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Phosphorylation of VE-cadherin is modulated
by haemodynamic forces and contributes to the
regulation of vascular permeability in vivo
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Giuseppe Ristagno4, Luigi Maddaluno1, Gou Young Koh5, Davide Franco2, Vartan Kurtcuoglu2,6,
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Endothelial adherens junctions maintain vascular integrity. Arteries and veins differ in their

permeability but whether organization and strength of their adherens junctions vary has not

been demonstrated in vivo. Here we report that vascular endothelial cadherin, an endothelial

specific adhesion protein located at adherens junctions, is phosphorylated in Y658 and Y685

in vivo in veins but not in arteries under resting conditions. This difference is due to shear

stress-induced junctional Src activation in veins. Phosphorylated vascular endothelial-cad-

herin is internalized and ubiquitinated in response to permeability-increasing agents such as

bradykinin and histamine. Inhibition of Src blocks vascular endothelial cadherin phosphor-

ylation and bradykinin-induced permeability. Point mutation of Y658F and Y685F prevents

vascular endothelial cadherin internalization, ubiquitination and an increase in permeability by

bradykinin in vitro. Thus, phosphorylation of vascular endothelial cadherin contributes to a

dynamic state of adherens junctions, but is not sufficient to increase vascular permeability in

the absence of inflammatory agents.
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T
he control of vascular permeability is of pivotal importance
in several vascular pathologies including inflammation,
interstitial oedema, ischaemic stroke and others1–3. Besides

transcellular transport systems, plasma fluids can cross the
endothelial barrier through cell junctions. These specialized
structures include tight and adherens junctions (AJ), which
maintain endothelial cell-to-cell adhesion2,4,5. At endothelial AJ,
adhesion is mediated by a cell-specific member of the cadherin
protein family called vascular endothelial cadherin (VEC)2,6,7.
VEC promotes homophilic adhesion and forms zipper-like
structures along endothelial cell contacts. The cytoplasmic
domain of VEC interacts with several intracellular partners,
including b-catenin, plakoglobin and p120, which transfer
intracellular signals and modulate interaction with the actin
cytoskeleton2,6,7.

VEC has an important role in the control of vascular
permeability in vitro and in vivo1–3,7–12. Blocking antibodies to
VEC induce a dramatic increase in lung and heart permeability
accompanied by oedema and hemorrhages8. More subtle changes
in the organization and strength of AJ are associated with tyrosine
phosphorylation of the VEC cytoplasmic domain in cultured cells
or organ extracts11,13,14.

Much of our knowledge of the molecular regulation of
permeability is based on cultured endothelial cells. Although
informative, in vitro systems do not fully reproduce in vivo
conditions. Most importantly, different types of vessels respond
quite differently to inflammatory mediators in vivo. For instance,
veins are the typical targets of inflammatory mediators while
small-calibre arteries are rarely affected1,15. This suggests that
there are mechanisms that sensitize veins to inflammatory
mediators in vivo.

In the present study, we approached this issue using specific
antibodies against phosphorylated VEC. Surprisingly, we found
that in vivo VEC is constitutively tyrosine phosphorylated in
veins but not in arteries. VEC phosphorylation is likely mediated
by mechanosensor mechanism(s) that activate junctional Src
under venous shear stress. Src inhibitors block VEC phosphor-
ylation and bradykinin-induced vascular permeability. In search-
ing for a mechanism of action we found that phosphorylation
makes VEC particularly sensitive to bradykinin-induced endocy-
tosis which, in turn, mediates a rapid but reversible increase in
vascular permeability. Although VEC internalization has been
reported to be a crucial step in the increase of vascular
permeability in vitro4,10, this report is the first to monitor
modifications of endothelial junction architecture in vivo under
normal and pathological conditions.

Results
Development of antibodies against phosphorylated VEC. In
order to test the relevance of tyrosine phosphorylation of VEC
(pYVEC) in vivo, we developed two antibodies directed against
phospho-peptides of the cytoplasmic region of VEC correspond-
ing to amino acid 646–669 (spanning Y658; antibody pY658-
VEC) and to amino acid 671–700 (spanning Y685; antibody
pY685-VEC) (Fig. 1). We selected these two peptidic sequences as
they were predicted to be strongly antigenic, the respective tyr-
osines are highly conserved among species and were previously
found to be phosphorylated by permeability-increasing
agents12,16,17. Furthermore, phosphorylation of Y658 was reported to
reduce the binding of p120, an important stabilizer of cadherins
at the cell membrane18,19. Y685 is a target of Src12 and its
phosphorylation modulates the association of the kinase csk, an
inhibitor of src and implicated in contact inhibition of cell
growth16. The antibodies were affinity-purified against the
respective antigen and absorbed on VEC-null endothelial cells
for any residual non-specific binding. Specificity was further
supported through multiple in vitro and in vivo tests. First, the two
antibodies did not recognize VEC in which the region of amino
acid 622–702 (Fig. 1b), spanning both phosphopeptides (Fig. 1a),
was deleted20. The same mutant was instead recognized by the
commercially available pY658-antibody (Fig. 1h). Second, both
antibodies codistributed with an anti total-VEC antibody but did
not recognize endothelial cells treated with VEC short interfering
RNA (siRNA) (Fig. 1c), VEC-null endothelial cells20 (Fig. 1d) or
VEC null embryos21 (Supplementary Fig. S1a). Third, in perva-
nadate-treated cells, point mutation in phenylalanine (Y658F and
Y685F) abolished both staining and recognition by western blot of
the respective antibody (Fig. 1e–g). Conversely, both antibodies
recognized VEC-wild-type (wt) or the unrelated mutant (Fig. 1e–g).
Pixels of VEC/pYVEC co-localization are highlighted in white in
Fig. 1e (right panel) (pY658-VEC) and Fig. 1f (right panel)
(pY685-VEC). Fourth, both antibodies gave a junctional specific
in vivo staining (Fig. 2), which was inhibited by coincubation with
the respective phospho-peptides, but not with the corresponding
non-phospho-peptides (Supplementary Fig. S1b). The pY685-
VEC antibody was effective in binding mouse VEC but weak on
human VEC because of low homology of the peptide antigen
(Fig. 1a). By contrast, antibody pY658-VEC could bind VEC in
both species. Therefore, the experiments performed on human
umbilical vein endothelial cells (HUVEC) were done with anti-
body pY658-VEC. Staining of murine VEC (mVEC) with either
pY658 or pY685 appears to give comparable results (see below). In
this work we studied phosphorylation of Y658 and Y685 only and

Figure 1 | pY658- and pY685-VEC antibodies specifically recognize phosphorylated VEC in vitro. (a) The cytoplasmic tail of murine VEC and human

VEC contains eight and nine tyrosine residues, respectively, as indicated. Antibodies to murine pYVEC have been developed using the sequences around

residue Y658 and Y685 (red), respectively. The corresponding human (hVEC) sequences are reported. The sequence deleted in human VEC-D622-702
mutant is indicated. (b) Immunoprecipitation (IP) of wt human VEC followed by western blot (WB) showed that antigen recognition by pY658-VEC and

pY685-VEC antibodies was increased upon 5min VEGF treatment. Both pYVEC antibodies did not recognize the VEC-D622-702 mutant, conversely an

unselective anti-phosphorylated tyrosine antibody (pY) could bind both VEC-wt and VEC-D622-702 mutant. (c) VEC-siRNA treatment of VEGF-stimulated

HUVEC inhibited pY658-VEC staining (in red) of endothelial cells junctions, VEC is shown in green. Scale bar: 20mm. (d) Antibody pY685-VEC did not

decorate cell junctions of VEGF-stimulated mVEC-null endothelial cells (right panels). Staining with pY658-VEC gave comparable results (not shown).

Scale bar: 20mm. (e) Antibody pY658-VEC did not bind to VEC-Y658F mutant (left panels), but recognized VEC-Y685F mutant (central and right panels)

in pervanadate-treated cells. (f) Conversely, antibody pY685-VEC did not recognize VEC-Y685F mutant (left panels) but could bind to VEC-Y658F mutant

(central and right panels) in pervanadate treated cells. Pixels presenting the co-localization of pY658- or pY685-VEC with total VEC are highlited in white.

Scale bar: 50mm. (g) Antibody pY658-VEC did not bind to immunoprecipitated VEC-Y658F mutant (central lanes), but recognized VEC-wt or VEC-Y685F

mutant (left and right lanes). Conversely, antibody pY685-VEC did not recognize immunoprecipitated VEC-Y685F mutant (right lanes), but could bind to

VEC-wt or VEC-Y658F mutant in pervanadate-treated cells (left and central lanes). (h) IP of wt hVEC followed by WB showed that antigen recognition by

the commercially available antityrosine-phosphorylated-(Y658)-VEC antibody was increased upon pervanadate treatment. However, the antibody tested

was also equally able to recognize the VEC-D622-702 mutant, in which the indicated tyrosine is not present. Data shown are representative of at least

three independent experiments.
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along the text we refer to pYVEC when the protein is recognized
by the two anti-pY658-VEC and pY685-VEC antibodies.

Constitutive VEC phosphorylation in veins. In vivo staining of
mice blood vessels with both pYVEC antibodies (pY658-VEC or

pY685-VEC) and total VEC antibody revealed that pYVEC was
detectable in endothelial cells of veins under resting conditions
(Fig. 2a,b). The staining followed cell junctions in all endothelial
cells along the whole length of the vessels. In striking contrast,
endothelial cells of small arterioles were not stained by any of the
pYVEC antibodies, but were stained by antibodies to total VEC
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(Fig. 2c,d). The different expression of pYVEC in veins and not in
small arterioles was reproducible in all the tissues examined and
clearly distinguished contiguous arterioles from veins (Fig. 2c,d).
Quantification of pYVEC distribution in the different types of
vessels is shown in Fig. 2e,f.

As a control, we stained the vessels with antibodies directed to
different junctional proteins (PECAM-1, b-catenin, p120)22. All

antibodies stained the endothelial cell junctions of arteries and
veins equally well (Supplementary Fig. S1c,d), demonstrating that
the accessibility of the antibodies was comparable and that the
general organization of junctions did not differ substantially in
both the types of vessels.

To test whether endothelial cells arterio/venous identity con-
stitutively influences VEC phosphorylation, we examined freshly
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Figure 2 | In vivo phosphorylation of VEC in veins but not in arteries. Staining of veins (V) and capillaries (C) of diaphragm and bladder with anti-pY658-

VEC (a), anti-pY685-VEC (b) (both in red) and an antibody against total VEC (green). Both pYVEC antibodies label cell junctions. Scale bar: 50mm.

pY658-VEC (c) and pY685-VEC (d) antibodies stain endothelial junctions in veins but not in small arterioles (A). Scale bar: 50mm. The boxes represent

the area of magnification where pixels presenting VEC/pYVEC co-localization are highlighted in white. Scale bar: 20 mm. Data in a–d are representative of

at least 10 independent mice per group. (e,f) Quantification of vessels positive or negative to either pY658-VEC (e) or pY685-VEC antibody (f); data are

expressed as percentage of positive (red columns) and negative (blue columns) vessels grouped by diameter (mm), n is the total number of vessels

considered for each group (P.C., postcapillaries).
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isolated venous and arterial endothelial cells in culture. We found
that pYVEC staining in vitro did not differ in both the endothelial
cell types (Supplementary Fig. S1e), suggesting that arterio/
venous identity does not influence VEC phosphorylation per se
but factors such as shear stress or hydrostatic pressure present
in vivo may be important.

Hemodynamic conditions modulate VEC phosphorylation. We
hypothesized that the observed difference in VEC phosphoryla-
tion in arteries and veins could be due to the hemodynamic
conditions to which the endothelial cells are exposed. To test this
hypothesis, cultured HUVEC were exposed to a range of different
shear stresses (Fig. 3a,b). We found that in static conditions VEC
phosphorylation was low, but was significantly increased by
exposure to 3.5 dynes cm� 2, but then declined when shear stress
was increased to up to 28 dynes cm� 2. At higher shears, VEC
phosphorylation further decreased to baseline levels.

The shear stress values to which vessels are exposed in vivo are

much debated and vary between veins and arteries. For the in vitro
studies above we refer to Kroll et al.23, who reported that venous
shear stress range 0.76–7.6 dynes cm� 2 while arterioles range
19–60.8 dynes cm� 2. To extend the study to in vivo conditions we
switched to an experimental system in the rat, taking advantage
of species cross-reactivity of antibody pY658-VEC. Figures 3c,d
shows that VEC was phosphorylated in the jugular vein and, to a
much lower extent, in the carotid artery. To expose venous endo-
thelial cells to a higher shear stress we connected the carotid artery to
the jugular vein to produce an in vivo shunt. Under these conditions
pYVEC staining of venous endothelial cells was decreased. Overall,
these observations show that VEC phosphorylation is influenced by
hemodynamic conditions and suggest that at high shear rates
phosphorylation of VEC tends to decrease.

Src activation is required for shear-induced pYVEC. Previous
work showed that Src is implicated in VEC phosphorylation11.
We investigated whether differences in activation of Src may

Static culture 14 dynes cm–2

14h 14h 14h 0.35

0.3 *

* * *
0.25

0.2

0.15

0.1

0.05

0

800
* *

700

600

400

500

300

200

100

0

C
ar

ot
id

Ju
gu

la
r 

ve
in

pY658-VEC, VEC, DAPI

Ju
gu

la
r 

ve
in

, b
.p

.

0

Shear stress (dynes cm–2)

7 14 28 503.5

42 dynes cm–2 50 dynes cm–2

Carotid Jugular vein Jugular vein bypass

pY658-VEC, VEC, Colocalized pixels

C
o-

lo
ca

liz
at

io
n 

V
E

C
/p

Y
65

8-
V

E
C

M
ea

n 
in

te
ns

ity
 o

f
V

E
C

/p
Y

65
8-

V
E

C
 c

o-
lo

ca
liz

at
io

n

Figure 3 | Shear stress modulates VEC phosphorylation. (a,b) Parametric study of cultured HUVEC exposed to different levels of shear stress as

indicated. Low and medium shear stress (from 3,5 dynes cm� 2 up to 28 dynes cm� 2) increased pY658-VEC junctional staining as compared with static

conditions. Further increase of shear stress up to 50 dynes cm� 2 (corresponding to high arterial flow) induced a progressive reduction of pY658-VEC

junctional staining until levels similar to control cells. Scale bar: 20mm. Chart in (b) shows the co-localization (VEC/pY658-VEC) data as Pearson’s

correlation coefficient. Ten to 20 stacks were collected on different fields (each containing an average of 10 cells) for each sample under analysis. The grey

area shows the co-localization value for static control plus/minus two times its s.e. Statistical comparisons of Pearson’s coefficients measured in different

fields from two to three independent specimens were performed with non-parametric two-tailed Mann–Whitney tests (a¼0.05); see Methods for details.

(c) Mean fluorescence intensity of co-localized pY658-VEC and total VEC pixels as in (d). Statistical significance was determined on four individual

animals by independent two-tailed t-test assuming unequal variances. (b.p., bypass, n¼4 rat per group). (d) Untreated rat carotid artery showed lower
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explain the different phosphorylation of VEC in arteries and
veins. In vivo staining with antibodies directed against Src or its
active form, pY418-Src, showed that this kinase is localized at
endothelial cell contacts both in arteries and in veins (Fig. 4a, left
panels). However, junctional Src is activated only in veins and not
in arteries (Fig. 4a, right panels). Accordingly, specific inhibitors
of Src activation (Fig. 4b,c) inhibited pYVEC staining in vivo in
veins (Fig. 4d,e), or in vitro in endothelial cells exposed to flow
(Fig. 4f,g). These findings support the concept that hemodynamic
conditions influence Src activation and, as a consequence, VEC
phosphorylation in veins.

Detection of pYVEC is decreased by inflammatory mediators.
Next, we asked what the functional meaning of the distinct
phosphorylation pattern of VEC in veins and arteries might be.
We reasoned that the expression of pYVEC might increase the
sensitivity of vessels to permeability-inducing agents. To test this
possibility we treated mice with bradykinin, a well-documented
permeability-increasing inflammatory mediator24–26. Four min
after bradykinin injection we found a significant increase in
permeability in veins, but not in arterioles, as detected by
extravasation of fluorescent microspheres24 (Fig. 5a,f and
Supplementary Fig. S2a). The effect of bradykinin was fast, potent
and reversible24,25. Surprisingly, in areas of increased permeability
we noticed a strong decrease in pYVEC staining (Fig. 5a,b;
Supplementary Fig. S2a) that was restored within 10min when
also the baseline level of permeability was restored. A close
analysis of endothelial junctions showed that pYVEC staining was
decreased only in the areas of increased beads extravastion
(Fig. 5b). Small gaps at cell-to-cell junctions can be observed
(arrows) as described24, although only minor changes in total
VEC staining at cell junctions was observed (Fig. 5b, middle
panels) suggesting that pYVEC represents a fraction of total VEC
and is a specific target of bradykinin. In contrast, we did not
detect extravasation of microspheres or change in VEC phos-
phorylation in arterioles (Fig. 5a, asterisk).

We also treated mice with another permeability-increasing
agent. Histamine acted in a way similar to bradykinin by reducing
VEC phosphorylation in the areas of increased permeability
(Supplementary Fig. S2b,c). Consistent with the staining,
immunoprecipitation and western blot of lung extracts showed
that bradykinin induced a significant decrease in pYVEC, as
detected by both pY658-VEC and pY685-VEC antibodies
(Fig. 5d,e). We also found that Src activation is required for
bradykinin-induced permeability as pretreatment of mice with
the Src inhibitor AZD0530 (see Fig. 4b) inhibited the increase in
permeability (Fig. 5c,f).

As a further control, before bradykinin administration, we
treated the mice with angiopoietin-1, which is known to stabilize
the vasculature and counteract the action of several inflammatory

mediators9,24,25,27–29. Angiopoietin-1 administration strongly
reduced the effect of bradykinin on vascular permeability and
counteracted the decrease in pYVEC-staining at junctions
(Fig. 5a,d,e,f; Supplementary Fig. S2a).

A possible explanation of the strong reduction of VEC phos-
phorylation is the activation of some specific phosphatase. To test
this possibility, we performed proteomic analysis (gel separation
of proteins, in-gel digestion and LC-MS/MS analysis30) of VEC-
associated proteins in lung extracts after bradykinin stimulation
of mice (10mg kg� 1, for 3min), but we could not detect
associated phosphatases including VE-PTP, SHP2 or Dep-1,
which are able to associate to VEC complex17,31 (data not shown).

Treatment of endothelial cells with siRNA targeting VE-PTP
and Dep-1 increased resting VEC phosphorylation, as expected
(Fig. 6a,b and Supplementary Fig. S3e). However, after activation
with bradykinin, pYVEC at the membrane was reduced both in
controls and in Dep-1 or VE-PTP siRNA-treated cells, indicating
that inactivation of these phosphatases does not prevent the
decrease of pYVEC after bradykinin treatment.

pYVEC is internalized upon bradykinin treatment. We hypo-
thesized that pYVEC disappearance from junctions is due to
endocytosis followed by degradation. To study this possibility,
unfixed cells were incubated with anti-VEC antibodies and then
activated by bradykinin in the presence of chloroquine, an inhi-
bitor of protein degradation in lysosomes and recycling to the
membrane32,33. Upon acid wash, antibodies linked to membrane-
bound VEC were lost, while antibodies bound to internalized
VEC could still be detected33. Bradykinin treatment strongly
increased VEC internalization (Fig. 6c). Co-staining of inter-
nalized VEC with antibody pY658-VEC showed that a significant
amount of internalized VEC was phosphorylated in tyrosine
(Fig. 6d). Furthermore, by immunofluorescence analysis, brady-
kinin reduced pYVEC staining at junctions (Fig. 6e) and this
effect was counteracted by chlorpromazine, an inhibitor of cla-
thrin-dependent endocytosis30,34 (Fig. 6e).

Consistently, selective immunoprecipitation of internalized or
surface VEC (Fig. 6f,g) upon bradykinin stimulation showed that
surface pYVEC is reduced while internalized pYVEC is increased.
These effects were detectable at 3min and further increased at
30min. The lasting presence of internalized VEC upon bradyki-
nin stimulation in vitro, as compared with in vivo conditions, is
likely due to the fact that cells were treated with chloroquine
preventing protein degradation in intracellular vesicles.

Consistently, flow-induced pY658-VEC co-localization with
VEC was also significantly reduced by 3min bradykinin treat-
ment and this effect was abrogated by pretreatment of the cells
with chlorpromazine (Fig. 5g). Thus, bradykinin induces inter-
nalization of pYVEC consistently with pYVEC disappearance
from endothelial cell junctions in vivo.

Figure 4 | Shear stress induced VEC phosphorylation is mediated by Src activation. (a) Src (green) and VEC (red) staining of arterial and venous

endothelium in the mouse diaphragm. Staining presented in left panels shows junctional distribution of total Src in both vessel types (n¼4 mice).

Conversely, active Src (pY418-Src, right panels) is present at cell-to-cell contacts in veins only (n¼4 mice). (b,c) In vivo staining for active Src (pY418-Src)

of venous endothelium (mouse diaphragm) was abolished by treatment with a Src inhibitor (AZD0530). Mean fluorescence intensity of co-localized VEC

and pY418-Src pixels is shown in (c). Data are mean±s.e.m. of five mice analysed. Statistical significance was determined by independent two-tail t-test

assuming unequal variances. Scale bar: 50mm. (d,e) VEC phosphorylation (pY658- or pY685-VEC in red, total VEC in green) of venous endothelium of

mouse diaphragm was abrogated by AZD0530. Quantification in (e) reports mean fluorescence intensity of co-localized VEC/pY658-VEC (left) or pY685-

VEC (right) pixels. Data are mean±s.e.m. of at least 10 veins analysed. Statistical significance was determined by independent two-tail t-test assuming

unequal variances. Scale bar: 50mm. (f,g) Flow-induced Y658-VEC phosphorylation in cultured HUVEC was abolished upon treatment with Src inhibitors

PP1 or SU6656 by immunofluorescence (f). Co-localization (VEC/pY658-VEC) analysis (g) is reported as fold change versus static conditions. Statistical

comparisons of Pearson’s coefficients measured in different fields from two to three independent specimens were performed with non-parametric two-

tailed Mann–Whitney tests (a¼0.05); see Methods for details. Scale bar: 20mm. *Po0.05 and **Po0.01 by the above specified test.
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Figure 5 | pYVEC staining is decreased by bradykinin treatment. (a) At 4min, bradykinin (bradyk) treatment in vivo strongly increased venous

permeability of the trachea vasculature, as measured by fluorescent microsphere extravasation (white), and markedly reduced pY685-VEC staining (red),

VEC is shown in green. At 10min permeability and pY685-VEC staining were restored. Permeability did not increase in small arteries (asterisk). Treatment

with angiopoietin-1 (Ang-1) strongly inhibited the effect of bradykinin on both pY685-VEC staining and permeability. (b) Magnifications of the boxed areas

for control and bradykinin-treated mice (4min). Junctional pY685-VEC was strongly reduced in the sites of altered permeability while total VEC was still

present with similar intensity than in control mice (lower panels and arrows). Middle panels show that in the areas unaffected by bradykinin treatment,

pY685-VEC was only minimally altered. Staining with pY658-VEC antibody resulted in superimposable results (see Supplementary Fig. S2a). Scale bars:

50mm (left images) and 20mm in magnified fields. (c) Bradykinin-induced vascular permeability in the mouse trachea was blocked by Src inhibitor

AZD0530 as shown by extravasated microspheres (red, upper panels). Higher magnifications are shown in the lower panels and show VEC staining

(green) and extravasated microspheres (red). Scale bar: 500mm. (d) Immunoprecipitation (IP) of VEC from lung extracts showed that in the presence of

bradykinin, phosphorylation of both Y658 and Y685 was reduced and Ang-1 prevented this effect. (e) Quantification of normalized band intensity as in (d).

Data are mean±s.e.m. of five separate experiments. (f) Quantification of the areas covered by extravasated beads as in (a) and (c). Data are mean±s.e.m.

of at least three mice considering 10 separate fields per mice in each group. Statistical significance was determined by analysis of variance test (e) or by

independent two-tailed t-test assuming unequal variances (f). (g) Bradykinin reduces the co-localization of VEC with pY658-VEC in flow conditioned

HUVEC (see Fig. 3a,b) while chlorpromazine inhibits this effect. Statistical comparisons were performed as in Fig. 3b. *Po0.05 and **Po0.01 by the above

specified test.
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Figure 6 | Phosphorylated VEC is internalized. (a) Immunoprecipitation (IP) of surface VEC in HUVEC. Bradykinin treatment reduces surface VEC and its

pY658 phosphorylated form. Treatment of the cells with siRNA targeting VE-PTP and Dep-1 increased resting VEC phosphorylation, but did not inhibit the

decrease of surface amount of total and pYVEC induced by bradykinin. Western blot (WB) analysis of silencing efficiency (470%) is shown in

Supplementary Fig. S3e. (b) Quantification of surface VEC (left) and pY658-VEC (right) reduction in siRNA-treated cells (Control, Dep-1 or VE-PTP siRNA

in blue, red or green, respectively) after bradykinin stimulus, fold change versus unstimulated cells. Right graph depicts the quantification (fold change

versus control siRNA) of surface pY658-VEC in siRNA-treated cells (Dep-1 or VE-PTP siRNA in red or green, respectively). (c) 30min bradykinin (bradyk)
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internalization corresponded to partial disruption of endothelial junctions as can be observed in the absence of acid wash (left panels and magnification).

Scale bars: 20 and 50mm in magnifications. (d) Co-staining of VEC and pY658-VEC upon cell treatment with bradykinin and acid wash in the presence of
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intensities is shown in bottom panel. (g) IP of surface VEC. Bradykinin decreased the amount of total and pYVEC present on the surface. Quantification of

normalized band intensities is shown in right panel. Data in (c,d and e) are representative of at least three independent experiments per group. Data in (b),
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assuming unequal variances.
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To test whether phosphorylation is required for bradykinin-
induced VEC internalization, we analysed VEC-null endothelial
cells reconstituted with VEC-wt or point mutants (VEC-Y658F
and VEC-Y685F) unable to undergo phosphorylation in these
specific tyrosine residues. We found that only VEC-wt could be
internalized upon bradykinin treatment while both VEC-Y658F
and VEC-Y685F were rather insensitive to this agent and
remained on the cell surface (Fig. 7a,b). Furthermore, when cells
were treated with Src inhibitor AZD0530, which inhibits VEC

phosphorylation, bradykinin-induced internalization of the pro-
tein was inhibited (Fig. 7c).

The effect of bradykinin on endothelial permeability
in vitro was strongly reduced in VEC mutant cells (Fig. 7d).
Moreover, pretreatment of cells expressing VEC-wt with two
inhibitors of protein internalization (chlorpromazine or
dynasore) reduced bradykinin-induced permeability to the same
level observed in cells expressing Y658F or Y685F mutants
(Fig. 7d).
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Finally, to test whether VEC protein displays a higher mobility
on the cell membrane when it is phosphorylated on Y658,
we performed fluorescence recovery after photobleaching
(FRAP)35,36 analysis of VEC recovery at cell-to-cell junctions
using Cherry-conjugated wild-type or Y658F mutant (Fig. 7e–g).
In previous work it was found that the recovery at junctions of
E-cadherin after photobleaching is due to endocytosis and sub-
sequent exocytosis35. We observed that membrane recycling of
VEC-Y658F was significantly slower than VEC-wt (Fig. 7e,f).
Chlorpromazine increased the halftime of recovery of VEC-wt
but not of Y658F mutant, suggesting that the constitutive mobi-
lity of the protein is mediated by its internalization and that Y658
phosphorylation has a central role in this part of the process.

VEC is ubiquitinated after bradykinin treatment. In search for
a mechanism of pYVEC internalization and degradation we tes-
ted whether ubiquitin was involved in these processes. We found
that bradykinin treatment induced VEC ubiquitination in vivo
(Fig. 8a) and in vitro (Fig. 8b,c). Importantly, VEC ubiquitination
in vivo correlated with the decrease in pYVEC detection (Fig. 8a)
and staining (see Fig. 5a). Furthermore, Y658F and Y685F point
mutants showed poor, if any, ubiquitination after bradykinin
treatment (Fig. 8c) supporting the concept that VEC phosphor-
ylation in these tyrosines is required for its ubiquitination. These
data also suggest that ubiquitination is involved in pYVEC
internalization and disappearance from junctions in vivo.

Cadherin internalization and degradation may be also regu-
lated by p120(refs 18,19,33,37,38) and VEC phosphorylation in
Y658 may reduce the affinity for p120 binding, promoting
its internalization18,39. We found that bradykinin does not
induce p120 dissociation from VEC as shown by co-
immunoprecipitation assay of total and internalized VEC
(Supplementary Fig. S3c and Fig. 6f respectively), or by codis-
tribution of internalized VEC and p120 (Supplementary Fig. S3a, b).
Moreover, in vivo p120 codistributed with pY-VEC at endothelial
junctions (Supplementary Fig. S1d). Thus, under our experi-
mental conditions, we have been unable to demonstrate a clear
link between p120 dissociation and VEC internalization.

Discussion
VEC has a central role in the control of vascular permeability, and
deregulation of its expression or function is associated with
increased oedema and vascular fragility1–3,7,8,40. While recent
studies have begun to uncover the mechanisms through
which VEC activity is regulated in vitro7,9,17,41–43, few
data11,31,44,45 are available on VEC functional modulation
in vivo. In starved endothelial cells in vitro, VEC
phosphorylation in tyrosine is extremely low but is increased by

permeability-increasing agents such as vascular endothelial
growth factor (VEGF) or leucocyte adhesion14,41,43.

By in vivo staining we observed that VEC is phosphorylated in
Y658 and Y685 in veins also in the absence of inflammatory
agents or vascular leakage. Therefore, VEC phosphorylation at
these two tyrosine residues in vivo is not sufficient per se to reduce
endothelial barrier function. Nevertheless, as discussed below,
VEC phosphorylation may act as a priming mechanism to
sensitize veins to permeability-inducing agents.

An important question is how VEC phosphorylation is
modulated in vivo. We report evidence that hemodynamic
conditions modulate VEC phosphorylation through Src activity
and that this mechanism acts mostly in veins but not in small
arteries. We have shown that in veins there is a constitutive and
prolonged activation of Src, which in turn may mediate VEC
phosphorylation.

Activation of Src family kinases and the subsequent VEC
phosphorylation has been described as a critical step in the
induction of permeability by growth factors and inflammatory
cytokines9,11,44. In vivo we observed that Src is constitutively
activated in veins and this is necessary but not sufficient to induce
vascular leakage. These observations are in agreement with Adam
et al.46 who showed that phosphorylation of VEC by Src was not
sufficient to decrease barrier function of cultured endothelial cells.

The reasons why the above phenomena do not occur in arteries
are not clear, notwithstanding the multiple differences that exist
between arterial and venous vessels. These differences include the
pattern and degree of investment by smooth muscle cells and/or
pericytes, electrical coupling, distribution of endothelial markers
such as ephrins and receptors to inflammatory mediators, and
others1,47,48. The data reported here suggest that hemodynamic
factors also may modulate Src activity and, as a consequence,
VEC phosphorylation. As reported here VEC phosphorylation is
influenced by shear stress in vitro and exposure of venous
endothelial cells to arterial blood flow in vivo leads to a decrease
in VEC phosphorylation.

Although further work is required to define this mechanism in
detail, data are in favour of a shear-sensing mechanism that
modulates VEC phosphorylation. An interesting candidate is the
endothelial mechanosensory complex formed by VEC, PECAM-1
and VEGFR-2. PECAM-1 has been shown to bind directly to Src
and the binding is required for Src activation under shear49.
We cannot, however, exclude that other hemodynamic factors
such as hydrostatic pressure may contribute to low VEC
phosphorylation in arteries.

We also made efforts to understand the functional meaning of
the constitutive VEC phosphorylation in vivo. As most
inflammatory mediators act selectively and rapidly on veins, a
tempting speculation is that VEC phosphorylation is a

Figure 7 | VEC phosphorylation is necessary for its internalization. (a) VEC null murine endothelial cells were transduced with VEC-wt or non-

phosphorylatable mutants (VEC-Y658F and VEC-Y685F). Treatment of the cells with 30min bradykinin, in the presence of chloroquine, increased the

number of cells showing internalized VEC-wt, but was ineffective on non-phosphorylatable mutants (lower panels, with acid wash). As observed for

HUVEC, VEC internalization corresponded to partial disruption of endothelial junctions on cells expressing wt, but not mutant, VEC (upper panels, without

acid wash). Scale bar: 50mm. (b) Quantification of VEC internalization is reported as percentage of cells showing internalized VEC as in (a). Data are

mean±s.e.m. of at least 100 cells analysed. (c) AZD0530 prevented bradykinin-induced VEC internalization. Data are shown as percentage of cells

showing internalized VEC and are mean±s.e.m. of at least 100 cells analysed. (d) Three or 30min bradykinin treatment increased paracellular permeability

of cells expressing VEC-wt and, to a much lower extent, of cells expressing VEC-Y658F and VEC-Y685F (red diamonds, fold change over untreated cells).

Dynasore (green squares) or chlorpromazine (blue triangles) were able to block the effect on cell permeability induced by bradykinin. Data are mean±s.d.

of five replicates from a typical experiment out of three experiments performed. (e–g) FRAP experiment in HUVEC expressing fluorescent Y658F-cherry or

wt-VEC-cherry revealed a reduced protein motility of Y658F-cherry mutant compared with wt-VEC-cherry. The strongest difference was at 300 s after

bleach as shown in (f). Half-time of recovery (t1/2) of wt-VEC-cherry protein was two fold higher upon chlorpromazine treatment (g). Y658F-cherry

mutant presented a 2.5-fold higher basal t1/2 than wt-VEC-cherry, and it was insensitive to chlorpromazine. Statistical significance was determined on at

least 10 replicates. Scale bar is 4mm. *Po0.05 and **Po0.01, by analysis of variance test (c,d) or by independent two-tailed t-test assuming unequal

variances (b, e and g).
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prerequisite for a rapid and fully reversible opening of endothelial
junctions.

As for other cadherins, VEC endocytosis reduces endothelial
cells barrier function2,9,37,38,50. We found that bradykinin induces
a quick disappearance of pY658 and pY685 VEC from junctions
which, from the data collected in vitro, we interpret as
internalization. When we used VEC point mutants Y658F and
pY685F to inhibit phosphorylation we also blocked bradykinin-

induced VEC internalization and increase in vascular
permeability in vitro. It seems, therefore, that phosphorylation
of VEC at these two tyrosine residues is required for bradykinin-
induced vascular leakage.

To further elucidate the pathway through which pYVEC
contributes to its internalization and possibly degradation we
considered that cell–cell contacts are sites for recruitment of the
ubiquitination machinery30,50,51. Tyrosine phosphorylation of
E-cadherin attracts Hakai, an E3 ubiquitin-ligase, which mediates
its ubiquitination and endocytosis50. In agreement with this
observation, we report here that activation by bradykinin leads to
VEC ubiquitination and that this process requires tyrosine
phosphorylation of Y658 and Y685.

The decrease in phosphorylation of Y658 and Y685 in VEC
may also be due to association to phosphatases. As above, the best
candidates that were previously found to associate to VEC are
VE-PTP52 and Dep-1 (ref. 17). However, the knockdown of
these phosphatases did not prevent the decrease in VEC
phosphorylation upon bradykinin activation. Moreover,
proteomic analysis of lung extracts of mice treated with
bradykinin did not detect phosphatases associated to VEC
complex. Thus, we have been unable to find, at least in our
experimental system, a clear evidence for the role of phosphatases
in regulating VEC phosphorylation.

We did not perform a detailed analysis of the role of each
tyrosine present in the cytoplasmic tail of VEC but focused on
Y658 and Y685 instead. Both tyrosines are phosphorylated in
venous endothelium, and in vitro studies on VEC phosphomi-
metic mutants show that Y658 phosphorylation is important in
VEC internalization18,39. Phosphorylation of VEC at Y658 may
reduce its association to p120 and induce its internalization18,34.
Under the different experimental conditions used here, however,
we have been unable to detect a significant dissociation of p120
from internalized pYVEC. Others46 using endothelial cells
transfected by a constitutive active src, which induced pY658
phosphorylation, could not observe detachment of p120. Our
data are consistent with this last report. These observations do
not exclude that p120 is important for the stability of VEC at the
membrane. However, detachment of p120 is unlikely to be the
only way through which cadherins are internalized.

Gavard et al.10 reported that VEGF-mediated VE cadherin
phosphorylation in the highly conserved Ser-665 induces the
recruitment of b-arrestin2, VEC internalization and increase in
permeability in cultured cells. We do not know whether
phospho Ser-665 also contributes to bradykinin-induced VEC
internalization at this stage. However, we cannot exclude that
VEC activation by permeability increasing agents may result in
different steps of phosphorylation which, downstream, contribute
to the internalization of the protein.
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Figure 8 | Bradykinin induced VEC internalization is coupled by

ubiquitination. (a) IP of lung extracts followed by WB revealed that, at 4

min after bradykinin, reduction of VEC recognition by pY-VEC antibodies

was accompanied by a strong increase in ubiquitination. Quantification of

band intensity is shown as absolute values on the right panel. (b) HUVEC

were treated, in presence of chloroquine, with bradykinin or left untreated.

Bradykinin-induced VEC internalization (red staining) and co-localization in

intracellular vesicles with K63-linked ubiquitin (green staining) in HUVEC

cells. Pixels presenting VEC and ubiquitin colocalization are highlighted in

white in the magnified fields (bottom). Red arrowheads point to internalized

VEC. Data are representative of at least three independent experiments.

Scale bar: 20mm. (c) IP of wt or point mutated VEC followed by WB for

ubiquitin showed that bradykinin induces stronger ubiquitination of wt

protein than of Y658F- or Y685F-VEC mutants. Data in (a) are

mean±s.e.m. of three independent experiments. *Po0.01 by independent

two-tailed t-test assuming unequal variances.
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Lambeng et al.44 describe, in organ extracts, VEC tyrosine
phosphorylation under both resting and hormone-activated
conditions. Interestingly and consistently with our data,
phosphorylation of VEC was observed also under resting
conditions in some organs such as the lung. When angiogenesis
was stimulated by treatment with hormones, total VEC
phosphorylation increased but only in uterus and ovary. Using
heart extracts, Weis et al.11 show increased VEC phosphorylation
after VEGF treatment and inhibition of such an effect by Src
inhibitors. The stimuli and the organs studied are different from
those considered in our paper. Furthermore, the use of organ
extracts does not allow a detailed analysis of positive or negative
vessels. It is conceivable that angiogenic stimuli increase tyrosine
phosphorylation in the growing vasculature and as final result,
cause an increase in tyrosine phosphorylation of the whole organ
extract.

In conclusion, the data presented here help to draw a picture of
how VEC processing is regulated in vivo by inflammatory
mediators such as bradykinin or histamine. We report that VEC
may be phosphorylated in Y658 and Y685 in veins through the
action of hemodynamic forces. Our data suggest that phosphor-
ylation in these tyrosines sensitizes VEC to the action of
bradykinin, which induces rapid pYVEC internalization and
ubiquitination. pYVEC in veins may, therefore, be important to
prime the protein into a dynamic state that promotes, upon
activation, its rapid internalization, leading to the quick and
reversible opening of endothelial cells junctions and plasma
leakage. We speculate that any agent capable of inhibiting VEC
phosphorylation may effectively reduce vascular permeability
induced by inflammatory agents.

Methods
Animals and in vivo treatments. C57BL/6J wt (20–25 g) mice (Charles River)
were used. Mice anaesthetized with Avertin (2,2,2-tribromoethanol, 500mg kg� 1

intraperitoneally) were injected intravenously with bradykinin (10mg kg� 1,
Sigma), histamine (50 mmol kg� 1, Sigma) or 0.9% NaCl for the indicated time. For
immunofluorescence analysis, 1min before fixation, blue or green fluorescent
microspheres (0.1 mm diameter, 50 ml, Duke Scientific) were intravenously injected.

COMP-ang-1 expressing adenovirus (109 plaque-forming units)28 were injected
via the tail vein. Age-matched control mice received an injection of adenovirus
expressing GFP. Eight days later, mice were challenged by intravenous injection of
bradykinin (as above).

AZD0530 (kind gift of Astra Zeneca) or vehicle (following
the manufacturer’s instructions) was orally administered (25mg kg� 1, 6 h).

For carotid-jugular bypass, rats were anaesthetized with pentobarbital
(50mg kg� 1 intraperitoneally) and injected with heparin (1000U kg� 1

intraperitoneally) 30min before surgery. A heparinized polyethylene catheter (PE-
60; Intramedic, Becton Dickinson) was inserted into the left carotid artery on one
side and into the right jugular vein on the other side. Arterial blood flow deviation,
from carotid artery to jugular vein, was applied for 30min.

Antibodies. The following antibodies were used: goat anti-VEC (1:200, Santa
Cruz), rat anti-mouse-VEC (5mgml� 1, BV13 (ref. 53) or 1:500, BD Transduction
Laboratories), mouse anti-human-VEC (10mgml� 1, BV6)54, mouse anti-p120
(1:100, BD Transduction Laboratories), rabbit anti-b-catenin (1:200, Abcam),
hamster anti-CD31 (1:500, Chemicon), rabbit anti-p120 and rabbit anti-cSrc (1:200
and 1:100 Santa Cruz), rabbit anti-phospho-Tyr 418-Src (1:100, Invitrogen), mouse
anti-ubiquitin P4D1 (1:1,000, Santa Cruz), rabbit anti-K63-linked-polyubiquitin
clone Apu3 (1:250, Millipore), rabbit anti-VEC (pY658) (1:1,000, Biosource), goat
anti-Dep-1 (1:200, PTPRJ) (R&D System), Vinculin (1:1,000, Sigma).

Affinity purified rabbit antibody to VE-PTP (PTPRB, 5 mgml� 1), pY658-VEC
and pY685-VEC were produced and purified by New England Peptide. Antibodies
pY658-VEC and pY685-VEC (10 mgml� 1) in PBS containing 1% bovine serum
albumin (BSA) were further purified by three incubation cycles on VEC null
endothelial cells (30min VEGF stimulated, fixed, permeabilized and blocked as
described in the relative section) for 1 h at room temperature and used for
immunofluorescence or western blot (1 or 5 mgml� 1). Peptide-competition was
obtained by incubating the antibodies with a 200-fold molar excess of the relative
phosphorylated or non-phosphorylated peptide for 45min at room temperature.

Secondary antibodies for immunofluorescence were donkey antibodies to the
appropriate species conjugated with Alexa-Fluor 488, 555 or 647 (1:400, Molecular
Probes).

Cells and in vitro treatments. HUVEC and murine endothelial cells genetically
ablated for VEC (VEC-null) were obtained and cultured as described55. VEC null
or HUVEC were lentiviral transduced to express mVEC (see ‘Constructs’). CHO
cells were cultured and transfected to express mVEC-mutants (see ‘Constructs’)
using standard techniques.

To knock down human VEC, PTPRB (VE-PTP) or PTPRJ (Dep-1) in HUVEC
we used ON-TARGET plus SMART pool siRNAs from Dharmacon and the
corresponding Stealth siRNAs control. Transfection was performed with
LipofectAMINE 2,000 (Invitrogen) following the manufacturer’s instructions.

Arterial and venous cells were isolated as described56. Confluent HUVEC or
murine endothelial cells were rendered quiescent for 3 or 24 h, respectively, in
MCDB131 medium (Invitrogen) containing 1% BSA. Bradykinin (1 mM, for the
indicated time), chloroquine (300 mM or 100 mM, 3 h), chlorpromazine (5 mgml� 1,
30min), sodium pervanadate (obtained by adding to the cells 0.2mM sodium
orthovanadate and 0.4mM H2O2, 5min), AZD0530 (1 mM, 3 h), Cycloheximide
(0.1mgml� 1, 30min), Dynasore (60 mM, 30min) COMP-Ang-1 (200 ng/ml) or
VEGF (80 ngml� 1, 10min) was added at 37 1C.

Constructs. mVEC constructs (VEC-wt, VEC-Y658F, VEC-Y685F) were produced
using standard molecular biology procedures. Mutated VEC cytoplasmic tails were
amplified by PCR as two fragments carrying the mutations and the restriction sites
necessary for sub-cloning. Wild-type cytoplasmic tail was then replaced with the
mutated versions to generate full length mutated VEC complementary DNAs.
mCherry complementary DNA was subcloned into the pEGFP-N2 (Clontech) in
place of EGFP sequence. VEC (wt and Y658F mutant) were then subcloned to
generate fusion proteins. VEC constructs were introduced in lentiviral plasmids to
produce lentiviral vectors, as described57. Human VEC-D622-702 was described
elsewhere20.

Flow experiments. A custom-built flow chamber consisting of two parallel plates
made of polymethyl-methacrylate was used to apply uniform shear stress on
HUVEC monolayers. While the lower plate was flat, a rectangular channel was
engraved on the upper plate with an automatic milling machine.

HUVEC were grown to confluence on a patch of copolymer 2-norbornene-
ethylene58. The patch was then placed on the lower plate and the upper plate was
mounted to form a sealed channel of parallel-plate geometry.

The actual shear stress (t) applied to the cells can be expressed in terms of
volumetric flow rate (Q), medium viscosity (m, 8.4� 10� 4 Pa � s)59, width
(w, 20mm) and height (h, 0.3mm) of the channel: t¼ 6Qm/wh2. In our setup, flow
rates of 30, 90 or 107mlmin� 1 were applied to obtain shear stress values of 3.5, 7,
14, 28, 42 or 50 dynes cm� 2, respectively. The indicated flow rates were controlled
using a peristaltic roller pump (Model 66, Harvard Apparatus). Cells were fixed
after 14 h of constant flow.

PP1 (10 mM, Enzo Life Sciences) or dimethylsulphoxide was added to the culture
media before the onset of flow. SU6656 (10 mM, Sigma) was added to the culture
media 30min before fixation. Chlorpromazine or chloroquine were added to the
culture media 30min or 3 h (respectively) before bradykinin treatment.

Co-localization data originate from multichannel fluorescence stacks collected
using a Nikon-Ti (Nikon, Japan) wide-field microscope implemented with an Orca
R2 CCD camera (Hamamatsu, Japan) and a X60/1.2 NA water immersion objective
(Nikon). For each stack a single value of the Pearson’s coefficient (ranging
between� 1 and 1) was measured imposing a threshold value (calculated based on
the algorithms by Costes et al.,60) for green and red channels using the ‘co-
localization analysis’ section of Imaris (Bitplane).

Fluorescence recovery after photobleaching. HUVEC expressing mCherry-
constructs were grown to confluence on m-slide 8-well (Ibidi). Chlorpromazine
and/or Cycloheximide were added to the media 30min before FRAP experiment.
FRAP was performed as specified in Supplementary Methods.

Immunofluorescence. Cells were fixed and permeabilized with 3% paraf-
ormaldehyde, 0.5% Triton X100 in PBS for 3min followed by further 15min
fixation with 3% paraformaldehyde in PBS. After anaesthesia, mice vasculature was
perfused as described24. Trachea, diaphragm, urinary bladder or 9.5 dpc embryos
were immersed in 1% paraformaldehyde in 0.1% triethanolamine, pH 7.5,
containing 0.1% Triton X100 and 0.1% NP-40 for 1 h at room temperature. For
immunostaining of tissues or cells, primary or secondary antibodies were diluted in
5% BSA, 5% donkey serum in PBS. CCD camera on epifluorescence microscope
(Leica) or Leica TCS SP2 confocal microscopy were used. ImageJ (NIH) was
employed for data analysis. Figures were assembled using Adobe Photoshop and
Adobe Illustrator. Only adjustments of brightness and contrast were used in the
preparation of the figures. For comparison purposes, different sample images of the
same antigen were acquired under constant acquisition settings.

Immunoprecipitation and western blotting. For additional detail see
Supplementary Methods. Briefly, for internalized or surface VEC immunopreci-
pitations, antibody–antigen (BV6) binding was performed in living cells before or
after (respectively) pharmacological treatment at 4 1C. After six washes with PBS
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(containing calcium and magnesium ions) to remove the unbound antibody, cells
were treated as follows: for internalized VEC immunoprecipitation, cells were
treated in complete medium at 37 1C. To remove cell surface bound antibody while
retaining internalized antibody, cells were acid washed five times in PBS, pH 2.7,
containing 25mM glycine and 3% BSA before lysis in JS buffer (see Supplementary
Methods). For surface VEC immunoprecipitation, cells were lysed immediately in
JS buffer. Mouse lungs were collected and homogenized in modified radio-
immunoprecipitation assay buffer buffer (see Supplementary Methods). Protein
concentrations were determined using a BCA Protein Assay Kit (Pierce) following
the manufacturer’s instructions.

Internalization assay. Internalization assays were performed as previously
described33. Briefly, to measure internalization of endogenous VEC, confluent
HUVEC (or murine endothelial cells) were treated with 300 mM (or 100 mM)
chloroquine. BV6 (or BV13) antibody was incubated with cells at 4 1C for 1 h in
MCDB131 with 1% BSA medium. Cells were rinsed in ice-cold MCDB131 to
remove unbound antibody and then treated with 1 mM bradykinin. Cells were acid
or neutral (as indicated) washed five times and processed for immunofluorescence.

Gelatine–glutaraldehyde crosslinking. To enhance endothelial cell adhesion,
slides were coated with glutaraldehyde-crosslinked gelatin as described in
Supplementary Methods.

Paracellular flux tracer analysis. Endothelial cells were seeded on 0.4 mm pore-
size Transwell Permeable Supports (Corning), cultured in complete culture med-
ium and assayed for permeability to fluorescein isothiocyanate-dextran (70 kDa)
(Sigma,) as described57.

Study approval. Procedures involving animals and their care conformed to
institutional guidelines in compliance with national (4D.L.N.116, G.U., supplement
40, 18-2-1992) and international (EEC Council Directive 86/609, OJL358,1,12-12-
1987, National Institutes of Health’s Guide for the Care and Use of Laboratory
Animals, and United States National Research Council 1996) law and policies. All
efforts were made to minimize the number of animals used and their suffering.

References
1. Curry, F. R. & Adamson, R. H. Vascular permeability modulation at the cell,

microvessel, or whole organ level: towards closing gaps in our knowledge.
Cardiovasc. Res. 87, 218–229 (2010).

2. Dejana, E., Tournier-Lasserve, E. & Weinstein, B. M. The control of vascular
integrity by endothelial cell junctions: molecular basis and pathological
implications. Dev. Cell 16, 209–221 (2009).

3. Komarova, Y. & Malik, A. B. Regulation of endothelial permeability via
paracellular and transcellular transport pathways. Annu. Rev. Physiol. 72,
463–493 (2010).

4. Vestweber, D., Broermann, A. & Schulte, D. Control of endothelial barrier
function by regulating vascular endothelial-cadherin. Curr. Opin. Hematol. 17,
230–236 (2010).

5. Wallez, Y. & Huber, P. Endothelial adherens and tight junctions in vascular
homeostasis, inflammation and angiogenesis. Biochim. Biophys. Acta. 1778,
794–809 (2008).

6. Oda, H. & Takeichi, M. Evolution: structural and functional diversity of
cadherin at the adherens junction. J. Cell Biol. 193, 1137–1146 (2011).

7. Vestweber, D., Winderlich, M., Cagna, G. & Nottebaum, A. F. Cell adhesion
dynamics at endothelial junctions: VE-cadherin as a major player. Trends. Cell.
Biol. 19, 8–15 (2009).

8. Corada, M. et al. Vascular endothelial-cadherin is an important determinant of
microvascular integrity in vivo. Proc. Natl Acad. Sci. USA 96, 9815–9820
(1999).

9. Gavard, J., Patel, V. & Gutkind, J. S. Angiopoietin-1 prevents VEGF-induced
endothelial permeability by sequestering Src through mDia. Dev. Cell 14, 25–36
(2008).

10. Gavard, J. & Gutkind, J. S. VEGF controls endothelial-cell permeability by
promoting the beta-arrestin-dependent endocytosis of VE-cadherin. Nat. Cell
Biol. 8, 1223–1234 (2006).

11. Weis, S. et al. Src blockade stabilizes a Flk/cadherin complex, reducing edema
and tissue injury following myocardial infarction. J. Clin. Invest. 113, 885–894
(2004).

12. Wallez, Y. et al. Src kinase phosphorylates vascular endothelial-cadherin in
response to vascular endothelial growth factor: identification of tyrosine 685 as
the unique target site. Oncogene 26, 1067–1077 (2007).

13. Andriopoulou, P., Navarro, P., Zanetti, A., Lampugnani, M. G. & Dejana, E.
Histamine induces tyrosine phosphorylation of endothelial cell-to-cell adherens
junctions. Arterioscler. Thromb. Vasc. Biol. 19, 2286–2297 (1999).

14. Esser, S., Lampugnani, M. G., Corada, M., Dejana, E. & Risau, W. Vascular
endothelial growth factor induces VE-cadherin tyrosine phosphorylation in
endothelial cells. J. Cell. Sci. 111(Pt 13): 1853–1865 (1998).

15. Majno, G. & Palade, G. E. Studies on inflammation. 1. The effect of histamine
and serotonin on vascular permeability: an electron microscopic study.
J. Biophys. Biochem. Cytol. 11, 571–605 (1961).

16. Baumeister, U. et al. Association of Csk to VE-cadherin and inhibition of cell
proliferation. EMBO J. 24, 1686–1695 (2005).

17. Dejana, E., Orsenigo, F. & Lampugnani, M. G. The role of adherens junctions
and VE-cadherin in the control of vascular permeability. J. Cell Sci. 121,
2115–2122 (2008).

18. Potter, M. D., Barbero, S. & Cheresh, D. A. Tyrosine phosphorylation of VE-
cadherin prevents binding of p120- and beta-catenin and maintains the cellular
mesenchymal state. J. Biol. Chem. 280, 31906–31912 (2005).

19. Xiao, K. et al. p120-Catenin regulates clathrin-dependent endocytosis of VE-
cadherin. Mol. Biol. Cell 16, 5141–5151 (2005).

20. Lampugnani, M. G. et al. VE-cadherin regulates endothelial actin activating Rac and
increasing membrane association of Tiam. Mol. Biol. Cell 13, 1175–1189 (2002).

21. Lampugnani, M. G. et al. CCM1 regulates vascular-lumen organization by
inducing endothelial polarity. J. Cell Sci. 123, 1073–1080 (2010).

22. Bazzoni, G. & Dejana, E. Endothelial cell-to-cell junctions: molecular
organization and role in vascular homeostasis. Physiol. Rev. 84, 869–901 (2004).

23. Kroll, M. H., Hellums, J. D., McIntire, L. V., Schafer, A. I. & Moake, J. L.
Platelets and shear stress. Blood 88, 1525–1541 (1996).

24. Baffert, F., Le, T., Thurston, G. & McDonald, D. M. Angiopoietin-1 decreases
plasma leakage by reducing number and size of endothelial gaps in venules.
Am. J. Physiol. Heart. Circ. Physiol. 290, H107–H118 (2006).

25. Fuxe, J. et al. Pericyte requirement for anti-leak action of angiopoietin-1 and
vascular remodeling in sustained inflammation. Am. J. Pathol. 178, 2897–2909
(2011).

26. Kaplan, A. P. & Ghebrehiwet, B. The plasma bradykinin-forming pathways
and its interrelationships with complement. Mol. Immunol. 47, 2161–2169
(2010).

27. Augustin, H. G., Koh, G. Y., Thurston, G. & Alitalo, K. Control of vascular
morphogenesis and homeostasis through the angiopoietin-Tie system. Nat. Rev.
Mol. Cell Biol. 10, 165–177 (2009).

28. Cho, C. H. et al. Long-term and sustained COMP-Ang1 induces long-lasting
vascular enlargement and enhanced blood flow. Circ. Res. 97, 86–94 (2005).

29. Thurston, G. et al. Angiopoietin-1 protects the adult vasculature against plasma
leakage. Nat. Med. 6, 460–463 (2000).

30. Rappsilber, J., Ishihama, Y. & Mann, M. Stop and go extraction tips for matrix-
assisted laser desorption/ionization, nanoelectrospray, and LC/MS sample
pretreatment in proteomics. Anal. Chem. 75, 663–670 (2003).

31. Nottebaum, A. F. et al. VE-PTP maintains the endothelial barrier via
plakoglobin and becomes dissociated from VE-cadherin by leukocytes and by
VEGF. J. Exp. Med. 205, 2929–2945 (2008).

32. Gonzalez-Noriega, A., Grubb, J. H., Talkad, V. & Sly, W. S. Chloroquine
inhibits lysosomal enzyme pinocytosis and enhances lysosomal enzyme
secretion by impairing receptor recycling. J. Cell Biol. 85, 839–852 (1980).

33. Xiao, K. et al. Cellular levels of p120 catenin function as a set point for cadherin
expression levels in microvascular endothelial cells. J. Cell Biol. 163, 535–545
(2003).

34. Chiasson, C. M., Wittich, K. B., Vincent, P. A., Faundez, V. & Kowalczyk, A. P.
p120-catenin inhibits VE-cadherin internalization through a Rho-independent
mechanism. Mol. Biol. Cell 20, 1970–1980 (2009).

35. de Beco, S., Gueudry, C., Amblard, F. & Coscoy, S. Endocytosis is required for
E-cadherin redistribution at mature adherens junctions. Proc. Natl Acad. Sci.
USA 106, 7010–7015 (2009).

36. Hong, S., Troyanovsky, R. B. & Troyanovsky, S. M. Spontaneous assembly and
active disassembly balance adherens junction homeostasis. Proc. Natl Acad. Sci.
USA 107, 3528–3533 (2010).

37. Reynolds, A. B. & Carnahan, R. H. Regulation of cadherin stability and
turnover by p120ctn: implications in disease and cancer. Semin. Cell Dev. Biol.
15, 657–663 (2004).

38. Xiao, K., Oas, R. G., Chiasson, C. M. & Kowalczyk, A. P. Role of p120-catenin
in cadherin trafficking. Biochim. Biophys. Acta. 1773, 8–16 (2007).

39. Hatanaka, K., Simons, M. & Murakami, M. Phosphorylation of VE-cadherin
controls endothelial phenotypes via p120-catenin coupling and Rac1 activation.
Am. J. Physiol. Heart Circ. Physiol. 300, H162–H172 (2010).

40. Mazzone, M. et al. Heterozygous deficiency of PHD2 restores tumor
oxygenation and inhibits metastasis via endothelial normalization. Cell 136,
839–851 (2009).

41. Allingham, M. J., van Buul, J. D. & Burridge, K. ICAM-1-mediated, Src- and
Pyk2-dependent vascular endothelial cadherin tyrosine phosphorylation is
required for leukocyte transendothelial migration. J. Immunol. 179, 4053–4064
(2007).

42. Kooistra, M. R., Corada, M., Dejana, E. & Bos, J. L. Epac1 regulates integrity of
endothelial cell junctions through VE-cadherin. FEBS Lett. 579, 4966–4972
(2005).

43. Turowski, P. et al. Phosphorylation of vascular endothelial cadherin controls
lymphocyte emigration. J. Cell Sci. 121, 29–37 (2008).

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/ncomms2199

14 NATURE COMMUNICATIONS | 3:1208 | DOI: 10.1038/ncomms2199 | www.nature.com/naturecommunications

& 2012 Macmillan Publishers Limited. All rights reserved.

http://www.nature.com/naturecommunications


44. Lambeng, N. et al. Vascular endothelial-cadherin tyrosine phosphorylation in
angiogenic and quiescent adult tissues. Circ. Res. 96, 384–391 (2005).

45. Sun, Z. et al. VEGFR2 induces c-Src signaling and vascular permeability in vivo
via the adaptor protein TSAd. J. Exp. Med. 209, 1363–1377 (2012).

46. Adam, A. P., Sharenko, A. L., Pumiglia, K. & Vincent, P. A. Src-induced
tyrosine phosphorylation of VE-cadherin is not sufficient to decrease barrier
function of endothelial monolayers. J. Biol. Chem. 285, 7045–7055 (2010).

47. le Noble, F. et al. Control of arterial branching morphogenesis in
embryogenesis: go with the flow. Cardiovasc. Res. 65, 619–628 (2005).

48. Trindade, A. et al. Overexpression of delta-like 4 induces arterialization and
attenuates vessel formation in developing mouse embryos. Blood 112,
1720–1729 (2008).

49. Tzima, E. et al. A mechanosensory complex that mediates the endothelial cell
response to fluid shear stress. Nature 437, 426–431 (2005).

50. Fujita, Y. et al. Hakai, a c-Cbl-like protein, ubiquitinates and induces
endocytosis of the E-cadherin complex. Nat. Cell Biol. 4, 222–231 (2002).

51. Acconcia, F., Sigismund, S. & Polo, S. Ubiquitin in trafficking: the network at
work. Exp. Cell Res. 315, 1610–1618 (2009).

52. Baumer, S. et al. Vascular endothelial cell-specific phosphotyrosine phosphatase
(VE-PTP) activity is required for blood vessel development. Blood 107,
4754–4762 (2006).

53. Corada, M. et al. A monoclonal antibody to vascular endothelial-cadherin
inhibits tumor angiogenesis without side effects on endothelial permeability.
Blood 100, 905–911 (2002).

54. Corada, M. et al. Monoclonal antibodies directed to different regions of
vascular endothelial cadherin extracellular domain affect adhesion and
clustering of the protein and modulate endothelial permeability. Blood 97,
1679–1684 (2001).

55. Lampugnani, M. G., Orsenigo, F., Gagliani, M. C., Tacchetti, C. & Dejana, E.
Vascular endothelial cadherin controls VEGFR-2 internalization and signaling
from intracellular compartments. J. Cell Biol. 174, 593–604 (2006).

56. Chittenden, T. W. et al. Selective regulation of arterial branching
morphogenesis by synectin. Dev. Cell 10, 783–795 (2006).

57. Taddei, A. et al. Endothelial adherens junctions control tight junctions by
VE-cadherin-mediated upregulation of claudin-5.Nat. Cell Biol. 10, 923–934 (2008).

58. Ferrari, A., Faraci, P., Cecchini, M. & Beltram, F. The effect of alternative
neuronal differentiation pathways on PC12 cell adhesion and neurite alignment
to nanogratings. Biomaterials 31, 2565–2573 (2010).

59. Gosgnach, W., Messika-Zeitoun, D., Gonzalez, W., Philipe, M. & Michel, J. B.
Shear stress induces iNOS expression in cultured smooth muscle cells: role of
oxidative stress. Am. J. Physiol. Cell Physiol. 279, C1880–C1888 (2000).

60. Costes, S. V. et al. Automatic and quantitative measurement of protein-protein
colocalization in live cells. Biophys. J. 86, 3993–4003 (2004).

Acknowledgements
This work was supported in part by Associazione Italiana per la Ricerca sul Cancro, and
‘Special Programme Molecular Clinical Oncology 5� 1000’ to AGIMM (AIRC-Gruppo
Italiano Malattie Mieloproliferative), the European Research Council and the European
Community Networks (EUSTROKE-contract-202213, OPTISTEM-contract-223098,
ANGIOSCAFF-NMP3-LA-2008-214402 Networks; ENDOSTEM-HEALTH-2009-
241440 and JUSTBRAIN-HEALTH-2009-241861; ITN-2012 Vessels), Italian Ministry of
University and Research, Cariplo Foundation, Fondation Leducq Transatlantic Network
of Excellence. NIH grants HL24136 and HL59157 from the National Heart, Lung, and
Blood Institute and AngelWorks Foundation (D.McD.). We thank Dr R Latini (Mario
Negri Inst, Milan, Italy) for assistance in arterio/venous bypass implantation and
Dr A Lanahan (Yale University, Newhaven, US) for the protocol to culture arterial and
venous endothelium.

Author contributions
F.O. and C.G. designed and performed the research, analysed the data and participated in
writing and reviewing the manuscript. A.F. and D.F. carried out the in vitro shear
stress experiments. M.C. performed the research and reviewed the manuscript. A.G.
contributed to the antibodies characterization in vitro. S.S. provided expertise in protein
ubiquitination and reagents. G.R. performed the carotid artery-to-jugular vein bypass
experiment. L.M. provided expertise on FRAP technique. G.Y.K. provided COMP-Ang-
1-expressing adenovirus. V.K. and D.P. provided expertise in shear stress apparatus. P.B.
and D.McD. contributed to the in vivo staining and provided critical comments to the
manuscript. M.G.L. designed the research and provided critical comments to the
manuscript. E.D. directed and designed the research, analysed the data and wrote the
manuscript.

Additional information
Supplementary Information accompanies this paper at http://www.nature.com/
naturecommunications

Competing financial interests: The authors declare no competing financial interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

How to cite this article: Orsenigo, F. et al. Phosphorylation of VE-cadherin is modulated
by hemodynamic forces and contributes to the regulation of vascular permeability
in vivo. Nat. Commun. 3:1208 doi: 10.1038/ncomms2199 (2012).

License: This work is licensed under a Creative Commons Attribution-NonCommercial-
No Derivative Works 3.0 Unported License. To view a copy of this license, visit
http://creativecommons.org/licenses/by-nc-nd/3.0/

NATURE COMMUNICATIONS | DOI: 10.1038/ncomms2199 ARTICLE

NATURE COMMUNICATIONS | 3:1208 | DOI: 10.1038/ncomms2199 |www.nature.com/naturecommunications 15

& 2012 Macmillan Publishers Limited. All rights reserved.

http://www.nature.com/naturecommunications
http://www.nature.com/naturecommunications
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://www.nature.com/naturecommunications

	Phosphorylation of VE-cadherin is modulated by haemodynamic forces and contributes to the regulation of vascular permeability in vivo
	Introduction
	Results
	Development of antibodies against phosphorylated VEC
	Constitutive VEC phosphorylation in veins
	Hemodynamic conditions modulate VEC phosphorylation
	Src activation is required for shear-induced pYVEC
	Detection of pYVEC is decreased by inflammatory mediators
	pYVEC is internalized upon bradykinin treatment
	VEC is ubiquitinated after bradykinin treatment

	Discussion
	Methods
	Animals and in vivo treatments
	Antibodies
	Cells and in vitro treatments
	Constructs
	Flow experiments
	Fluorescence recovery after photobleaching
	Immunofluorescence
	Immunoprecipitation and western blotting
	Internalization assay
	Gelatine–glutaraldehyde crosslinking
	Paracellular flux tracer analysis
	Study approval

	Additional information
	Acknowledgements
	References




