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Comparative Phosphoproteomics Analysis of
VEGF and Angiopoietin-1 Signaling Reveals
Z0O-1 as a Critical Regulator of Endothelial Cell

Proliferation*s
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and Jean-Philippe Grattong||

VEGF and angiopoietin-1 (Ang-1) are essential factors to
promote angiogenesis through regulation of a plethora of
signaling events in endothelial cells (ECs). Although path-
ways activated by VEGF and Ang-1 are being established,
the unique signaling nodes conferring specific responses
to each factor remain poorly defined. Thus, we conducted
a large-scale comparative phosphoproteomic analysis of
signaling pathways activated by VEGF and Ang-1 in ECs
using mass spectrometry. Analysis of VEGF and Ang-1
networks of regulated phosphoproteins revealed that the
junctional proteins Z0O-1, Z0O-2, JUP and p120-catenin are
part of a cluster of proteins phosphorylated following
VEGF stimulation that are linked to MAPK1 activation.
Down-regulation of these junctional proteins led to
MAPK1 activation and accordingly, increased prolifera-
tion of ECs stimulated specifically by VEGF, but not by
Ang-1. We identified ZO-1 as the central regulator of this
effect and showed that modulation of cellular ZO-1 levels
is necessary for EC proliferation during vascular develop-
ment of the mouse postnatal retina. In conclusion, we
uncovered Z0O-1 as part of a signaling node activated by
VEGF, but not Ang-1, that specifically modulates EC pro-
liferation during angiogenesis. Molecular & Cellular
Proteomics 15: 10.1074/mcp.M115.053298, 1511-1525,
2016.
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The concerted action of VEGF and angiopoietin-1 (Ang-1)’
on endothelial cells (ECs) regulates the process of new blood
vessel formation, called angiogenesis (1). During vascular de-
velopment, VEGF and Ang-1 have complementary roles to
form mature blood vessels. VEGF plays a key role in vessel
sprouting and initiation of new vessels, whereas Ang-1 is
required for subsequent vessel maturation (2—4). Pathological
angiogenesis leads to aberrant blood vessel formation in dis-
eases such as cancer progression and metastasis or in vas-
cular retinopathies (5, 6). Targeting intracellular signaling
events elicited by VEGF and Ang-1 in ECs therefore holds
promise for the treatment of angiogenic diseases (7).

Through activation of their cognate tyrosine kinase recep-
tors, VEGFR2 and Tie2, VEGF and Ang-1 trigger phosphory-
lation of multiple intracellular effectors to induce proliferation,
survival and migration of ECs (8, 9). When examined individ-
ually, it is appreciated that both receptors activate common
signaling pathways in ECs such as ERK/MAPK (10, 11), PI3K/
Akt (12-14), and p38 MAPK (11, 15) to induce angiogenesis.
However, VEGF and Ang-1 must signal differently to cell-cell
junctions to respectively augment or decrease endothelial
permeability to macromolecules (16-19). This shows that, in
order to induce angiogenesis, VEGF and Ang-1 must activate
overlapping and diverging signaling pathways in ECs. There
are numerous studies on the implication of individual intracel-
lular signaling pathways that are activated by VEGF and
Ang-1 to control angiogenesis. However, a global comparison
and analysis of signaling pathways activated in ECs by these

' The abbreviations used are: Ang-1, angiopoietin-1; BAEC, bovine
aortic endothelial cell; EC, endothelial cell; FDR, false discovery rate;
GO, gene ontology; LC-MS/MS, liquid chromatography-tandem mass
spectrometry; MAPK, mitogen-activated protein kinase; siRNA, small
interfering RNA; VEGF, vascular endothelial growth factor; DMEM,
Dulbecco Modified Eagle Medium; pAb, polyclonal antibody; mAb,
monoclonal antibody; EDTA, ethylenediaminetetraacetic; EGTA, eth-
yleneglycoltetraacetic; TFA, trifluoroacetic acid; ANOVA, Analysis of
variance; CT, control; DTT, dithiothreitol; ACN, Acetonitrile; (q)RT-
PCR, quantitative reverse transcriptase — polymerase chain reaction;
BrdU, bromodeoxyuridine; pH3, phospho-histone 3; P5, postnatal
day 5; IB, immunoblot; IPA, ingenuity pathway analysis.
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growth factors is needed to uncover novel interrelations be-
tween specific intracellular signaling events that control the
angiogenic response.

The endothelial junctions have long been associated with
barrier functions, however they also receive and transmit sig-
nals that regulate cell communication, differentiation and pro-
liferation (20-22). Proteins that form endothelial intercellular
junctions integrate signaling events that are important for
angiogenesis. For instance, genetic deletion of VE-cadherin,
B-catenin, or ZO-1 in mice leads to embryonic lethally be-
cause of vascular defects (23-26). In addition, it is well estab-
lished that signals transmitted from intercellular junctions to
the nucleus control contact-mediated inhibition of cell prolif-
eration. In ECs, the adherens junction proteins p-catenin and
p120-catenin are known to elicit signaling pathways that in-
duce proliferation when junctions are disrupted (21, 27). Both
proteins can translocate to the nucleus and act as modulator
of gene expression through interaction with the TCF/LEF tran-
scription factors for p-catenin or by relieving the repressor
activity of the transcription factor Kaiso for p120-catenin (28,
29). The tight junction protein ZO-1 was recently shown in
ECs to function as a major cytoskeletal organizer that orches-
trates adherens junctions to control barrier function, cell mi-
gration, and angiogenesis (30). However, the role of ZO-1 in
the regulation of EC proliferation is undefined.

Herein, the phosphoproteomes of ECs treated with VEGF or
Ang-1 were systematically compared to profile the activation
of intracellular signaling pathways. Network analysis of the
phosphoproteins regulated by VEGF and Ang-1 uncovered a
cluster of cell-cell junction proteins unique to VEGF treatment,
which is linked to activation of MAPK1 and promotion of EC
proliferation. We demonstrate that ZO-1 is the central regu-
lator of this cluster of cell junction proteins to promote MAPK1
activation. Furthermore, we observed that reduction of the
cellular levels of ZO-1 correlates with cell proliferation during
retinal vascular development in mice. Collectively, our com-
parative phosphoproteomic analyses identified a regulatory
signaling node, differentially engaged by VEGF over Ang-1,
that controls EC proliferation.

EXPERIMENTAL PROCEDURES

Cell Culture and Reagents—Bovine aortic endothelial cells (BAECs),
obtained from VEC Technologies (Rensselaer, NY), were cultured in
Dulbecco Modified Eagle Medium (DMEM) supplemented with 10%
fetal bovine serum (HyClone), 2 mm L-glutamine, 100 U/ml penicillin,
and 100 pg/ml streptomycin. BAECs were treated with the recombi-
nant human VEGF-A and recombinant human Ang-1 obtained from
R&D System. The primary antibodies used were: Anti-phospho-
p44/42 MAPK (Thr202/Tyr204) (monoclonal antibody [mAb]), p42/44
MAPK (polyclonal antibody [pAb]), phospho-Ser1179-eNOS (pAb),
eNOS (mAb), beta-actin (mAb), phospho-Ser252 p120-catenin (pAb),
and BrdU (mAb) from Cell Signaling Technology, Danvers, MA. Anti-
p120-catenin (mAb), anti-VE-cadherin (pAb), and anti-ZO-1 (pAb)
were from Santa Cruz Biotechnology, Santa Cruz, CA. Anti-JUP
(mAb) and anti-B-catenin (mAb) were from BD Transduction Labora-
tories, San Jose, CA. Anti-phospho-Ser268 p120-catenin was from

Novus Biologicals, Littleton, CO. Anti-phospho-histone 3 (mAb) was
from Abcam, Cambridge, UK and Rhodamine conjugated Lectin | was
from Vector Laboratories, Burlingame, CA.

Trypsin Digestion—For phosphoproteomics experiments, cells
were washed three times with ice-cold PBS and scraped into lysis
buffer containing 8 m urea, 50 mm Tris-HCI pH 7.6, 1 mm ethylenedi-
aminetetraacetic (EDTA), 1 mm ethyleneglycoltetraacetic (EGTA), 10
mM sodium fluoride (NaF), 1 mm sodium orthovanadate (NazVO,), 1
mM sodium pyrophosphate (Na,P,0;) and 50 mm NaCl. The lysates
were sonicated and cleared by centrifugation at 3,000 X g for 10 min.
Protein concentration was carried out using BCA protein assays.
B-casein phosphoprotein (50 ng; Sigma) was spiked in all samples as
an internal standard to normalize for phosphopeptide recovery be-
tween conditions. For in-solution digestion, 2 mg of protein was
reduced at 37 °C using dithiothreitol (DTT) for one hour and alkylated
by iodoacetaminde for 60 min at room temperature in the dark. Then,
the mixture was digested using trypsin (ratio enzyme/total protein of
1:50) followed by incubation at 37 °C overnight. The tryptic digestion
was quenched by adding 1% trifluoroacetic acid (TFA).

Desalting and Phosphopeptides Enrichment with TiO,—The result-
ant peptides were desalted using Oasis HLB extraction plate 30 um
(Waters UK). Briefly, the wells were equilibrated with 500 ul of 100%
methanol and washed with 500 ul of H,O. Afterward, wells were
loaded with the peptide mixture, washed with 500 ul of 5% methanol
and eluted with 400 ul of 100% methanol. The recovered peptides
were lyophilized and subjected to phosphopeptides enrichment as
follow (31-33). Peptides were resuspended in 200 ul of 80% Aceto-
nitrile (ACN)/3% TFA/300 mg DHB (dihydroxybenzoic acid). TiO,
beads (GL sciences) were resuspended in the same buffer and 20 pul
of this slurry was added to each (1:2 peptide to beads ratio). Samples
were incubated for 30 min on a rotator at room temperature and
centrifuged at 5000 X g for 1 min. Phosphopeptides-bound TiO,
beads were washed 3 times with 30% ACN, 3% TFA on a StageTip
C8 material (ThermoFisher Scientific) and then 3 times with 80% ACN,
0.3% TFA. Phosphopeptides were eluted twice using a C8 StageTip
with 75 ul 40% ACN, 15% NH,OH. Eluted phosphopeptides samples
were vacuum-dried prior to LC-MS/MS analyses.

Liquid Chromatography-tandem Mass Spectrometry—Phospho-
peptides enriched samples were resolubilized under agitation for 15
min in 21 wl of 1% ACN/1% formic acid. The LC column was a
PicoFrit fused silica capillary column (17 cm X 75 um i.d; New
Objective, Woburn, MA), self-packed with C-18 reverse-phase mate-
rial (Jupiter 5 um particles, 300 A pore size; Phenomenex, Torrance,
CA) using a high-pressure packing cell. This column was installed on
the Easy-nLC Il system (Proxeon Biosystems, Odense, Denmark) and
coupled to the LTQ Orbitrap Velos (ThermoFisher Scientific, Bremen,
Germany) equipped with a Proxeon nanoelectrospray Flex ion source.
The buffers used for chromatography were 0.2% formic acid (buffer
A) and 100% ACN/0.2% formic acid (buffer B). Peptides were loaded
on-column at a flow rate of 600 nL/minute and eluted with a 2-slopes
gradient at a flow rate of 250 nL/minute. Buffer B first increased from
1 to 40% in 110 min and then from 40 to 80% B in 50 min.

LC-MS/MS data was acquired using a data-dependent top8
method combined with a MS® scanning upon detection of a neutral
loss of phosphoric acid (48.99, 32.66, or 24.5 Th) in MS? scans. The
mass resolution for full MS scan was set to 60,000 (at m/z 400) and
lock masses were used to improve mass accuracy. Mass over charge
ratio range was from 375 to 1800 for MS scanning with a target value
of 1,000,000 charges and from ~1/3 of parent m/z ratio to 1800 for
MS" scanning in the linear ion trap analyzer with a target value of
10,000 charges. The data-dependent scan events used a maximum
ion fill time of 100 milliseconds and target ions already selected for
MS/MS were dynamically excluded for 30 sec after two repeat
counts. Nanospray and S-lens voltages were set to 1.5 kV and 50 V,
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respectively. The normalized collision energy used was of 27 with an
activation g of 0.25 and activation time of 10 milliseconds. Capillary
temperature was 250 °C.

Experimental Design and Statistical Rationale—Raw mass spec-
trometry data were processed using the MaxQuant software (version
1.3.0.5) (34). Database searching was performed using the Androm-
eda search engine (version 1.3.0.5) integrated into MaxQuant against
the bovine NCBI and UniProt database (89,075 entries downloaded
on May 2012 and 27,028 entries downloaded on June 2012, respec-
tively) and against the human UniProt database (86,749 entries down-
loaded on June 2012) (35). Enzyme specificity was set to trypsin and
up to two missed cleavages was allowed. Cysteine carbamidomethy-
lation (C) was set as fixed modification and oxidation (M) and phos-
phorylation (STY) were set as variable modification. The minimum
required peptide length was six amino acids. Mass tolerances for
precursor ions and fragment ions were set to 20 ppm and 0.5 Da,
respectively. The “matching between runs” algorithm in MaxQuant
was enabled with a time window of 3 min to transfer identifications
between adjacent replicates. The false discovery rate (FDR) was
estimated by searching against the databases with the reversed
sequences. For protein and peptide identification, the maximum FDR
was set to 1%. For each peptide, the modification sites and the
localization probabilities were assigned and calculated by MaxQuant.
Phosphorylation events with a localization probability above 0.75
were considered localized on the respective S/T/Y residue. Three
biological replicates of nontreated, VEGF or Ang-1 treated cells were
performed. In addition, one technical replicate for nontreated and
Ang-1 and two technical replicates for VEGF treated cells were per-
formed to validate reproducibility of the MS analysis. Correlations
between the technical replicates are shown in supplemental Fig. S1A.
Moreover, a phosphopeptide had to be identified in at least two
biological replicates per conditions in order to be considered for
further statistical analyses. The technical replicates for each condition
were averaged and used for phosphopeptide quantification. First, in
order to determine phosphopeptides that were statistically significant
following VEGF or Ang-1 treatment, we performed an analysis of
variance where the intensities of each treatment were compared with
nontreated. Phosphopeptides with a p value below 0.05 were retained.
Secondly, to identify the regulated phosphopeptides, the ratio of the
intensities from VEGF or Ang-1 treatments to nontreated was calculated
for each experiment to determine the fold-changes. The fold-changes of
all phosphopeptides from the three biological replicates were log2
transformed and then averaged. Finally, the average log2 fold-change of
each phosphopeptide was normalized using a B-casein phosphopep-
tide (FQpSEEQQQTEDELQDK) that was added to all samples as an
internal standard to correct for phosphopeptide recovery between the
different LC-MS/MS runs (correction factor VEGF: 0.11; Ang-1: —0.15;
See supplemental Table S1). A cut-off of > 1.4-fold increase (log2
fold-change > 0.5) and < 0.7-fold decrease (log2 fold-change < 0.5)
was applied to define regulated phosphopeptides. The MS proteom-
ics data have been deposited to the ProteomeXchange Consortium
(http://proteomecentral.proteomexchange.org) (36) via the PRIDE
partner repository with the data set identifier PXD002456. MaxQuant
viewer version 1.3.0.5 was used to view the annotated spectra.

Bioinformatic Analysis—Gene ontology annotations for biological
processes were obtained from the Gene Ontology integrated in
STRING database (version 9.1) (37). Data was visualized using Per-
seus 1.3.0.4. Ingenuity pathway analysis (IPA, Qiagen) was used to
identify pathways that were significantly enriched. Only terms or
pathways that were significantly enriched with a p value of less than
0.05 were used in the analysis. To generate protein interactions
network, STRING interactions database was used. The published or
informatic-predicted interactions were first determined using stand-
ard STRING-defined confidence (medium confidence 0.4). The ob-

tained STRING network data were imported into the Cytoscape soft-
ware (version 3.0.1) (http://www.cytoscape.org) (38). For clustering
analysis, MCODE plugin in Cytoscape was used to identify functional
protein clusters within the networks. Cluster enrichment was manually
annotated based on the GO biological process enrichment.

Plasmids and Transfections—p120-catenin, ZO-1, ZO-2, JUP, VE-
cadherin, a-catenin, B-catenin small interfering RNA (siRNA), as well
as nonsilencing control (CT) siRNA were obtained from IDT technol-
ogy, Coralville, IA. si-CT AUGAACGUGAAUUGCUCAAUU, si-VE-ca-
dherin ACAAAGAACUGGACAGAGAUU, si-p120-catenin-(1) CAAGA-
AAGGCAAAGGGAAAUU, si-p120-catenin-(2) GGACAGAAAGAUUC-
GGAUAUU, si-p-catenin AAGUAGCUGAUAUUGAUGGACUU, si-a-
catenin GGGCAAUGCUGGACGUAAAUU, si-ZO-1-(1) GCAGAGAG-
GAAGAGAGAAUUU, siZO-1-(2) CAGCAAAGGUGUACAGGAAUU, si-
Z0-2 GGUUAAAUACCGUGAGACAUU, si-JUP GCAACAACAGCA-
AGAACAAUU. Human ZO-1 tagged myc was obtained from Addgene.
Murine p120-catenin was a generous gift from Dr. Albert Reynolds
(Vanderbilt University Medical Center). p120-catenin was inserted in a
pCMV-myc tag. BAECs were transfected with plasmids or siRNAs using
Lipofectamine 2000 (Invitrogen, Carlsbad, CA) according to manufactu-
rer’s instructions.

Immunoblotting— For immunoblotting, cells were solubilized with a
lysis buffer containing 1% Nonidet P-40, 0.1% sodium dodecy! sul-
fate (SDS), 0.1% deoxycholic acid, 50 mm Tris (pH 7.4), 0.1 mm EGTA,
0.1 mm EDTA, 20 mm NaF, 1 mm sodium Na,P,0,, and 1 mm NagVO,,.
Lysate were incubated for 30 min at 4 °C, centrifuged at 14,000 X g
for 10 min, boiled in SDS sample buffer, separated by SDS-polyacryl-
amide gel electrophoresis, transferred onto a nitrocellulose mem-
brane (Hybond ECL; Amersham Biosciences, Mississauga, ON, Can-
ada), and Western blotted. Antibody detection was performed by a
LI-COR Odyssey infrared imaging system (LI-COR Biosciences, Lin-
coln, NE) using Alexa-680 and Alex-800-labeled secondary antibod-
ies (Invitrogen) or by a chemiluminescence-based detection system
(ECL; GE healthcare). The quantifications of band intensities pre-
sented are means of at least three independent experiments.

RNA Extraction and Quantitative (q)JRT-PCR—Total RNA was ex-
tracted with an RNeasy Mini kit (Qiagen, Hilden, Germany), and re-
versed-transcribed into complementary DNA by using SuperScript Il
Reverse Transcriptase (Invitrogen) according to the manufacturer’s
instructions. Real-time PCR was performed with the SYBR Select
Master Mix (Applied Biosystems, Foster City, CA) and conducted in
triplicate for each sample with RNA preparations from at least two
independent experiments. Gene expression levels were analyzed on
an Eco™ Real-Time PCR System (lllumina) and normalized based on
B-actin mMRNA expression. Bovine cyclin D1 forward primer is TTAC-
ACTGACAACTCCATCCG and its reverse primer is CATCTTGGAGA-
GGAAGTGCTC. Bovine B-actin forward primer is GACAGGATGCA-
GAAAGAGATCA and its reverse primer is AATCCACACGGAGT-
ACTTGC.

Immunofluorescence—BAECs were transfected and then cultured
on 0.1% gelatin-coated coverslips. Cells were washed with cold PBS
and fixed for 20 min in Methanol/Acetone (1:1) at —20 °C. Fixed cells
were rinsed with PBS and blocked with 1% BSA for 1 h at room
temperature. After blocking, cells were incubated with primary anti-
bodies overnight in 0.1% BSA in PBS. Bound primary antibodies were
visualized after 1 h of incubation using Alexa Fluor 488-labeled don-
key anti-goat, Alexa Fluor 568-labeled donkey anti-mouse, Alexa
Fluor 568-labeled donkey anti-rabbit, Alexa Fluor 488 goat anti-
mouse. Coverslips were mounted using Fluoromount (Sigma-Aldrich)
and observed using an Olympus FV-300 confocal laser-scanning
microscope. Samples were viewed with a 60 X oil objective and a
1.5 X digital zoom. Images were assembled via ImageJ and Photo-
shop CS4 (Adobe Systems, Mountain View, CA).
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BrdU Immunostaining— For basal proliferation, BAECs were trans-
fected and then cultured on 0.1% gelatin-coated coverslips for 24 h
in 10% FBS. For VEGF or Ang-1 treatment, cells were cultured and
treated in 1% FBS overnight. Cells were incubated with 0.03 mg/ml
BrdU at 37 °C for 30 min and then fixed with 70% ethanol for 5 min.
Cells were rinsed with PBS and denatured with 1.5 m HCI for 30 min
at room temperature. After incubation with 1% BSA to block nonspe-
cific staining for 60 min, they were incubated with BrdU antibody
overnight at 4 °C. After three washes with PBS, cells were incubated
with Alexa-Fluor 568-labeled goat anti-mouse for one hour. DAPI was
used to stain the nuclei.

Flow Cytometry—BAECs were treated with 0.03 mg/ml BrdU at
37 °C for 30 min. Cells were then fixed with 70% ethanol for 1 h at
4 °C. After fixation, cells were denatured and permeabilized with 1.5
M HCI and 0.03% Triton X-100 for 30 min, washed with PBS and
incubated with BrdU (dilution 1:50) and ZO-1 (dilution 1:50) antibodies
for 2 h at room temperature. After one wash with PBS, cells were
incubated with Alexa-Fluor 647-labeled goat anti-mouse and Alexa-
Fluor 488-labeled donkey anti-rabbit for 45 min. Stained cells were
processed by flow cytometry FACSCanto Il (BD biosciences), and the
results were analyzed using FlowJo (www.flowjo.com).

Retina Immunostaining— Dissection and whole mount staining of
postnatal retinas at the stage P5 were performed as described pre-
viously (39). Retinas were fixed for 2 h on ice in 4% paraformaldehyde
(PFA). Dissected retinas were blocked overnight in 1% BSA, 0.3%
Triton X-100 in PBS. For lectin | staining, retinas were equilibrated
with Pblec buffer containing 1 mm CaCl,, 1 mm MgCl,, 1% Triton
X-100 in PBS (pH 6.8) and then stained with Rhodamine conjugated
Lectinl (dilution 1:100) overnight at 4 °C. For ZO-1 and phospho-
histone 3 (pH3) staining, retinas were incubated with rabbit ZO-1 (Life
Technologies, dilution 1:100) and mouse pH3 (Abcam, dilution 1:100)
in blocking buffer overnight at 4 °C. After primary incubation, retinas
were labeled with Alexa-Fluor 488-labeled goat anti-rabbit, Alexa-
Fluor 647-labeled goat anti-mouse for 2 h at room temperature.
Stained retinas were flat-mounted using Fluoromount G (Electron
Microscopy Sciences, Hatfield, PA). Z-stack confocal imaging was
performed on Zeiss LSM700 confocal laser-scanning microscope
using a 63X oil objective and a 2.5X digital zoom. All quantifications
were performed on z-stack confocal images. Images were analyzed
using Fiji software.

Statistical Analyses—Data are represented as the means + S.E.
Two-tailed independent Student’s tests were used when comparing
two groups. Comparisons between multiple groups were made using
one-way ANOVA followed by post-hoc Bonferroni’s multiple compar-
isons test among groups. p value < 0.05 was considered statistically
significant.

RESULTS

Phosphoproteome Profiling of VEGF or Ang-1 Stimulated
ECs—To analyze in a comprehensive manner the phosphor-
ylation events regulated by VEGF and Ang-1, we performed a
phosphoproteomic profiling of BAECs stimulated with VEGF
or Ang-1. Because VEGF and Ang-1 activate numerous sig-
naling pathways implicated in cell survival, proliferation and
migration through the phosphorylation of MAPK, Akt and
eNOS, we first established that 10 min of stimulation was the
optimal time point of these signaling intermediates in BAECs
(Fig. 1A).

To profile the phosphoproteomes of BAECs treated with
VEGF or Ang-1, we used a label-free approach based on the
comparison of phosphopeptide intensities between control

and treated cells together with statistical analysis of repli-
cates. First, whole BAEC lysates were enriched for phospho-
peptides with TiO, followed by LC-MS/MS analysis using an
LTQ Orbitrap mass spectrometer. In total, three biological
replicates of nontreated, VEGF or Ang-1 treated cells and one
technical replicate of Ang-1 and two technical replicates of
VEGF treated cells were performed. All replicates were com-
bined for statistical analysis. We identified a total of 2426
unique phosphopeptides corresponding to 1001 individual
proteins (FDR = 1%) (supplemental Table S1). Phosphopep-
tides enrichment by TiO, was 64.3% (3772 total peptides). To
evaluate the reproducibility of our label-free approach, linear
correlations of raw data for any two replicates were per-
formed. Correlation coefficients of biological and technical
replicates were between 0.64 and 0.96 (supplemental Fig.
S1A, S1B). Analysis of the overall distribution of identified
phosphorylation sites revealed that most phosphopeptides
were singly phosphorylated (67.1%), whereas the others had
either double (24.8%) or multiple (8.1%) phosphorylation
sites. In addition, 87.9% of the phosphorylated sites identified
were on serine, 10.2% on threonine and 1.8% on tyrosine
(supplemental Fig. S2A, S2B). As expected, we identified less
tyrosine phosphorylated than serine or threonine phosphoryl-
ated peptides because of the low affinity of TiO, for phospho-
tyrosine residues and the lower numbers of tyrosine phosphor-
ylation events in cells (40, 41).

To identify phosphopeptides that were up- or down-regu-
lated in response to VEGF or Ang-1 stimulation of BAECs, the
average intensities of the replicates was calculated and the
treated/nontreated ratio for each phosphopeptide was deter-
mined. The distribution of the log2 ratio for all phosphopep-
tides following normalization for the B-casein phosphopeptide
standard (see Methods) shows a median distribution of 0.40
and 0.65 for VEGF and Ang-1 phosphopeptides, respectively
(supplemental Fig. S2C). Distribution of the significantly mod-
ulated phosphopeptides (p value < 0.05) shows that more
than 95% were above a log2 fold-change of + 0.5 (supple-
mental Fig. S2D). Thus, a cut-off of > 1.4-fold increase (log2
fold-change > 0.5) and < 0.7 fold-decrease (log2 fold-
change < 0.5) was applied. All significant phosphopeptides
were identified in at least two biological replicates. The cor-
relation coefficients between the log2 fold-changes of the
VEGF and Ang-1 treatment conditions were determined for all
quantified phosphopeptides (supplemental Fig. S3A, S3B)
and for significantly regulated phosphopeptides (supplemen-
tal Fig. S3C, S3D). As anticipated, the correlation coefficients
were markedly improved when applied only to phosphopep-
tides that were significantly regulated by VEGF or Ang-1 treat-
ments. The correlation coefficients of significantly regulated
phosphopeptides for the biological replicates of the VEGF
treatment were 0.61, 0.62, and 0.66 and were 0.66, 0.71, and
0.75 for the Ang-1 condition (supplemental Fig. S3C, S3D).
Thus, a total of 427 phosphopeptides were significantly mod-
ulated upon VEGF and Ang-1 stimulation (Fig. 1B, supple-
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Fic. 1. Analysis of the phosphoproteome in VEGF or Ang-1 treated BAECs. A, Activation of Akt, MAPK and eNOS, using the indicated
phosphospecific antibodies, was monitored in BAECs treated with VEGF (40 ng/ml) or Ang-1 (100 ng/ml) for the indicated times. Equal
protein loading was confirmed by reprobing the membranes with antibodies against total Akt, MAPK and eNOS. These experiments were
repeated at least three times with similar results. B, Volcano plot showing the distribution of phosphopeptides abundance of VEGF or
Ang-1 over control (fold-change, x axis) as a function of statistical significance (-log10 of p value, y axis). Red circles correspond to 255
significantly up-regulated peptides and 9 significantly down-regulated peptides upon VEGF stimulation. Green squares correspond to 248
significantly up-regulated peptides upon Ang-1 stimulation and 11 significantly down-regulated peptides to Ang-1 treatment. A cut-off of
log2 fold-change > 0.5 and log2 fold-change < 0.5 was applied to define regulated phosphopeptides. -log10 of p value > 1.3 (p value <
0.05) represents significant peptides. C, Venn diagram showing the number of phosphopeptides and their corresponding phosphoproteins
significantly regulated by VEGF and/or Ang-1. Data represents four to five replicates per condition. D, E, A representative mass spectrum
of the phosphopeptide corresponding to phosphorylation of Ser252 (D) and Ser268 (E) of p120-catenin. F, G, The intensities of the
phosphopeptide corresponding to phosphorylation of Ser252 (F) and Ser268 (G) of p120-catenin were used to calculate the fold-change
ratio in VEGF or Ang-1 treatment. Data are represented as mean * S.E. Red represents the intensity of the technical replicates. H,
Immunoblotting validation of p120-catenin phosphorylation sites identified by mass spectrometry. BAECs were treated with VEGF (40
ng/ml) or Ang-1 (100 ng/ml) for the indicated times. Phosphorylation of Ser252 and Ser268 of p120-catenin was monitored using
site-specific antibodies. Histogram represents the ratio of the phosphorylation levels over total protein measured by densitometry of three
independent experiments. Data are represented as mean = S.E.

mental Fig. S2D). In VEGF-treated cells, 255 phosphopep- To validate our mass spectrometry analyses, we confirmed
tides were found up-regulated and nine were down-regulated  that peptides corresponding to the well-established phosphor-
whereas in Ang-1-treated cells, 248 phosphopeptides were ylation sites Thr145 and Tyr147 of bovine MAPK1 (Thr185 and
up-regulated and 11 were down-regulated (Fig. 1B). In sum, Tyr187 in human MAPK1) shown in immunoblots of Fig. 1A
our analyses identified 168 phosphopeptides, corresponding  were present in VEGF and Ang-1 samples. Indeed, we found
to 147 phosphoproteins, regulated solely by VEGF; 163 phos- a peptide with both residues phosphorylated that was in-
phopeptides, corresponding to 140 phosphoproteins, regu- creased by an average of 4.9- and 7.5-folds in VEGF and
lated solely by Ang-1, and 96 phosphopeptides, correspond-  Ang-1 samples, respectively (supplemental Table S1 and Fig.
ing to 80 phosphoproteins, regulated by both VEGF and 2C). In addition, to confirm the accuracy of peptide identifi-
Ang-1 (Fig. 1C). cation by MaxQuant, we manually searched the MS/MS spec-
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Fic. 2. Comparative analysis of the phosphoproteomes of VEGF and Ang-1 treated cells. A, A hierarchical clustering heatmap showing
three different clusters of biological processes enrichment of VEGF or Ang-1 regulated phosphoproteins. Phosphoproteins regulated by VEGF
or Ang-1 were analyzed using the GO biological process annotation built in STRING database. Red corresponds to GO terms significantly
enriched (p value<0.05) and blue represents nonsignificant biological processes (p value > 0.05). B, VEGF and Ang-1 regulated proteins were
applied into IPA and the top pathways significantly enriched of each condition were represented and compared. A -log10 of p value > 1.3
correspond to the pathway significantly enriched calculated by Fisher's exact test. C, Phosphorylation sites and fold-change of selected
phosphoproteins that are linked to the regulation of cell junctions. NS: not significant. INF: infinity indicates the ratio of phosphopeptides that
were only identified in VEGF or Ang-1 samples but not in control samples.

tra corresponding to peptides of phosphorylated Ser252 and
Ser268 of the cell junction protein p120-catenin (CTNND1)
(Fig. 1D, 1E). In order to quantify the phosphopeptide abun-
dance in VEGF or Ang-1 treatment, we used the intensities of
the different replicates calculated by MaxQuant to determine
the average log2 fold-change of each treatment. As shown in
Fig. 1F and 1G, the phosphorylated peptides pSer252 and
pSer268 of p120-catenin were identified in at least three out
of four replicates and were increased in BAECs treated with
VEGF and Ang-1. These significant increases in phosphopep-
tide intensities compared with control cells were confirmed by
Western blots using commercially available phosphorylation

site-specific antibodies against pSer252 and pSer268 of
p120-catenin. Consistent with the quantification by MS, the
phosphorylation levels of Ser252 and Ser268 of p120-catenin
were increased in BAECs treated with VEGF and Ang-1 at 10
min of stimulation (Fig. 1H).

Comparative Analysis of VEGF and Ang-1 Phosphopro-
teomes—To determine the biological processes and signaling
pathways that emerged as being enriched in VEGF or Ang-1-
regulated phosphoproteomes, we performed Gene Ontology
analyses of phosphoproteins identified against the entire hu-
man database and biological processes annotations with a p
value less than 0.05 were retained (hypergeometric test) (sup-
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plemental Table S2). Hierarchical clustering of biological pro-
cesses resulted into three groups (Fig. 2A). The first cluster
(green), comprised of biological processes enriched only in
VEGF-treated cells, includes processes such as signal trans-
duction (GO:0007165), translation (GO:0006412), and cell
morphogenesis (GO:0000902). The second cluster (blue) en-
closes mainly biological processes weakly enriched in VEGF
and Ang-1 treatments such as cellular component assembly
(GO:0022607) and cell proliferation (GO:0008283). Finally, the
third and fourth cluster (purple and orange) corresponds to
high enrichments in both VEGF and Ang-1 conditions and
includes biological processes associated with cell cycle (GO:
0007049), transport (GO:0006810), mRNA processing (GO:
0006397), cell differentiation (GO:0030154), membrane orga-
nization (GO:0061024), and notably cell junction organization
(GO:0034330) and cytoskeleton organization (GO:0007010)
(Fig. 2A). To characterize the signaling pathways modulated
by VEGF and Ang-1, a pathway enrichment analysis was
conducted using IPA. The top significantly enriched pathways
modulated by VEGF and Ang-1 were determined (Fig. 2B,
supplemental Table S2). Signaling pathways such as ERK/
MAPK, mTOR, and PDGF signaling were mostly enriched in
the VEGF condition. However, Cdc42 signaling, Rac signal-
ing, actin cytoskeleton and cell-cell junction signaling path-
ways were among the most enriched in both VEGF and Ang-1
conditions. This is consistent with the known modulatory roles
of VEGF and Ang-1 on EC junctions. Moreover, several phos-
phorylation sites on proteins involved in the regulation of
cell-cell junctions that are regulated by VEGF or Ang-1 were
identified (Fig. 2C). For example, pSer252 and pSer268 on
p120-catenin (CTNND1), and pThr145 and pSer147 on
MAPK1 were phosphorylated under VEGF and Ang-1 condi-
tions. In contrast, pSer453 on catenin-a1 (CTNNA1) and
pSer346 on Vinculin (VCL) were phosphorylated only by
Ang-1. pSer305/307/309 on tight junction protein 2 (ZO-2)
and pSer665 on junction plakoglobin (JUP) were phosphoryl-
ated only with VEGF treatment. Finally, pSer586 on tight
junction protein 1 (ZO-1) was phosphorylated only with VEGF
whereas pSer881 and pSer895 were only found in Ang-1
samples. The function of many of these phosphorylation sites
remains unknown (www.phosphosite.org) (42).

Potential Link Between MAPK-induced Proliferation and
Endothelial Junctions—Based on our phosphoproteomic
data, we generated a protein interaction network of phospho-
proteins that are significantly regulated by VEGF or Ang-1
using the STRING database and assembled by Cytoscape. A
network of 110 interacting nodes and 189 connecting edges
for VEGF-regulated proteins was determined (Fig. 3A). The
Ang-1 interaction network showed 120 nodes and 201 edges
(Fig. 3B). The proteins were grouped based on their biological
functions using GO annotations and the Uniprot database.
These interaction network highlighted subsets of proteins as-
sociated with cell junction organization, cell motility, cell pro-
liferation, cytoskeleton organization, cell cycle, translation,

transcription, RNA splicing, and transport. Based on these
networks, we performed a protein interaction clustering using
MCODE in order to regroup highly interconnected proteins
based on known protein-protein interactions (37, 43). The
parameters used in MCODE to identify a cluster based on
connectivity are shown in supplemental Table S3. We identi-
fied three subnetworks in VEGF-treated cells (Fig. 3C) and six
subnetworks in Ang-1-treated cells (Fig. 3D). The STRING
database provides a protein—protein interaction network in
which each edge represents a known link between two pro-
teins based on the literature. Therefore, proteins of similar
functions tend to be regrouped within a cluster. For example,
the blue cluster (Fig. 3C) contains a group of proteins all
involved in translational initiation and the yellow cluster en-
closes proteins all involved in RNA splicing (Fig. 3D). In con-
trast, the green clusters link together phosphoproteins of
various functions such as RNA splicing, regulation of signal
transduction, activation of MAPK and cell-cell junction orga-
nization (Fig. 3C, 3D).

Ang-1 and VEGF act in opposite manner on EC junctions
and because our phosphoproteomic analysis yielded a high
enrichment of proteins involved in the regulation of junctions,
we focused on clusters in which junctional phosphoproteins
were identified. In VEGF-treated cells, ZO-1, ZO-2, JUP, and
p120-catenin were found in the same cluster (green cluster) as
MAPK1 (Fig. 3C). In Ang-1-treated cells, p120-catenin and
a-catenin formed a cluster with vinculin, zyxin and filamin A.
Moreover, ZO-1 clustered separately with cytoskeleton orga-
nization proteins such as proteins paxillin, vimentin, and dre-
brin 1. Remarkably in the Ang-1 interaction network, none of
the junctional phosphoproteins identified clustered with
MAPK1 (Fig. 3D). Notably, the peptides identified for MAPK1
were phosphorylated on Thr145 and Tyr147, well-known in-
dicators of MAPK activation and cell proliferation (Fig. 1A).
This suggests that in order to induce MAPK1 activation, VEGF
signaling may be more reliant on junctional proteins than
Ang-1-induced activation of MAPK1. Thus, these findings
revealed a potential link between MAPK-induced proliferation
and p120-catenin, JUP, ZO-1, and ZO-2 junctional proteins
specifically in VEGF-stimulated ECs (Fig. 3C).

Down-regulation of p120-catenin, ZO-1, ZO-2, and JUP
Induces Proliferation of ECs—Because the formation cell-cell
contacts between ECs is involved in the inhibition of prolifer-
ative signals, we investigated further the potential link that we
uncovered between proteins involved in the regulation of en-
dothelial junctions and MAPK-induced proliferation. To ex-
plore this in more details, we used siRNAs to down-regulate
p120-catenin, ZO-1, ZO-2, and JUP in BAECs and monitored
cell proliferation by measuring BrdU labeling (Fig. 4A). Inter-
estingly, we found that down-regulation of p120-catenin,
Z0-1, ZO-2, and JUP significantly increased BrdU incorpora-
tion by ~20, 17, 13, and 12%, respectively (Fig. 4A). These
results were confirmed by the use of a second siRNA against
p120-catenin and ZO-1 that showed similar results (supple-
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Fic. 3. Phosphoprotein interaction network of VEGF and Ang-1 treated cells. Protein interaction networks generated with VEGF (A) and
Ang-1 (B) regulated phosphoproteins using STRING database version 9.1 with medium confidence and visualized by Cytoscape. The proteins
that did not interact with any other proteins are not shown. The interaction network was subjected to a cluster analysis using the algorithm
MCODE based on the protein interaction level. Clusters are represented with different colors. Phosphoproteins in white are not part of any
cluster. The tables contain the gene names and the functional enrichment of VEGF (C) and Ang-1 (D) clusters. The functional enrichment was
manually annotated using GO terms of the biological process category and Uniprot database. The green cluster shows the junctional proteins
in the same cluster with MAPK1 in VEGF but not in Ang-1 interaction network.

mental Fig. S4A). The knockdown efficiency of all sSiRNAs was
confirmed by immunoblotting (supplemental Fig. S4A, S4B).
Similarly, we observed increased Cyclin D1 mRNA levels in
Z0-1 down-regulated cells confirming cell cycle progression
and proliferation (supplemental Fig. S4C). To determine if this
increase in cell proliferation was specific to junction phospho-
proteins identified in our cluster analyses, we down-regulated
other components of adherens junctions. Down-regulation of

VE-cadherin, B-catenin or a-catenin did not increase pro-
liferation of ECs (Fig. 4A). In the network analysis, MAPK1
clustered with junction phosphoproteins only for the VEGF-
stimulated condition although Ang-1-stimulation can also
promote MAPK activation and EC proliferation (Fig. 3C, 3D).
The effect of down-regulation of p120-catenin and ZO-1 on
VEGF and Ang-1-stimulated proliferation of BAECs was com-
pared. Down-regulation of p120-catenin and of ZO-1 in-
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Fic. 4. Endothelial cell junction proteins regulate cell proliferation. A, Representative images (left) and quantification (right) of BrdU
incorporation in BAECs cultured in 10% serum and transfected with siRNA against p120-catenin, JUP, ZO-1, ZO-2, a-catenin, B-catenin or
VE-cadherin. Data are represented as mean + S.E. of at least three different experiments (o < 0.05 compared with si-CT). B, Quantification
of the percentage of BrdU incorporation in p120-catenin or ZO-1 siRNA transfected BAECs in response to VEGF (40 ng/ml) or Ang-1 (100
ng/ml) treatment in 1% serum overnight. Data are represented as mean = S.E. of three different experiments (o < 0.05 as compared with CT,
1tp < 0.05 as compared with VEGF treatment). C, D, BAECs were transfected with p120-catenin (C) or ZO-1 (D) siRNA and phosphorylation
of p42/44 MAPK was monitored by immunoblotting. Total p42/44 MAPK was used as loading control. Data are represented as mean = S.E.
of at least three different experiments (*p < 0.05 as compared with CT, tp < 0.05 as compared with VEGF treatment).

creased basal cell proliferation that was increased further in
VEGF-stimulated cells. In contrast, Ang-1 stimulation did not
stimulate further proliferation in cells where p120-catenin or
Z0-1 is down-regulated (Fig. 4B). However, down-regulation
of VE-cadherin or B-catenin did not affect proliferation in-
duced by VEGF or Ang-1 treatment (supplemental Fig. S4D).

To confirm the link between MAPK1 activation and cell junc-
tion proteins, we monitored MAPK phosphorylation (P-p42/44
MAPK) in p120-catenin or ZO-1 down-regulated BAECs. In
agreement with the proliferation results, VEGF-stimulated
phosphorylation of MAPK was increased significantly in p120-
catenin and ZO-1 down-regulated cells (Fig. 4C, 4D). Our
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results indicate that cellular levels of p120-catenin, ZO-1,
Z0-2, and JUP influence MAPK-mediated proliferation of
ECs.

Z0-1 is Central in the Modulation of Endothelial Cell Prolif-
eration—When investigating the relationship between junc-
tional proteins within the VEGF network cluster, we observed
that transfection of BAECs with siRNAs against p120-catenin
or JUP also reduced ZO-1 protein levels (Fig. 5A, 5B). How-
ever, siRNA against ZO-1 did not decrease the protein levels
of p120-catenin, JUP or VE-cadherin (Fig. 5C). Moreover, the
localization of p120-catenin, JUP, or VE-cadherin at the cell
membrane was not affected in BAECs transfected with ZO-1
siRNA (supplemental Fig. S5A, S58, S5C). Thus, these results
indicate that to induce EC proliferation, down-regulation of a
cell junction protein must consequently provoke a reduction
of the cellular levels of ZO-1. Furthermore, expression of
myc-tagged human ZO-1 reduced proliferation of BAECs
transfected with siRNA against bovine ZO-1. Similarly, prolif-
eration induced by transfection of p120-catenin siRNA is re-
duced when myc-tagged p120-catenin is expressed (Fig. 5D).
However, expression of myc-tagged ZO-1 in p120-catenin
down-regulated cells did block proliferation induced by p120-
catenin siRNA. In contrast, expression of myc-tagged p120-
catenin did not significantly affect proliferation induced by
Z0-1 siRNA (Fig. 5D). Interestingly, down-regulation of the
adherens junction proteins VE-cadherin and B-catenin, which
are not part of the ZO-1/MAPK1 cluster, did not induce cell
proliferation and did not affect ZO-1 levels or its localization at
cell-cell junctions (Fig. 5E, 5F, 5@G). Thus, we identified ZO-1
as the central regulator of this cluster of junctional proteins
and that modulation of the cellular levels of ZO-1 could con-
trol proliferation of ECs.

To further investigate the relationship between ZO-1 levels,
MAPK, and EC proliferation, we hypothesized that the cellular
Z0-1 levels are inversely correlated with cell proliferation in a
cell density-dependent manner. To verify this, BAECs were
seeded at low cell density and ZO-1 levels were determined
until cells proliferated to confluence (7 days). We found that
Z0-1 levels increased with cell density and reduced phosphor-
ylation of MAPK was observed in parallel (Fig. 6A). This cor-
relation between ZO-1 levels and cell proliferation has been
observed in other cell systems and indicated a possible role
for ZO-1 in contact-mediated inhibition of EC proliferation
(44). Next, we examined ZO-1 levels in proliferating ECs.
Thus, we performed flow cytometry analysis of confluent
BAECs stained for BrdU and ZO-1. Cells were treated with
BrdU for 30 min at 37 °C, then fixed and labeled for BrdU and
Z0-1. BrdU positive cells showed an overall 19% decrease in
Z0-1 intensity compared with BrdU negative cells (Fig. 68,
supplemental Fig. S6). Furthermore, we visualized the de-
crease of ZO-1 levels in proliferating cells by immunofluores-
cence microscopy. Indeed, proliferating BrdU positive BAECs
displayed a 20% decrease in ZO-1 staining compared with
nonproliferating cells (Fig. 6C). However, the levels of VE-

cadherin were identical in proliferating and nonproliferating
cells (Fig. 6D). In the mouse retina, the development of the
vascular plexus forms during the first week after birth and the
growth vessels reaches the retinal edges at approximately
postnatal day (P) 8 (45). In order to determine ZO-1 levels in
proliferating ECs in vivo, we examined mouse retina at P5
where growth of the vascular plexus is not fully completed. To
identify proliferating ECs in the retina, phospho-histone 3
(pH3) staining was performed and ZO-1 levels were quantified
in ECs (lectin | positive/red). At day P5, a significant proportion
of ECs were proliferating (Fig. 6E). In agreement with our
results in cultured ECs, ZO-1 levels, when normalized to the
staining of the EC marker lectin |, was decreased by 23% in
proliferating cells (pH3 positive cells) compared with nonpro-
liferating cells (Fig. 6E) in the developing vasculature of the
mouse postnatal retina.

DISCUSSION

VEGF and Ang-1, through their respective receptors, acti-
vate overlapping signaling cascades such that the molecular
mechanisms explaining their unique biological activities re-
main largely undefined. Herein, we demonstrate that by com-
paring and analyzing the phosphoproteomes of ECs sub-
jected to stimulation by angiogenic factors, we can uncover
molecular networks of phosphoproteins that are determinants
of basic cellular functions such as proliferation. We identified
a link between MAPK1-induced proliferation and the junc-
tional proteins ZO-1, ZO-2, JUP (junction plakoglobin), and
p120-catenin. We found that ZO-1 is the central modulator of
the actions of these proteins on MAPK activation and cell
proliferation. Importantly, our results define a role for ZO-1 in
the regulation of EC proliferation during development of the
vasculature in the mouse retina.

The use of a label-free proteomics approach based on the
comparison of phosphopeptide intensities, the use of multiple
replicates and straightforward statistical analysis provided us
with accurate identifications and reliable quantifications to
determine the phosphoproteomes of VEGF or Ang-1 stimu-
lated ECs (46, 47). Moreover, the identification of phosphor-
ylation sites allowed us to profile the proteins modulated by
VEGF and Ang-1 treatment in order to define molecular net-
works that could regulate ECs during and important for an-
giogenesis. This method also allowed us to confirm several
previously reported phosphorylation sites regulated by VEGF
or Ang-1. Notably, we identified regulated phosphopeptides
in VEGF and Ang-1 conditions corresponding to the well-
established phosphorylation sites on Thr185 and Tyr187 on
human MAPK1 (ERK2/p44 MAPK) that are linked to its acti-
vation and cell proliferation (10). In addition, phosphorylation
of Ser82/78 (human/bovine) on HSPB1 (heat shock protein 81
or HSP27) was previously shown to be phosphorylated by
Protein Kinase D and to participate in VEGF-stimulated EC
migration (48). Other phosphorylation sites identified highlight
important signaling pathways that are responsible for the
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Fic. 5. ZO-1 is a major regulator of endothelial cell proliferation. A, B Immunoblot showing ZO-1 expression levels in p120-catenin (A) or JUP
(B) siRNA transfected BAECs. Quantification of ZO-1 protein levels of three different experiments was represented as mean + S.E. (p < 0.05 as
compared with CT). C, BAECs were transfected with ZO-1 siRNA and the expression levels of p120-catenin, ZO-1, VE-cadherin and JUP was
monitored by immunoblotting. Histograms represent the mean *+ S.E. of three different experiments (o < 0.05 as compared with CT, tp < 0.05
as compared with VEGF treatment). White bar represents the basal level of each protein. D, Quantification of BrdU incorporation in BAECs
transfected with siRNA against bovine ZO-1 or p120-catenin and expression plasmids for human ZO-1-myc or for myc-p120-catenin. Data are
presented as mean *+ S.E. of at least three experiments ("o < 0.05 compared with si-CT, tp < 0.05 compared with si-ZO-1). Representative
immunoblots, showing ZO-1 and p120-catenin protein levels, from at least three experiments with similar results. E, F Immunoblot showing ZO-1
protein levels in BAECs transfected with siRNA against VE-cadherin (E) or B-catenin (F). Histograms show the quantification of ZO-1 protein levels in
VE-cadherin (top panel) or B-catenin (bottom panel) siRNA transfected cells. Data are represented as mean + S.E. (p < 0.05 as compared with CT).
G, Representative confocal images of immunofluoresence staining of ZO-1 (red) and VE-cadherin (green) in BAECs transfected with control or
VE-cadherin siRNA. White arrowheads point to staining at cell-cell junctions and higher magnification view of the boxed region is shown. Scale bar

represents 20 um.
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Fic. 6. ZO-1 levels correlate with endothelial cell proliferation in vitro and in vivo. A, Equal amount of BAECs were grown at low density
at day 1 and cultured until they reached maximal cell density at day 7. Cells were harvested each day and equal amount of protein were
analyzed by immunoblotting. Representative immunoblot of three different experiments was shown. The relative intensity of ZO-1 (green) and
P-p42/44 MAPK (red) were quantified and the data are represented as mean + S.E. (o < 0.05 compared with day 1). B, Flow cytometry
analysis showing overlay histograms of ZO-1 intensity in BrdU positive and negative confluent BAECs. Samples are scaled to the percentage
of its maximum signal. The mean of ZO-1 intensity in BrdU positive and negative cells was shown. C, D Immunfluoresence staining of BAECs
showing ZO-1 (C) or VE-cadherin (D) levels (green) in the proliferative cells stained with BrdU (red) versus nonproliferating cells. Representative
fluorescence intensity profiles of ZO-1 or VE-cadherin in proliferating and nonproliferating cells (blue) measured along the lines drawn across
cell-cell junctions is shown. Scale bar represents 20 um. Quantification of ZO-1 or VE-cadherin levels in the BrdU positive cells was expressed
as percentage of decrease relative to nonproliferating cells. Each column represents at least 50 measurements. Values are represented as
mean = S.E. ("p < 0.05 compared with BrdU negative cells). E, Low magnification confocal micrographs of a P5 mouse retina show lectin |
(panel 1) staining to indicate retinal vessels in which the proliferating cells were stained with pH3 (panel 2). Scale bar represents 200 um. Panel
3 and 4 show higher magnification images of lectin | (panel 3) or ZO-1 (panel 4) staining. Empty arrows indicate ZO-1 staining in the proliferating
cell (dashed line). Full arrows indicate ZO-1 staining in the nonproliferating cell (solid line). Quantification of the percentage of total ZO-1
intensity normalized to lectin | intensity in the pH3 positive cells compared with pH3 negative cells. Each column represents the average of 25
measurements. Data are represented as mean *= S.E. (n = 6, *p < 0.05 compared with BrdU negative cells). Scale bar represents 5 um.

effects of VEGF and/or Ang-1 in ECs. For example, we iden-  bovine) (52), and RPS6 (Ser235, Ser236) (53) that are all linked
tified a group of phosphoproteins, EIF4B (Ser406) (49), to the regulation of MRNA translation. Furthermore, phosphor-
EIFAEBP1 (Ser65) (50, 51), EIFAG1 (Ser1077/1104; human/ ylation sites on proteins known to be involved in cell migration
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and cytoskeletal reorganization such as Dock1 (Ser1857/
1860; human/bovine) (54, 55), Dock6 (Ser1343) (56), ARH-
GEF7 (Ser694/673, Ser518/497; human/bovine) (57, 58) and
eNOS (Ser633/635; human/bovine) (59) were also identified in
our analyses. Analysis of pathway enrichment and GO terms
indicate that cell junctions, cytoskeleton reorganization pro-
cesses are highly modulated by VEGF and Ang-1 (Fig. 2).
Interestingly, the phosphoproteins of VEGF-stimulated ECs
showed high enrichment of mMTOR, MAPK and 14-3-3 signal-
ing pathways. These are all consistent with the known effects
of VEGF in angiogenesis (10, 60).

In VEGF-treated cells, our bioinformatics analyses revealed
a link between MAPK1 activation and the cell junction pro-
teins ZO-1, Z0O-2, JUP, and p120-catenin. Signaling at cell
junctions is well known to modulate cell density and prolifer-
ation. However, we show that the induction of EC proliferation
by down-regulation of these proteins is accomplished inde-
pendently of adherens junction integrity. Indeed, we show that
down-regulation of VE-cadherin or B-catenin does not pro-
voke an increase in EC proliferation in contrast to down-
regulation of ZO-1, ZO-2, JUP, and p120-catenin. Interest-
ingly, the concomitant reduction in the cellular levels of ZO-1
is necessary for increased cell proliferation (Fig. 4, 5). Few
studies have directly linked these proteins to the regulation of
cell proliferation. Deletion of ZO-1 or ZO-2 in mice is embry-
onic lethal because of reduced yolk sac angiogenesis or to an
arrest in early gastrulation and decrease in cell proliferation
(28, 61). Furthermore, ZO-1 was found to participate in cell
cycle regulation and cell density in epithelial cells via the
Y-box transcription factor ZO-1-associated nucleic acid bind-
ing protein (ZONAB) (44). ZONAB was found to associate with
cell division kinase (CDK) 4 and regulate its nuclear accumu-
lation. On the other hand, the translocation of p120-catenin to
the nucleus was reported to promote proliferation of ECs
through the transcription factor Kaiso (29). Finally, expression
of plakoglobin under the control of the keratin K14 promoter in
mice reduced proliferation of epithelial cells of the epidermis
and hair follicles, in agreement with our observations in ECs
(62).

The comparison of interaction networks showed that
MAPK1 clustered with junctional proteins only in VEGF-
treated cells. This differential clustering led us to investigate
further the implication of these proteins in the regulation of
VEGF-stimulated proliferation (Fig. 3). It is established that the
cellular levels of junctional proteins increase with cell density
to control contact mediated inhibition of cell proliferation (21,
29, 44). Here, we reveal that ZO-1 is a central regulator of this
process. Notably, we show that down-regulation of ZO-1
specifically enhances VEGF-mediated MAPK activation and
cell proliferation, which is not observed under Ang-1 stimula-
tion (Fig. 4). Thus, it is tempting to propose that because
VEGF is known to disrupt EC junctions, in contrast to Ang-1,
this contributes to facilitation and activation of the proliferative
signals in ECs, which require a decrease in the cellular levels

of ZO-1. Our results suggest that ECs must reduce ZO-1
levels in order to enter the proliferative program. Importantly,
we found that proliferating cells display decreased ZO-1 lev-
els compared with nonproliferating cells. Moreover, we dem-
onstrate that ZO-1 levels are decreased in ECs during retinal
vascular development in mice. Further studies will need to
determine how ZO-1 directly affects cell proliferation.

Interestingly, we identified Ser617/Ser586 (human/bovine)
of ZO-1 to be phosphorylated in response to VEGF and found
Ser912/Ser881 and Ser926/Ser895 (human/bovine) to be
phosphorylated under Ang-1 conditions. This suggests that
these phosphorylation events regulate differentially the func-
tion of ZO-1. Because phosphorylation of Ser617 is positively
regulated by VEGF and that depletion of ZO-1 has a similar
effect as VEGF treatment, the possibility that phosphorylation
of this residue is somehow inactivating ZO-1 is currently being
investigated. Alternatively, it has been previously reported
that VEGF and Ang-1 modulate differently the expression of
Z0-1 or ZO-2. For example, in brain microvascular endothelial
cells Ang-1 was found to counteract VEGF-induced permea-
bility by increasing expression of ZO-2 (63). Moreover, in
human peritoneal mesothelial cells, VEGF was reported to
decrease the expression levels of ZO-1 in response to glu-
cose degradation products (64).

In conclusion, by comparing the phosphoproteomes and
signaling networks of ECs stimulated with well-defined
growth factors, VEGF and Ang-1, we revealed a major role for
Z0O-1 in the control of cell proliferation during angiogenesis.
This indicates that global phosphoproteomics analyses may
serve to delineate interrelations between signaling pathways
that act as regulators of basic cell function that are important
in physiological and pathological settings.
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