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Background: VEGF-A is an important mediator of angiogenesis; however, the role of endogenous VEGF-A in endothelial
cells is unclear.
Results: Endogenous VEGF-A maintains expression of VEGFR-2 and other endothelial-specific proteins via transcriptional
regulation.
Conclusion:We propose that endogenous VEGF-A maintains endothelial homeostasis.
Significance: Targeting endogenous VEGF-A may complement current anti-angiogenesis therapies and be combined with
them as an effective therapeutic tool.

Vascular endothelial growth factor A (VEGF-A) is one of the
most important factors controlling angiogenesis. Although the
functions of exogenous VEGF-A have been widely studied,
the roles of endogenous VEGF-A remain unclear. Here we
focused on themechanistic functions of endogenousVEGF-A in
endothelial cells. We found that it is complexed with VEGF
receptor 2 (VEGFR-2) andmaintains a basal expression level for
VEGFR-2 and its downstream signaling activation. Endogenous
VEGF-A also controls expression of key endothelial specific
genes including VEGFR-2, Tie-2, and vascular endothelial cad-
herin. Of importance, endogenous VEGF-A differs from exoge-
nous VEGF-A by regulating VEGFR-2 transcription through
mediation of FoxC2 binding to the FOX:ETS motif, and the
complex formed by endogenous VEGF-A with VEGFR-2 is
localized within the EEA1 (early endosome antigen 1) endo-
somal compartment. Taken together, our results emphasize the
importance of endogenous VEGF-A in endothelial cells by reg-
ulating key vascular proteins and maintaining the endothelial
homeostasis.

Vascular endothelial growth factor (VEGF), initially known
as vascular permeability factor (1), is the key regulator of phys-
iological and pathological angiogenesis (2–4). VEGF-A, the
most-studied isoform of VEGF, plays important roles in endo-
thelial proliferation, migration, and survival (5–7). VEGF-A
interacts with VEGF receptor-1 (Flt1) and VEGF receptor-2
kinase insert domain receptor (KDR) tyrosine kinases as well as
its co-receptor neuropilin-1 (Nrp-1), all of which are expressed
in normal endothelial cells. Upon VEGF-A stimulation, signal

transduction events are activated (8), mostly through
VEGFR-2. These involve receptor dimerization and autophos-
phorylation followed by phosphorylation of downstream pro-
teins protein kinase C (PKC), phospholipase C� (PLC�), and
phosphatidylinositol 3-kinase (PI3K). Hence, the VEGF recep-
tor-2 plays amajor role inVEGF-A-mediated vascular endothe-
lial cell biology (9–11).
Inactivation of only one allele of VEGF-A causes abnormal

blood vessel formation and blood-island formation in embryos
and leads to lethality on embryonic day (E) 9.5 in mice (12, 13).
On the other hand, moderate overexpression of VEGF-A
results in severe abnormalities in heart development and also
leads to embryonic lethality at E12.5-E14 in mice (14). The
VEGF-A level must be tightly controlled to allow normal vas-
culogenesis and angiogenesis. In this regard, extensive studies
about paracrine VEGF-A and its VEGF receptor-2 in patholog-
ical situations have been performed in recent decades (15–17).
VEGF-A is one of themost importantmediators of patholog-

ical angiogenesis, and an anti-VEGFmonoclonal antibody, bev-
acizumab (Avastin), is already used for the first-line treatment
ofmetastatic colorectal cancer, whereas its roles in other tumor
types are under investigation (18, 19). However, most studies to
date have focused on paracrine VEGF, whereas few have
focused on the role of endogenous VEGF-A in non-pathologi-
cal situations. The physiological functions of autocrine
VEGF-A in endothelial cells have been investigated recently in
vivo (20), and autocrine VEGF-A was shown to be required for
blood vessel homeostasis in the adult. Endothelial cell-specific
deletion of VEGF-A in mice caused more than a 50% mortality
within 25 weeks of age (20). Importantly, a new transcriptional
enhancer regulated by the FOX:ETS motif has been recently
discovered and shown to be sufficient to direct expression spe-
cifically and exclusively to the developing vascular endothelium
(21). However, this transcriptional control has not yet been
connected with VEGF-A.
Herewe have investigated the cellularmechanism controlled

by endogenous VEGF-A in vitro and how endogenous VEGF-A
influences VEGFR-2 signaling in endothelial cells. We found
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that endogenous VEGF-A forms a complex with VEGFR-2 and
maintains VEGFR-2 expression and its downstream signaling
activity. This complex is partially localized within the early
endosome antigen 1 (EEA1)3 endosomal compartment. We
further showed that endogenous VEGF-A, unlike the exoge-
nous protein, controls VEGFR-2 transcription, most likely
through the FOX:ETS motif. Furthermore, expression of the
other endothelial markers, Tie-2 and VE-cadherin, is also con-
trolled by endogenous VEGF-A.We propose that by regulating
endothelial-specific protein transcription, endogenous
VEGF-A maintains endothelial homeostasis. i.e. the mainte-
nance of the equilibrium of intercellular and intracellular fac-
tors/parameters, as such that the proper function of the endo-
thelium should be sustained. Here, lack of intracellular
VEGF-A can influence VEGFR-2 expression regardless of out-
side conditions and eventually influences endothelial functions.

EXPERIMENTAL PROCEDURES

Antibodies and Other Reagents

ForWestern Blotting—VEGFR-2 andVEGFR-1 primary anti-
bodies and HRP-conjugated secondary antibodies were pur-
chased from Santa Cruz Biotechnology, Inc. (Santa Cruz,
Calif.); �-actin was purchased from Sigma; p-VEGFR-2 Y1059
and Tie-2 were purchased from Upstate Biologicals (Millipore,
Lake Placid, NY); p-VEGFR-2 Tyr-1175, Src, p-Src Tyr-416,
Tyr-527, p-paxillin Tyr-118, PLC�, p-PLC� Tyr-783, and VE-
cadherin were purchased from Cell Signaling; paxillin was pur-
chased from BD Biosciences.
For Immunofluorescence—VEGFR-2 was purchased from

Sigma; VEGF-Awas purchased fromAbcam (Cambridge,MA);
EEA1-FITC was purchased from BD Biosciences; VE-cadherin
was purchased fromCell Signaling; fluorescein-labeled second-
ary antibodies were purchased from Invitrogen.
For Chromatin Immunoprecipitation—FoxC2 antibody was

purchased from Sigma, and IgG rabbit was purchased from
Santa Cruz Biotechnology.
Human recombinant VEGF-A165 was purchased from R&D

systems; actinomycin D, pepstatin, and oleoyl-L-�-lysophos-
phatidic acid sodium salt (LPA) were purchased from Sigma.
[3H]thymidine was purchased from PerkinElmer Life Sciences.

Cell Culture

Human Umbilical Vein Endothelial Cells (HUVECs; Lonza,
SanDiego, CA)were cultured in endothelial basalmedium sup-
plemented with EGM-MV Bullet kit (5% fetal bovine serum
(FBS), 12 �g/ml bovine brain extract, 1 �g/ml hydrocortisone,
and 1 �g/ml GA-1000). Cells of passage 3 or 4 were used
throughout all experiments. Plates were always coated by col-
lagen bovine type I (BD Biosciences). Cells were starved over-
night (0.1% FBS) before VEGF-A stimulation. Mouse brain
microvascular endothelial cells (bEnd.3) were cultured in Dul-
becco’s modified Eagle’s medium supplemented with 10% FBS
and 1% penicillin/streptomycin.

siRNA and shRNA Transfection

Human VEGF-A or control scrambled siRNAwere obtained
from Qiagen, Inc. (Valencia, CA). siRNA transfection was per-
formed inOpti-MEMmedia usingOligofectamine (Invitrogen)
following the manufacturer’s instructions. shRNA for human
VEGF-A and control were obtained from Open Biosystems
(Huntsville, AL), and lentivirus was prepared as previously
described (22, 23). To maintain the primary cell characteristics
of HUVECs, we infected cells by shRNA lentivirus, selected by
puromycin, and collected lysates 72 h after infection.

Luciferase Reporter Assay

pGL3 plasmids containing the corresponding human
VEGFR-2 reporter constructs were transfected into HUVECs
using Lipofectin according to the manufacturer’s instructions
(Invitrogen). pRL-TK Renilla luciferase vector was used as the
internal control. Briefly, HUVECs were seeded into 24-well
plates at 60% confluency. VEGFR-2 promoter construct (0.9
�g) and 0.1 �g of pRL-TK Renilla luciferase vector with 400 nM
control or VEGF-A siRNA were diluted into 50 �l of Opti-
MEM. Separately, Lipofectin (5�l) was also diluted into 50�l of
Opti-MEM. Both dilutions were kept at room temperature for
45 min and then mixed together and incubated at room tem-
perature for 15min. Themixture was finally added to HUVECs
already incubated in 400 �l of Opti-MEM. Forty-eight hours
after transfection, firefly luciferase and Renilla luciferase activ-
ities were measured using the Dual-Luciferase Reporter Assay
system (Promega, Madison, WI) in a LB960 microplate lumi-
nometer. In the case of VEGFR-2 enhancer, the vector usedwas
pGL3-promoter. The empty vector or the vector containing the
VEGFR-2 enhancer domain was cotransfected with pRL-TK
Renilla luciferase vector.

Preparation of Whole Cell Extracts

Cells were washed twice with chilled PBS, lysed by chilled
radioimmunoprecipitation assay lysis buffer (50 mM Tris, pH
7.5, 1%Nonidet P-40, 150mMNaCl, 0.5% sodiumdeoxycholate,
0.1% SDS)with 1%proteinase inhibitormixture (Sigma) and 1%
Halt phosphatase inhibitor mixture (Pierce), incubated on ice
for 20 min, and centrifuged at 12,000 rpm at 4 °C for 10 min.
The supernatant was collected, and the protein concentration
wasmeasured by the Bradfordmethod (Bio-Rad Protein assay).

Western Blotting

Proteins were denatured by adding 6� Laemmli SDS sample
buffer andheated for 10min. Equal amounts of total protein per
lane were subjected to SDS gel electrophoresis followed by dry
transfer of the protein to a polyvinylidene fluoride membrane.
The membrane was blocked by incubation in TBS-T buffer (50
mM Tris-HCl, pH 7.4, 150 mM NaCl, and 0.05% Tween 20)
containing 5%nonfatmilk. The primary antibodywas diluted in
TBS-T containing 5% BSA overnight at 4 °C, and horseradish
peroxidase (HRP)-conjugated secondary antibody (Santa Cruz
Biotechnology) was diluted in TBS-T and incubated for 1 h at
room temperature. Immunodetection was performed with the
SuperSignalWest Pico Substrate (Thermo Scientific, Rockford,
IL).

3 The abbreviations used are: EEA1, early endosome antigen; VEGFR, VEGF
receptor; HUVEC, human umbilical vein endothelial cell; LPA, oleoyl-L-�-
lysophosphatidic acid sodium salt; VE, vascular endothelial; GIPC, GAIP C
terminus interacting protein; PLA, proximity ligation assay.
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RNA Isolation and Real-time PCR

Total RNAs were extracted using the RNeasy mini kit (Qia-
gen) and reverse-transcribed by oligo(dT) priming using the
iScript cDNA synthesis kit following the manufacturer’s
instructions (Bio-Rad). Semiquantitative real-time PCR analy-
ses were performed using the ABI 7500 Fast Real-Time PCR
System (Applied Biosystems, Foster City, CA) and SYBRGreen
PCR Master Mix (Applied Biosciences). Primers used in real-
time PCR were purchased from Qiagen.

Cell Proliferation Assay

HUVECs (2 � 104 cells per well) were seeded into 24-well
plates and subjected to siRNA treatment. Thirty-six hours after
transfection, cells were starved overnight (0.1% FBS) and then
stimulated by VEGF-A165 at 10 ng/ml for 24 h. [3H]thymidine
(1 mCi) was added to each well, and 4 h later cells were washed
with cold PBS, fixed with 100% chilled methanol, and collected
for measurement of trichloroacetic acid-precipitable
radioactivity.

Boyden Chamber Migration Assay

Cell migration was detected using the Transwell system
(Costar; 6.5-mm wells, 8.0-�m pore size), which allows cells to
migrate through pores in polycarbonatemembranes. Transwell
chambers were coated by collagen bovine type I (BD Biosci-
ences). siRNA-treated cells were starved overnight, then 5 �
104 cells were seeded into the upper chamber of each Transwell
in basalmedium. Basalmedium supplementedwith 10 ng/ml of
VEGF-A165 was added to the bottom chamber as chemoattrac-
tant. Four hours later, the cells were fixed and stained. Eachwell
was photographed, and total cell numbers were counted.

Calcium Release Assay

Levels of intracellular calcium were measured with Fura-2
AM cell permeant (Invitrogen). Briefly, siRNA-treated
HUVECs of 70–80% confluency were washed twice with PBS
and then gently harvested with 4 ml of collagenase solution
containing 0.2 �g/ml collagenase, 0.2 �g/ml soybean trypsin
inhibitor, 1�g/ml BSA, and 2mMEDTA in PBS. Detached cells
were washed once with 2 ml of Ca2� buffer containing 5 mM

KCl, 140 mM NaCl, 1 mM CaCl2, 1 mM MgCl2, 5.6 mM glucose,
0.1% BSA, 0.25 mM sulfinpyrazone, and 10 mM HEPES, pH 7.5.
The collected cells were resuspended in Ca2� buffer containing
1 �g/ml Fura-2 and 0.02% Pluronic F-127 for 30 min at 37 °C
covered in aluminum foil. After incubation, the cells were
washed again and resuspended with Ca2� buffer. Aliquots of
the Fura-2-loaded cell suspension were placed in quartz
cuvettes and stirred throughout the measurement. Fluores-
cence was measured at room temperature with a dual-wave-
length DeltaScan Illumination System (Photon Technology
International). Dual excitations at 340/380 nm with an emis-
sion at 510 nmwere recorded for 1000 s. VEGF-A165 was added
to a final concentration of 10 ng/ml at 100 s. The change in
cytosolic free calcium ([Ca2�]i) was calculated as the 340/
380-nm ratio for the emitted fluorescence using Felix software.

Tube Formation Assay

Human control scrambled or VEGF-A siRNA-treated
HUVECs were starved overnight. A 96-well, flat-bottomed
plate was coated with 50 �l of Matrigel per well and kept at
37 °C for 1 h to promote gelling. Cells (2 � 104) in 100 �l of
starved medium with or without VEGF-A165 at 10 ng/ml were
seeded into each Matrigel-coated well. Cells were then incu-
bated at 37 °C in a 5% CO2 humidified atmosphere. The center
of each well was photographed every 15 min over 8 h using an
Axiovert 200M inverted microscope with Apotome Module
(Carl Zeiss) running Axiovision 4.8 software.

Chromatin Immunoprecipitation and PCR

Chromatin immunoprecipitation (ChIP) was performed
according to the manufacturer’s instructions (Chromatin
Immunoprecipitation ChIP assay kit, Millipore). Briefly, after
treating cells with siRNA for 48 h, formaldehyde was added
directly to cell culturemediumat a final concentration of 1% for
10 min at 37 °C. The cross-linking was quenched by adding
chilled PBS containing protease inhibitors. Cells were scraped,
and the pellet was resuspended in SDS lysis buffer and incu-
bated on ice for 10 min. Sonication was performed on ice to get
DNA fragments between 200 and 400 bp. Samples were centri-
fuged, and supernatants were diluted with ChIP dilution buffer
containing protease inhibitors. Nonspecific background was
reduced by protein A-agarose-salmon sperm DNA at 4 °C for
30min. Ten percent of the precleared cell supernatant was kept
as input. The supernatant was immunoprecipitated by 5 �g of
either IgG control (SantaCruz) or anti-FoxC2 antibody (Sigma)
overnight at 4 °C. Protein A-agarose-salmon sperm DNA was
added again to the collected DNA-FoxC2 complex for 1 h at
4 °C. The agarose pellet was then washed by low salt immune
complex wash buffer, high salt immune complex wash buffer,
LiCl immune complex wash buffer, and Tris-EDTA buffer.
DNA fragments were eluted from the agarose beads by elution
buffer at room temperature for 15 min. Cross-linking was
reversed by 5 M NaCl at 65 °C for 4 h. Eluates were then incu-
bated in buffer containing proteinase K for 1 h at 45 °C to
reduce protein background. DNAs were recovered by phenol/
chloroform extraction and ethanol precipitation.
PCR mixtures contained 15 ng of input sample or 30 ng of

immunoprecipitated DNA sample, 50 ng of each primer, 250
�M (of each) dNTP, 5� Herculase II reaction buffer (Agilent)
with 2mMMgCl2, 4%DMSO, and 1.25 units ofHerculaseDNA
polymerase (Agilent) in a total volume of 25 �l. After 50 cycles
of amplification, PCR products were run on a 2% agarose gel
and analyzed by ethidium bromide (EtBr) staining. Primers
were obtained from Integrated DNA Technologies. Primer
sequences are indicated in supplemental Table S1.

In Situ Proximity Ligation Assay (PLA)

Cells were fixed in 4% paraformaldehyde on ice for 30 min
and thereafter subjected to in situ PLA using the Duolink
Detection kit (Olink Bioscience, Uppsala, Sweden) according to
the manufacturer’s instructions. Briefly, slides were blocked,
incubatedwith anti-VEGFR-2 (Sigma) and anti-VEGF (Abcam)
antibodies, and then incubated with PLA probes, which are
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secondary antibodies (anti-mouse and anti-rabbit) conjugated
to unique oligonucleotides.
Circularization and ligation of the oligonucleotides was fol-

lowed by an amplification step. The products were detected by
a complementary fluorescently labeled probe. Slides were
mounted using Vectashield (Vector Laboratories, Inc., Burlin-
game, CA) and evaluated using an LSM 510 v3.2SP2 Live Con-
focal Laser Scanning Microscope (Carl Zeiss).

Immunofluorescence and Confocal Microscopy

Cells were seeded on coverslips and treated by control
scrambled or VEGF-A siRNA. Forty-eight hours after transfec-
tion, cells were rinsed with Dulbecco’s PBS (D-PBS; 8.1 mM

Na2HPO4, 1.2 mM KH2PO4, pH 7.2, 138 mMNaCl, 2.7 mM KCl,
0.9 mM CaCl2, and 0.5 mM MgCl2) at room temperature and
fixed with 2.5% formaldehyde in 0.1 M Pipes, pH 6.95, 3 mM

MgSO4, and 1 mM EGTA for 20 min. After rinsing by D-PBS,
cells were permeabilized by 0.1% Triton X-100 in D-PBS for 2
min and rinsed again by D-PBS. Cells were blocked by D-PBS
containing 4% BSA at 37 °C for 1 h and then incubated with
primary antibodies (1–2 �g/ml) for 2 h at 37 °C. After washing
with D-PBS, cells were incubated with the appropriate fluores-
cein-labeled secondary antibody (10 �g/ml) for 1 h at 37 °C.
Cellswerewashed again andmounted on a glass slide inmount-
ing reagent (Vectashield with DAPI, Vector Laboratories). An
LSM 510 v3.2SP2 Live confocal laser scanning microscope
(Carl Zeiss) with Axiovert 100M (Carl Zeiss) with a c-Apochro-
mat 100� oil immersion or 60�water immersion objectivewas
used to analyze immunostained cells and to capture represen-
tative images. Confocal images were converted to 8-bit gray-
scale. Images obtained were exported by AxioVision software
(Carl Zeiss) in TIF format.

mRNA Stability Assay

VEGFR-2 mRNA stability was estimated by utilizing actino-
mycinD (Sigma). siRNA-treated cells were incubatedwith acti-
nomycin D (7.5 �g/ml) for 0, 1, 2, 4, and 6 h. mRNAs were then
extracted and reverse-transcribed into cDNA, and real-time
PCR was performed as described above.

Cloning

Wild-type VEGF-A165 and signal peptide-deleted VEGF-
A165 has been cloned into the retroviral vector pMMp.
VEGFR-2 enhancer domain containing themotif FOX:ETS has
been cloned into pGL3-promoter vector.

Cell Apoptosis Assay

Cells were washed, resuspended in the staining buffer, and
stainedwith propidium iodide and annexinV-FITC (BioVision,
Mountain View, CA). Stained cells were analyzed by fluores-
cence-activated cell sorting (FACSCalibur, BD Biosciences).

Statistical Analysis

The Student’s t test was used to determine the statistical sig-
nificance of the data obtained and to compare the means
between groups. A p value of �0.05 represented a statistically
significant difference.

RESULTS

Endogenous VEGF-A Controls VEGFR-2 Expression and
VEGFR-2 Downstream Signaling—To investigate the mecha-
nistic functions displayed by endogenous VEGF-A in endothe-
lial cells, we utilized siRNA to knock down endogenous
VEGF-A in HUVECs. Knockdown effectiveness was verified by
real-time PCR (Fig. 1A). Surprisingly, we observed a consider-
able decrease in theVEGFR-2 protein level comparedwith con-
trol siRNA-treated cells, whereas the VEGFR-1 level was
unchanged in endogenous VEGF-A knockdown cells (Fig. 1B).
To confirm the validity of our findings and exclude any possible
off-target effects for the siRNAutilized, these experimentswere
repeated with an shRNA lentivirus expression system that tar-
gets VEGF-A sequences that are independent of those targeted
by the siRNA, and the same results were observed (Fig. 1,A and
B). To further corroborate our findings, we utilized another
endothelial cell line, bEnd.3, which is a polyoma middle
T-transformed mouse brain capillary endothelial cell line. As
reported in Fig. 1B, VEGFR-2 down-regulation also occurred in
bEnd.3 cells when endogenous VEGF-A was knocked down by
shRNA targeting the mouse VEGF-A sequence.
We further evaluated the consequences of endogenous

VEGF-A knockdown on VEGFR-2 downstream signaling acti-
vation. First of all, we observed a basal phosphorylation of
VEGFR-2 as well as its downstream signaling proteins, includ-
ing PLC�, Src, and paxillin in control siRNA-treated cells with-
out any exogenous VEGF-A stimulation (see supplemental Fig.
1A), as previously reported (20, 24). In addition, in VEGF-A
knockdown cells, the decrease in VEGFR-2 protein level
resulted in a marked attenuation of the VEGFR-2 tyrosine
phosphorylation level, whichwas accompanied by a decrease in
VEGFR-2 downstream signaling components activation, such
as PLC�, p38 MAPK, and paxillin (see supplemental Fig. 1A).
We then examined the VEGFR-2 response to exogenous

VEGF-A stimulation. A significant down-regulation of
VEGFR-2 phosphorylation after exogenous VEGF-A treatment
was observed in endogenous VEGF-A knockdown cells com-
pared with control siRNA-treated cells, which can be explained
by the decrease in VEGFR-2 protein level that we observed (Fig.
1C). Activation of some VEGFR-2 downstream signaling
response markers, such as PLC�, p38 MAPK, and paxillin was
also impaired (Fig. 1D).
Finally, to determine whether exogenous VEGF-A could

replace the endogenous protein and restore VEGFR-2 expres-
sion levels, we maintained exogenous VEGF-A in the culture
medium for 40 h after siRNA treatment (Fig. 1E). As expected,
despite the presence of exogenous VEGF-A, the VEGFR-2 pro-
tein level was still down-regulated upon endogenous VEGF-A
depletion and this even in the presence of high concentration of
exogenous VEGF-A. These results demonstrate clearly that
endogenous VEGF-A is necessary for maintaining the
VEGFR-2 protein level.
Endogenous VEGF-A Depletion Inhibits Major VEGFR-2-

regulated Endothelial Functions—Because VEGFR-2 phos-
phorylation at key tyrosine residues is necessary for VEGF-A
signaling, we next investigated how some important func-
tions controlled by VEGFR-2 signaling in endothelial cells
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were affected by knockdown of endogenous VEGF-A. Phos-
phorylation of VEGFR-2 at Tyr-1175 has been shown to play
a critical role in PLC�/p44/42-MAPK activation and prolif-
eration of endothelial cells (25). Intracellular calcium release
is also controlled by PLC�/PKC activation (26). In addition,
phosphorylation of Tyr-1175 is needed for PI3K activation,
and the adaptor protein Shb-mediatedmigration (27). In this

regard, we first evaluated VEGF-A-induced cell proliferation
and calcium release in HUVEC cells with or without endog-
enous VEGF-A expression. As shown in Fig. 2, A and B,
endogenous VEGF-A knockdown impaired endothelial cell
proliferation as well as intracellular calcium release in
response to exogenous VEGF-A. This result can be explained
by a decrease in VEGFR-2 protein level and in VEGFR-2

FIGURE 1. Knockdown of endogenous VEGF-A down-regulates VEGFR-2 expression and its downstream signaling activation. A and B, HUVECs were
treated with control or VEGF-A siRNA. Forty-eight hours after transfection, cells were lysed and analyzed by Western blot. For shRNA, HUVECs or bEnd.3 cells
were infected by lentivirus for 24 h, selected by puromycin for 48 h, and lysed. For mRNA analysis, mRNA were extracted and then reverse-transcribed into
cDNA. The latter was used for real-time PCR. C and D, siRNA-transfected HUVECs were starved overnight and stressed by VEGF-A165 at 10 ng/ml for 10 min and
then quenched and lysed. E, HUVECs were treated by control or VEGF-A siRNA. Eight hours later, VEGF-A165 was added into the culture medium, and the cells
incubated for 40 h. The cells were then lysed and analyzed by Western blot.
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tyrosine 1175 phosphorylation-induced downstream
signaling.
Besides the tyrosine 1175 site, phosphorylation of VEGFR-2

at the tyrosine 951 site is also important for VEGF-A-induced
cell migration through binding to TSad and complex formation
with Src (11, 28). Another component important for endothe-
lial cell migration is focal adhesion kinase and its substrate pax-
illin, which can also be phosphorylated by Src (29, 30).We then
examined the impact of endogenous VEGF-A knockdown on
endothelial cell migration by using the Boyden chamber assay.
siRNA-mediated endogenous VEGF-A knockdown effectively
impaired migration of endothelial cells toward the chemoat-
tractant VEGF-A (Fig. 2C).
Furthermore, VEGFR-2 activation is known to be neces-

sary for endothelial cell tube formation (31). We, therefore,

assessed the consequence of endogenous VEGF-A knock-
down on endothelial cell morphogenesis within the extracel-
lular matrix. In control siRNA-treated cells, tubular struc-
tures formed very quickly after seeding the cells on Matrigel,
whereas endogenous VEGF-A knockdown clearly inhibited
HUVECs tube formation, as shown in Fig. 2D and supple-
mental Movies 1–3. Although cells were still able to migrate
randomly, branching formation was completely inhibited.
Moreover, treatment with VEGF-A exogenously could not
restore the endogenous VEGF-A lacking phenotype. We
believe that VEGFR-2 down-regulation and the subsequent
decrease in downstream signaling are the main causes of
these functional impairments. Therefore, the presence of
endogenous VEGF-A is indispensable for sustained VEGFR-2
signaling.

FIGURE 2. Endothelial functions displayed by VEGFR-2 are impaired upon depletion of VEGF-A. A, shown is the reduced proliferation capacity of
endogenous VEGF-A knockdown cells. HUVECs were transfected with control or VEGF-A siRNA for 48 h, and cell proliferation was then measured by
[3H]thymidine incorporation assay. B, reduction in calcium release upon VEGF-A stimulation is shown. HUVECs were transfected with control or VEGF-A
siRNA. Forty-eight hours later cells were digested and loaded with Fura-2. Intracellular calcium release upon VEGF-A stress was followed for 1000 s. C,
cell migration capacity was affected by endogenous VEGF-A silencing. siRNA-treated cells were starved overnight. Forty-eight hours after transfection,
cells were seeded into the upper chambers of Transwells and allowed to migrate into the bottom chambers containing VEGF-A165 (10 ng/ml) as the
chemoattractant. Four hours later, cells were fixed and photographed for counting. D, tube formation was inhibited by depletion of endogenous
VEGF-A. siRNA-transfected HUVECs were starved overnight, then seeded onto solidified Matrigel. VEGF-A165 (10 ng/ml) was then added into the culture
medium, and tube formation was followed for 8 h. The data represented here are the average of three independent experiments. All bars represent
means � S.D. of three experiments. *, p � 0.05.
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We finally examined cell apoptosis, and in vitro endogenous
VEGF-A knockdown does not lead to HUVEC cell apoptosis
(see supplemental Fig. 1B).
VEGFR-2 Transcription Is Altered by Endogenous VEGF-A

Knockdown—We further explored the mechanism causing the
decrease in VEGFR-2 protein level upon depletion of endoge-
nous VEGF-A. The VEGFR-2 down-regulation we observed
might be due toVEGFR-2 protein degradation ormRNAdown-
regulation. Previous reports showed that exogenous VEGF-A
could induce VEGFR-2 protein degradation, most likely
through the lysosomal pathway (32). We used pepstatin to
inhibit lysosomal degradation and found that the VEGFR-2
decrease caused by endogenous VEGF-A knockdown could not
be restored (Fig. 3A). While in the presence of exogenous
VEGF-A, degradation of VEGFR-2 caused by accelerated
VEGFR-2 endocytosis and lysosomal degradation could be
inhibited by pepstatin (supplemental Fig. 1C). Proteasomal
degradation of VEGFR-2 has also been reported (33, 34). Thus
MG132was used to examinewhether inhibition of proteasomal
degradation can inhibit down-regulation of VEGFR-2. Interest-
ingly,MG132 treatment could not reverseVEGFR-2 down-reg-
ulation caused by endogenous VEGF-A knockdown. In addi-
tion to that, the decrease in VEGFR-2 level was even more
accentuated in the presence of MG132 (data not shown). This
observation is in agreementwith a previous report showing that
proteasomal inhibitors could affect both transcription and
mRNA stability of VEGFR-2 in HUVECs (35).
Next, we performed real-time PCR and found that the

VEGFR-2 mRNA level was down-regulated as well (Fig. 3B).
With this result, either VEGFR-2 mRNA stability or transcrip-
tion could be the cause of the decrease in VEGFR-2 mRNA
level. To rule out the possibility that VEGFR-2 mRNA stability
was affected, actinomycin D was used at indicated time points
to inhibit transcription. Our results showed that VEGFR-2
mRNA degradation rates of HUVECs were similar in the con-
trol siRNA and endogenous VEGF-A siRNA-treated groups
(Fig. 3C). Thus, our data demonstrate that VEGFR-2 mRNA
down-regulation was not due to decrease in mRNA stability.
Therefore, endogenous VEGF-A modulates VEGFR-2
transcription.
Endogenous VEGF-A Differs from Paracrine/Secreted

VEGF-A—To further confirm our hypothesis, we used a retro-
viral system to overexpress wild-type and the non-secretive
form (signal peptide deleted) of VEGF-A. As expected, the non-
secretive formofVEGF-A could strongly up-regulate VEGFR-2
mRNA level, whereas the wild-type VEGF-A could not (Fig.
3D). Then the overexpression system was used to rescue
VEGFR-2 decrease caused by endogenous VEGF-A knock-
down. We effectively observed a rescue in VEGFR-2 mRNA
level 3 days after siRNA treatment (Fig. 3, E and F). In conse-
quence, we have demonstrated clearly that secreted/paracrine
VEGF-A plays different roles than the endogenous protein.
Endogenous VEGF-A Regulates VEGFR-2 Transcription by

Altering FoxC2Binding to the FOX:ETSMotif—We then looked
for the mechanism through which endogenous VEGF-A mod-
ifies VEGFR-2 transcription. In past years it has been shown
that exogenous VEGF-A controls VEGFR-2 transcription by a
positive feedback loop through the VEGFR-2 promoter region

(36). To investigate whether endogenous VEGF-A modulates
VEGFR-2 transcription through its promoter region, we per-
formed a luciferase assay using constructs containing different
VEGFR-2 promoter deletion mutants. It has been shown that 4
kb of the VEGFR-2 5�-flanking sequence induce a high level of
luciferase activity in endothelial cells (37) (Fig. 4A). Strikingly,
we found that VEGFR-2 transcription through its promoter
region was not significantly changed by endogenous VEGF-A
knockdown in HUVECs (Fig. 4B).
The FOX:ETS motif has been recently reported to positively

regulate several endothelial cell markers through their tran-
scription. This motif is localized within the intronic region and
is distinct from the classic promoter region of VEGFR-2. The
FOX:ETSmotif is bound and activated by the Forkheadprotein,
FoxC2, and the Ets protein Etv2 (21). We, therefore, tested
whether the FOX:ETS motif is responsible for the VEGFR-2
down-regulation that we observed by performing chromatin
immunoprecipitation with an anti-FoxC2 antibody in
HUVECs. We found that FoxC2 bound strongly to the
VEGFR-2 FOX:ETS motif in control siRNA-treated samples
and that this binding was decreased by endogenous VEGF-A
knockdown, as shown in Fig. 4C.
In addition, we cloned the VEGFR-2 enhancer domain con-

taining the FOX:ETS motif into pGL3-promoter vector. Lucif-
erase assay was performed (Fig. 4D) and indicated that endog-
enous VEGF-A knockdown effectively impaired the enhancing
role played by the FOX:ETS motif in VEGFR-2 transcription.
Thus, endogenous VEGF-A controls VEGFR-2 transcription
through a newmechanism inwhich FoxC2 binding to the FOX:
ETS motif is altered. This mechanism differs completely from
the classic VEGFR-2 promoter control exerted by exogenous
VEGF-A.
Furthermore, this FOX:ETS motif has been shown to be

common to several endothelial-specific markers (21) (supple-
mental Fig. 1D), and we therefore also examined expression of
some of these markers. Interestingly, we found that VE-cad-
herin and Tie-2 expression were also down-regulated in
HUVECs as well as in bEnd.3 cells after depletion of endoge-
nous VEGF-A (Fig. 4E). Like the decrease in VEGFR-2 protein
level, the down-regulation also resulted from a decrease in
mRNA levels (Fig. 4F), whereas their lysosomal degradation
was unaffected (Fig. 4G).
VE-cadherin is an endothelial-specific adhesion molecule

located at junctions between endothelial cells, and VE-cad-
herin has been shown to be required for vascular remodeling
and morphogenesis (38). As the VE-cadherin protein level
was also decreased, we stained endothelial cells with an anti-
body directed against VE-cadherin to determine how the
VE-cadherin presence on cell membranes was affected. In
comparison to control siRNA-treated cells, a strong attenu-
ation of VE-cadherin on endothelial cell membranes
occurred in endogenous VEGF-A knockdown cells (supple-
mental Fig. 2). This VE-cadherin down-regulation is also a
factor contributing to a decrease in both cell migration and
tube formation.
In summary, our results show that depletion of endogenous

VEGF-A inhibits binding of FoxC2 to the FOX:ETS enhancer
domain of VEGFR-2, thus down-regulating VEGFR-2 tran-
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scription. However, how FoxC2 binding to the FOX:ETS
enhancer domain is disrupted needs further clarification.
FoxC2 belongs to the Forkhead family, and these proteins are
activated by phosphorylation and subsequently move into the

cell nucleus to control transcription of target proteins (39).
Currently, phosphorylation of FoxC2 has not been clearly dem-
onstrated, and themechanism controlling FoxC2 nuclear-cyto-
plasmic shuttling remains unknown.

FIGURE 3. VEGFR-2 decrease is due to transcriptional down-regulation. A, VEGFR-2 down-regulation was not due to lysosomal degradation.
siRNA-transfected HUVECs were treated with pepstatin at 10 �M for 24 h. Forty-eight hours after transfection cells were lysed and analyzed by Western blot. B,
the VEGFR-2 mRNA level was decreased. Forty-eight hours after siRNA transfection, HUVECs were harvested for mRNA extraction. cDNA was obtained by
reverse transcription, and real-time PCR was performed. C, mRNA stability was unaffected. Forty-eight hours after siRNA transfection, cells were treated with 7.5
�g/ml actinomycin D at different time points, the mRNA was harvested, and the procedure was repeated. The data represented here are the average of three
independent results. D, a non-secretive form of VEGF-A up-regulates VEGFR-2 mRNA level. HUVECs were infected by retroviral overexpression system, and 48 h
later mRNAs were extracted. Real-time PCR were realized with reverse-transcribed cDNA. E and F, HUVECs were first transfected by siRNA and 6 h later a
retrovirus overexpressing non-secretive form of VEGF-A was added. 72 h after siRNA treatment, mRNAs were extracted for real-time PCR or cells were lysed for
Western blot. All bars represent the means � S.D. of three experiments. *, p � 0.05.
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FIGURE 4. FoxC2 binding to the FOX:ETS motif is decreased. A, shown is a representation of VEGFR-2 promoter deletion mutants used in our studies.
B, VEGFR-2 promoter activation was unaffected by deletions. Different VEGFR-2 promoter deletion-mutant luciferase constructs with Renilla luciferase vector
and control or VEGF-A siRNA were co-transfected into HUVECs. Forty-eight hours later, firefly and Renilla luciferase activities were measured. C, binding of
FoxC2 to the FOX:ETS motif was decreased by endogenous VEGF-A knockdown. Forty-eight hours after siRNA transfection, HUVECs were subjected to
chromatin immunoprecipitation by anti-FoxC2 antibody. Immunoprecipitated DNA fragments were used to perform PCR. D, pGL3-promoter empty vector or
containing VEGFR-2 enhancer constructs with Renilla luciferase vector and control or VEGF-A siRNA were co-transfected into HUVECs. Forty-eight hours later,
firefly and Renilla luciferase activities were measured. E–G, VE-cadherin and Tie-2 levels were also down-regulated. The same procedure as for VEGFR-2 in Fig.
3 was followed. All bars represent means � S.D. of three experiments. *, p � 0.05.
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Endogenous VEGF-A Forms a Complex with VEGFR-2 and Is
Partially Localized within the EEA1 Endosomal Compartment—
We then examined the cellular localization of endogenous
VEGF-Aand searched for a possible link toVEGFR-2 transcrip-
tion. Binding between exogenous/paracrine VEGF-A and
VEGFR-2 on the plasma membrane has been studied in detail
(10, 40). However, whether endogenous VEGF-A binds to
VEGFR-2 is still unknown. We used in situ PLA to examine
whether or not there was a direct complexation between these
two proteins (41). As shown in Fig. 5A, complexation clearly
occurred. Our results, therefore, establish a previously
unknown phenomenon inwhich endogenous VEGF-A binds to

VEGFR-2, most likely intracellularly, and maintains a basal
VEGFR-2 downstream signaling activation level.
Previous reports have shown that VEGFR-2 is maintained in

intracellular pools, such as the EEA1 endosomal compartment
(42, 43). We, therefore, examined by immunofluorescence
whether the VEGF-A-VEGFR-2 complex is found in this
compartment.
Co-distribution of the VEGF-A-VEGFR-2 complex with

EEA1 was clearly observed in control siRNA-treated HUVECs
(Fig. 5, B and D), whereas in VEGF-A siRNA-transfected
HUVECs, this colocalization was strongly decreased (Fig. 5, C
and E). VEGFR-2 co-localization with EEA1 is in agreement

FIGURE 5. Endogenous VEGF-A binds to VEGFR-2 and is partially localized within the EEA1 endosomal compartment. A, endogenous VEGF-A binds to
VEGFR-2. In situ PLA was performed for VEGFR-2 and VEGF-A on siRNA-transfected HUVECs. B–E, shown is co-distribution of the VEGF-A-VEGFR-2 complex with
EEA1. White arrows indicate colocalization zones. B and C, immunofluorescence was performed with HUVECs for VEGF-A (red), VEGFR-2 (far red), and EEA1
(green). D and E, in situ PLA of VEGFR-2-VEGF-A was co-stained with EEA1-FITC.
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with previous reports showing an internal VEGFR-2 pool local-
ized within the EEA1 endosomal compartment in quiescent
cells. However, the role of this co-localization was unclear (42).
The VEGFR-2 presence in the EEA1 endosomal compartment
probably maintains the VEGFR-2 basal activation level that we
observed. That would not be surprising, as it has also been
reported that internalized VEGFR-2 retains signaling activity
(44). The important difference is that in our case the VEGF-A
was endogenous and initially present in the endothelial cells
and differs from internalized exogenous VEGF-A.
Finally, the VEGF-A-VEGFR-2 complex and EEA1 co-distri-

bution suggests a link to the VEGFR-2 transcription that we
found. The presence of VEGF-A-VEGFR-2 complex within the
EEA1 endosomal compartment might send a signal into the
nucleus that controls VEGFR-2 transcription. However, this
hypothesis needs further evaluation.

DISCUSSION

The functions of paracrine VEGF-A in non-pathological and
pathological angiogenesis are currently well known, whereas
autocrine VEGF-A has been reported to be crucial for vascular
homeostasis (20). However, the mechanistic functions of
endogenous VEGF-A in endothelial cells remain unclear. In
this context, we report for the first time that endogenous
VEGF-A forms a complex with VEGFR-2 in endothelial cells,
most likely intracellularly, andmaintains a basal activation level
of VEGFR-2 regulated signaling. Importantly, this endogenous
VEGF-A functions differently from the paracrine/secreted
VEGF-A. Furthermore, our studies also revealed a previously
unknown function of endogenous VEGF-A; it is required to
maintain VEGFR-2 transcription by altering FoxC2 binding to
the lately discovered FOX:ETS motif (21). This transcriptional
control is unrelated to the VEGFR-2 promoter and cannot be
exerted by exogenous VEGF-A, which also might regulate
VEGFR-2 transcription but by a positive feedback loop through
the VEGFR-2 promoter (36). It has been reported that exoge-
nous VEGF regulates expression of VEGFR-2 and VEGF itself
through other mechanisms such as LPA1 receptor, H2O2,
podocin, estradiol, and DLL4/Hey2 (45–50). We have verified
in this instance that LPA1 receptormRNA level was unchanged
(supplemental Fig. 1E) and that endogenous VEGF-A knock-
down still down-regulatedVEGFR-2 expression even by adding
LPA at different doses (supplemental Fig. 1F). Our results
obtained using signal peptide-deleted VEGF-A exclude the
possibility that exogenous or secreted VEGF-A controls
VEGFR-2 mRNA level. Therefore, the novel finding of our
studies is that endogenous VEGF-A controls VEGFR-2 tran-
scription by a different mechanism than exogenous VEGF-A.
In addition, we also observed a decrease in VE-cadherin and

Tie-2 protein levels when exogenous VEGF-A is down-regu-
lated. Tie-2 is expressed principally in vascular endothelium, is
a tyrosine kinase activated upon angiopoietin binding, and
plays a critical role in angiogenesis (51). VE-cadherin is an
endothelial-specific adhesionmolecule located at the junctions
between endothelial cells and plays important roles in endothe-
lial cell adhesion (52). Its expression, localization, and signaling
are also critical in angiogenesis (53, 54). Down-regulation of
these important endothelial-specific proteins most likely

occurs through the samemechanism, that is, by altering FoxC2
binding to the FOX:ETS enhancer domain. The transcriptional
control exerted by endogenous VEGF-A on these endothelial-
specificmarkersmight also be amechanismbywhich autocrine
VEGF-A helps in maintaining cell homeostasis. However, the
mechanism by which endogenous VEGF-A modified FoxC2
binding to the FOX:ETS enhancer domain remains enigmatic,
and future studies are needed to answer this question.
We have shown for the first time that endogenous VEGF-A

forms a complex with VEGFR-2 within the EEA1 endosomal
compartment. This partial co-distribution may be correlated
with the transcriptional control exerted by endogenous
VEGF-A on VEGFR-2 expression. To date, very little informa-
tion is available linking endocytic proteins to the nuclear tran-
scription machinery (55). Other unknown components may
also be involved in the same complex in which endogenous
VEGF-A, VEGFR-2, and EEA1 are members. These compo-
nents might enhance FoxC2 translocation into the nucleus or
might alter the binding of FoxC2 to the FOX:ETS motif of
diverse endothelial markers.
Some endocytic proteins like �-arrestin-1 and APPL (adap-

tor protein, phosphotyrosine interaction, PH domain, and leu-
cine zipper containing) were found in the nucleus (56, 57) and
might be involved in VEGFR-2 transcription by endogenous
VEGF-A. APPL has also been correlated with GIPC/synectin in
the control of TrkA trafficking and signaling (58), and GIPC is
another important protein involved in VEGFR-2 trafficking
(59). We also knocked down GIPC in HUVECs and found that
the VEGFR-2 mRNA level was unmodified (data not shown).
Thus, APPL might be a new and important endocytic compo-
nent in the VEGFR-2 signaling loop. Future studies should be
able to delineate the precise mechanism through which endog-
enous VEGF-A controls VEGFR-2 transcription.
In conclusion, we have shown that endogenous VEGF-A

binds to VEGFR-2 and is required for maintaining a basal
VEGFR-2 expression, which is reflected by its phosphorylation
and downstream signaling. Endogenous VEGF-A maintains
endothelial cell homeostasis by controlling VEGFR-2 tran-
scription in vitro, whereas the complex formed by endogenous
VEGF-A with VEGFR-2 is partially localized within the EEA1
endosomal compartment. This co-distribution might be
related to the transcriptional control exerted by endogenous
VEGF-A on VEGFR-2. Our studies have, therefore, introduced
significant new elements concerning the role of endogenous
VEGF-A in pathophysiological situations. Based on these find-
ings and other reports, we propose amodel in which both exog-
enous and endogenous VEGF-A exerts control on VEGFR-2
transcription and activation. In the case of exogenous VEGF-A,
a series of precisely orchestrated steps tightly controls
VEGFR-2 trafficking, degradation, and downstream signaling,
leading to neoangiogenesis, whereas endogenous VEGF-A
binds to VEGFR-2 intracellularly in the EEA1 endosomal com-
partment and maintains endothelial cell homoeostasis by pro-
moting VEGFR-2 transcription. Hence, although exogenous
VEGF-A is the key target of anti-angiogenic therapeutics,
endogenous VEGF-A is also important and should be taken
into account. Our results raise the prospect that pharmacolog-
ical manipulations targeting endogenous VEGF-A may com-
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plement current therapies and be combined with them as an
effective therapeutic tool.
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