever, pretreatment of HDMVEC with TSP1 (2 nm), E3CaG (2
nm), or 7N3 (1 um) similarly reduced VEGFR2 phosphoryla-
tion stimulated by VEGF to basal levels (Fig. 2C). Therefore,
engagement of CD47 is sufficient to inhibit VEGFR2 phos-
phorylation even in microvascular endothelial cells that highly
express the TSP1 receptor CD36.

To confirm the role of CD47 in regulating VEGFR2 in en-
dothelial cells, we decreased CD47 expression in HUVEC us-
ing a previously validated CD47 antisense morpholino (33).
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TSP1 inhibited VEGF-induced VEGFR2 phosphorylation in
control morpholino-treated HUVEC (Fig. 2D), whereas inhi-
bition of VEGF-induced phosphorylation was lost in cells
treated with the CD47 morpholino (Fig. 2E). TSP1 also inhib-
ited VEGE-stimulated phosphorylation of VEGFR?2 in primary
murine endothelial cells (Fig. 2F), but no inhibition was ob-
served in equivalent primary cells from CD47-null mice (Fig.
2G). Therefore, CD47 is necessary for suppression of VEGFR2
phosphorylation by physiological levels of TSP1.

Akt Phosphorylation Downstream of VEGER2 Is Inhibited by
CD47 Ligation—VEGF up-regulates NO synthesis in endothe-
lial cells via Akt-mediated phosphorylation of eNOS at Ser"'””
(34, 35). VEGF-induced migration of endothelial cells in turn
depends upon phosphorylation of eNOS at Ser''”” (36). The
effects of CD47 ligation on this upstream target of activated
VEGFR2 were examined in BAEC and HUVEC. Endothelial
cells treated with TSP1 (2 nm) or 7N3 (1 M) in the presence
or absence of VEGF (30 ng/ml) showed decreased Akt phos-
phorylation at Ser*”? but not Thr**® in HUVEC (Fig. 34).
Similar inhibition of Ser*”® phosphorylation by TSP1 was seen
in BAEC (Fig. 3, Band C).

Cell Adhesion Is Blocked by TSP1 via CD47—VEGF stimu-
lates endothelial cell proliferation, migration, adhesion, and
spreading (37—39). HUVEC transfected with GFP-actin and
observed by confocal microscopy spread more rapidly over 20
min when treated with VEGF than when treated with 7N3 +
VEGF (data not shown). To quantify the effect of TSP1 on
VEGEF-induced cell adhesion, we performed similar experi-
ments using a quantitative real-time impedance-based assay.
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FIGURE 3. CD47 ligation inhibits VEGF-induced activation of Akt. A, TSP1
regulates phosphorylation of Akt at Ser*’® via CD47 in HUVEC. Lane 1, un-
treated cells; lane 2, VEGF-stimulated; lane 3, TSP1 (2 nm) + VEGF (30 ng/ml)
treatment; lane 4, peptide 7N3 (1 um) + VEGF (30 ng/ml) treatment; lane 5,
control peptide 604 (1 um) + VEGF (30 ng/ml) treatment. B, suppression of
phosphorylation of Akt at Ser*”® by TSP1 in BAEC. First lane 1, untreated
(UT); second lane, VEGF-stimulated; third lane, TSP1/VEGF-treated. C, quanti-
fication of Akt phosphorylation in BAEC (one representative experiment).

HUVEC were plated in duplicate in ACEA Biosciences plates
and allowed to equilibrate for 24 h prior to treatment in the
presence or absence of VEGF. In this assay, increased cell ad-
hesion or spreading on the substrate increases impedance at
this interface. VEGF treatment alone increased impedance
across the cell layer as early as 5 min (Fig. 44), presumably by
increasing cell spreading on and/or proximity to the sub-
strate. TSP1 suppressed the increase in impedance driven by
VEGEF. The VEGF-driven signal was also inhibited by E3CaG
(0.2-2 nm) (Fig. 4C). In contrast, 3TSR (2.5-20 nm) did not
inhibit the VEGF-stimulated response (Fig. 4B). Similarly, the
CD47-binding peptide 7N3 (1 um) was sufficient to inhibit
VEGF-stimulated cell impedance (data not shown). There-
fore, engagement of CD47 is sufficient to inhibit VEGF effects
on endothelial cell adhesion.

VEGFR2 and CD47 Interaction and Co-localization—To
account for the suppression of VEGF-induced VEGFR2 phos-
phorylation, Akt phosphorylation, and cell adhesion, we hy-
pothesized that CD47 may interact with VEGFR2. Based on
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FIGURE 4. The CD47-binding domain of TSP1 inhibits VEGF-stimulated
endothelial cell adhesion. A, changes in cell spreading and adhesive con-
tact with the substrate were assessed by impedance and are presented as a
normalized cell index. Cells were treated with VEGF (30 ng/ml) in the ab-
sence or presence of TSP1 (2 nm), and impedance was quantified for 4 h.
B, cells were treated with VEGF in the presence of the indicated concentra-
tions of the recombinant CD36-binding domain of TSP1 (3TSR; 2.5-20 nm).
C, cells were stimulated with VEGF in the presence of the indicated concen-
trations of the recombinant CD47-binding domain of TSP1 (E3CaG; 0.2-2
nm). UT, untreated.

immunostaining of endogenous CD47 and VEGFR2 in HU-
VEC, CD47 and VEGFR?2 were partially co-localized in un-
treated cells (Fig. 5, A and B). The limited co-localization is
consistent with the greater relative abundance of CD47 and
its known lateral interactions with other membrane proteins
such as integrins (40). Treating the cells with VEGF (30 ng/
ml) did not significantly alter the co-localization of endoge-
nous CD47 and VEGFR2. However, treatment with peptide
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FIGURE 5. Endogenous CD47 interacts with VEGFR2. A, untreated (UT)
HUVEC or HUVEC treated for 5 min with 30 ng/ml VEGF alone or following a
5-min pretreatment with 1 um CD47-binding peptide 7N3 or control pep-
tide 604. The cells were fixed 5 min after the addition of VEGF and stained
with antibodies to visualize endogenous CD47 (red) and VEGFR2 (green).
Scale bars = 10 um. B, quantitative analysis of co-localization. Bar 1, un-
treated HUVEC; bar 2, HUVEC stimulated with VEGF (30 ng/ml) for 5 min; bar
3, HUVEC simulated with peptide 7N3 (1 um) + VEGF (30 ng/ml) p < 0.05
(**); bar 4, HUVEC simulated with VEGF (30 ng/ml) + control peptide 604 (1
uMm). C, co-immunoprecipitation of endogenous VEGFR2 with CD47 in
HUVEC. Lanes T and 3, untreated; lanes 2 and 4, VEGF-treated. Lanes 1 and 2
were immunoprecipitated (/P) using an anti-CD47 antibody, and lanes 3 and
4 were immunoprecipitated using control IgG. A representative blot is
shown. D, quantification of three independent Western blots (WB).

7N3 but not the control peptide 604 in the presence VEGF
reduced the co-localization of CD47 and VEGFR2 (Fig. 5, A
and B, and supplemental Fig. S2). We further addressed this
potential interaction by immunoprecipitation of CD47.
VEGFR?2 was coprecipitated by an anti-CD47 antibody but
not by an isotype-matched control IgG (Fig. 5C). Consistent
with the results obtained for immunolocalization, treatment
of cells with VEGF did not significantly inhibit co-immuno-
precipitation of VEGFR2 with CD47 (Fig. 5, C and D). CD47
and VEGFR?2 also co-localized in untreated HDMVEC (sup-
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FIGURE 6. Functional analysis of VEGFR2-mCherry expressed in NIH3T3
cells. A, phosphorylation of VEGFR2-mCherry in response to VEGF and inhi-
bition by TSP1. A representative Western blot is shown for untransfected
3T3 cells (first lane); untreated 3T3 cells expressing VEGFR2-mCherry (second
lane); and 3T3 cells expressing VEGFR2-mCherry treated with VEGF (30 ng/
ml) (third lane), treated with TSP1 (2 nm) alone (fourth lane), and pretreated
with TSP1 (2 nm) followed by VEGF (30 ng/ml) (fifth lane). B, quantification of
Western blots from three independent experiments. p values were as fol-
lows: untransfected versus transfected and untreated; 0.1; untreated versus
VEGF, 0.006 (***); VEGF versus TSP1 + VEGF, 0.02 (**); VEGF versus TSP1, 0.07
(*); and untreated versus TSP1 + VEGF, 0.07. C, TSP1 inhibits VEGF-induced
cell proliferation of NIH3T3 cells expressing VEGFR2-mCherry p < 0.05 (*).
Cell proliferation was quantified using MTS reagent (n = 3).

plemental Fig. S3, A and B). As in large vessel endothelial
cells, HDMVEC pretreated with TSP1 and stimulated with
VEGF (30 ng/ml) showed a significant decrease in co-localiza-
tion (p = 0.001) (supplemental Fig. S3). TSP1 and VEGF
alone did not alter CD47 and VEGFR2 co-localization.

TSPI Inhibits VEGF-induced Phosphorylation of VEGFR2-
mCherry and Proliferation Responses—To further examine
interactions between CD47 and VEGFR2, we utilized fusions
of these receptors with fluorescent proteins. To validate that
VEGFR2-mCherry replicates the signaling responses of en-
dogenous VEGFR2, we transiently expressed the protein in
NIH3T3 cells. After 24 h, the cells were serum-starved for 2 h
and treated with VEGF (30 ng/ml) for 5 min alone or after
pretreatment with TSP1 (2 nm). VEGF strongly stimulated
phosphorylation of VEGFR2-mCherry, and this was blocked
in cells treated with TSP1 (Fig. 6, A and B). 3T3 cells trans-
fected with VEGFR2-mCherry showed enhanced proliferation
to VEGF. In minimal medium with 0.5% FBS, transfected cells
showed optimal proliferative responses to exogenous VEGF
(data not shown). Under these conditions, the addition of
TSP1 inhibited VEGF-stimulated proliferation of 3T3 cells
transiently expressing VEGFR2-mCherry (Fig. 6C). Therefore,
VEGEF-mCherry is a functional Tyr kinase signaling receptor
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FIGURE 7. TSP1 inhibits co-localization of CD47-GFP and VEGFR2-
mCherry in live endothelial cells. A, CD47 and VEGFR2 co-localization is
inhibited by TSP1. HUVEC were transiently transfected with plasmids en-
coding VEGFR2-mCherry and CD47-GFP and preincubated as indicated with
1 ng/ml TSP1 (2.2 nm) for 20 min before treatment for 5 min with 30 ng/ml
VEGF. Images were acquired using live cells. Red, VEGFR2-mCherry; green,
CDA47-GFP. B, quantification of CD47 and VEGFR2 co-localization. p value
were as follows: untreated (UT) versus VEGF, 0.1; untreated versus TSP1 +
VEGF, 0.07 (*); and VEGF versus TSP1 + VEGF, 0.0001 (***). Scale

bars = 10 um.

Co-localization of CD47 and VEGFR2

and responds to both VEGF and TSP1 in a manner similar to
endogenous VEGFR2 in endothelial cells.

When transiently coexpressed in HUVEC, CD47-GFP and
VEGFR2-mCherry fusion proteins were highly co-localized
(Fig. 7A, upper panels). Treatment with VEGF for 5 min mod-
estly increased the co-localization in live cells (Fig. 7A, middle
panels, and B). However, pretreatment with TSP1 (2 nm) sig-
nificantly reduced the co-localization of CD47 and VEGFR2
(Fig. 7A, lower panels, and B).

FRET between CD47 and VEGFR2—To assess a potential
proximal interaction of CD47 with VEGFR2, HUVEC were
transiently transfected with CD47-GFP and VEGFR2-
mCherry and treated with TSP1 or 7N3 in the presence of
VEGEF, and FRET was performed by sensitized emission (Fig.
8A4). Whole cell FRET analysis of untreated and VEGF-treated
cells showed high FRET values (>0.01), but FRET was de-
creased or lost when cells were treated with TSP1 or 7N3
(0.0002 and 0.003, respectively).
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FIGURE 8. CD47 ligation inhibits FRET between CD47 and VEGFR2.

A, representative FRET images between CD47 and VEGFR2. HUVEC were
transiently transfected to express VEGFR2-mCherry (red) and CD47-GFP
(green). Cells were pretreated with 1 wg/ml (2.2 nm) TSP1 as indicated for 20
min before the addition of VEGF. Live cells were imaged 5 min after the ad-
dition of VEGF. Right panels (purple), FRET. UT, untreated. B, quantification of
whole cells and cytoplasm by Fc-FRET. C, quantification of whole cells and
cytoplasm by N-FRET. p values for Fc-FRET were as follows: VEGF versus TSP1
+ VEGF, 0.00050 (*); and VEGF versus peptide 7N3 + VEGF, 0.000013 (**). p
values for N-FRET were as follows: VEGF versus TSP1 + VEGF, 0.00017 (*);
and VEGF versus peptide 7N3 + VEGF, 0.000036 (**). Scale bars = 10 um.

FRET quantification using either Fc-FRET (Fig. 8B) (41) or
N-FRET (Fig. 8C) (42) over the entire cell or restricted to the
cell cytoplasm showed similar differences. The cytoplasm of
untreated cells showed slightly higher FRET (0.030) compared
with VEGEF-treated cells (0.027 by Fc-FRET). This is consis-
tent with the immunostaining and co-immunoprecipitation
experiments. However, treatment with TSP1 or 7N3 in the
presence of VEGF dramatically decreased FRET (—0.0006 and
0.001, respectively, by Fc-FRET) (Fig. 8B). Analysis by
N-FRET confirmed the conclusions from Fc-FRET (Fig. 8C).
There was no decrease in FRET between no treatment and
7N3 peptide treatment alone (supplemental Fig. S4).

DISCUSSION

Although TSP1 has been recognized as an endogenous an-
giogenesis inhibitor for 20 years, the receptors and molecular
mechanisms that mediate this activity remain controversial
(11, 23, 43). Our data reveal a new mechanism by which TSP1
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can regulate, through its receptor CD47, VEGF signaling in
endothelial cells by controlling the activation of VEGFR2.
Previously, the known mechanisms through which CD47 in-
hibits VEGFR?2 signaling were limited to the downstream NO/
c¢GMP cascade (11), which is only one branch of the VEGFR2
signaling network (2). The mechanism described here more
globally inhibits this network by preventing VEGFR?2 auto-
phosphorylation at Tyr"'”®, which is critical for activation of
downstream signaling through this receptor (44). We also
identified CD47 as a novel VEGFR2-associated protein. The
strong FRET signal between CD47-GFP and VEGFR2-
mCherry suggests that CD47 binds directly to VEGFR2. En-
ergy transfer by the Forster mechanism is generally limited to
<10 nm, so even if another protein such as an integrin medi-
ates the interaction, VEGFR2 and CD47 must be closely local-
ized in this complex. Notably, ligation of CD47 by TSP1 or a
CD47-binding peptide abolishes the close association of
CD47 with VEGFR2. This is reminiscent of the dissociation of
SHPS-1/SIRPa from its complex with CD47 in smooth mus-
cle cells by comparable concentrations of TSP1 and by a re-
lated CD47-binding peptide (45).

Several receptors of TSP1 have been implicated in its anti-
angiogenic activity (11, 31, 46), but their functions may be
distinct. CD36 is necessary for TSP1 to inhibit FGF2-stimu-
lated angiogenesis in rat cornea (13), but it is not clear that
this requirement extends to VEGF-stimulated angiogenesis.
Ligation of CD36 modulates VEGF signaling, and CD36 was
recently found to co-immunoprecipitate in a complex with 81
integrins and VEGFR2 (16). TSP1 limits microvascular sur-
vival in retinal hyperoxia, which correlates with CD36 associ-
ation with Src versus Fyn and antagonism of Akt survival
signaling (23). B1 integrins were also implicated in the anti-
angiogenic activity of TSP1 in conjunction with CD36 (47).
However, engagement of a331 or o431 integrins by the N-
terminal domain of TSP1 stimulates rather than inhibits an-
giogenesis in the chick chorioallantoic membrane assay (24,
48). CD36 can also activate Src kinases via its fatty acid trans-
locase activity, and this is inhibited by TSP1 (14). However,
none of these CD36-dependent activities are known to occur
at physiological concentrations of TSP1, and CD36 is not suf-
ficient for the effects of TSP1 on VEGFR2 signaling shown
here because they are absent in CD47-null or knockdown en-
dothelial cells that presumably express unchanged levels of
CD36.

The present data indicate that inhibition of VEGF signaling
through CD47 is highly redundant. Ligation of CD47 by phys-
iological concentrations of TSP1 inhibits VEGF-induced
c¢GMP synthesis in endothelial cells (19, 20) eNOS, soluble
guanylate cyclase, and cGMP-dependent protein kinase are
known targets of this CD47 signal (49, 50). Direct inhibition
of VEGFR?2 activation adds a much broader control of this
angiogenic pathway via CD47 and is consistent with the ele-
vated Akt phosphorylation reported in retinas of TSP1-null
mice (23). Akt phosphorylation is inhibited by engagement of
CD47, which, in addition to controlling activation of eNOS,
controls a broad range of prosurvival signaling in endothelial
cells (2, 51). This suggests that inhibitors of CD47/VEGFR2
interactions would be potent angiogenesis inhibitors.
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Regulation of VEGFR2 activation appears to involve a prox-
imal interaction between CD47 and VEGFR2. This is sup-
ported by co-immunoprecipitation and immunostaining but
more strongly by FRET between CD47-GFP and VEGFR2-
mCherry. Interestingly, this association is maintained when
VEGF binds to VEGFR?2, but ligation of CD47 by TSP1 or a
small peptide derived from TSP1 leads to a significant de-
crease in this association.

The detailed mechanism by which TSP1/CD47 signaling
controls the association between CD47 and VEGFR2 and
VEGEFR?2 phosphorylation remains to be defined. Future stud-
ies will examine whether TSP1 or CD47 alters the trafficking
or stability of VEGFR2. Recently, VEGF stimulation was re-
ported to induce proteolytic processing of VEGFR2 (52). Fu-
ture studies will also focus on whether CD47 associates differ-
entially with these processed forms of VEGFR2. Finally, the
effects of CD47 ligation on the known associations of
VEGFR2 with VE-cadherin, integrins, IQGAP1, and CD36
should be further examined (53-55).
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