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Endothelial adherens junctions control tight junctions 
by VE-cadherin-mediated upregulation of claudin-5
Andrea Taddei1, Costanza Giampietro1, Annarita Conti1, Fabrizio Orsenigo1, Ferruccio Breviario2,  
Valentina Pirazzoli1, Michael Potente3, Christopher Daly4, Stefanie Dimmeler3 and Elisabetta Dejana1,2,5,6

Intercellular junctions mediate adhesion and communication between adjoining cells. Although formed by different molecules, 
tight junctions (TJs) and adherens junctions (AJs) are functionally and structurally linked, but the signalling pathways behind this 
interaction are unknown. Here we describe a cell-specific mechanism of crosstalk between these two types of structure. We show 
that endothelial VE-cadherin at AJs upregulates the gene encoding the TJ adhesive protein claudin-5. This effect requires the 
release of the inhibitory activity of forkhead box factor FoxO1 and the Tcf-4–β-catenin transcriptional repressor complex. Vascular 
endothelial (VE)-cadherin acts by inducing the phosphorylation of FoxO1 through Akt activation and by limiting the translocation 
of β-catenin to the nucleus. These results offer a molecular basis for the link between AJs and TJs and explain why VE-cadherin 
inhibition may cause a marked increase in permeability.

Endothelial cells (ECs) act as gatekeepers, controlling the infiltration of 
blood proteins and cells into the vessel wall. This unique characteristic is 
largely exerted by the coordinated opening and closure of cell–cell junc-
tions1. Cell–cell junctions can also act as signalling structures that com-
municate cell position, limit growth and apoptosis and, in general, regulate 
vascular homeostasis1,2. Any change in junction organization might there-
fore result in complex consequences that compromise endothelial reactions 
with blood elements or modify the normal architecture of the vessel wall.

At both TJs and AJs, adhesion is mediated by transmembrane pro-
teins that promote homophilic interactions and are linked inside the 
cells to specific intracellular partners that mediate their anchorage to 
the actin cytoskeleton. At AJs, adhesion is mediated by cadherins1,2; at 
TJs it is mediated by members of the claudin family3. ECs express cell-
type-specific transmembrane adhesion proteins such as VE-cadherin at 
AJs1 and claudin-5 at TJs4.

Many reports have suggested that AJs and TJs are interconnected 
and that AJs influence TJ organization. Temporally, AJs precede TJs at 
intercellular contacts, and some TJ components such as ZO-1 and ZO-2 
have been implicated in the crosstalk between these two junctional struc-
tures5. In addition, the nectin–afadin system participates in epithelial 
morphogenesis, cooperating with TJs and AJs6.

In some, but not all, cell systems7, blocking AJs inhibits the correct 
organization of TJs8. However, despite this indirect evidence, the molec-
ular basis of AJ and TJ crosstalk is still unknown.

In ECs, there is a requirement for AJs (more specifically, VE-cadherin)  
for correct vascular development in the embryo. Genetic inactivation of 

VE-cadherin causes early embryo lethality at 9.5–10.0 days post coitum 
as a result of a lack of vascular remodelling9. In the adult, VE-cadherin-
blocking antibodies induce a marked increase in vascular permeability10. 
Thus, VE-cadherin expression and organization at AJs is a crucial deter-
minant for vascular stabilization.

Besides its adhesive properties, VE-cadherin acts by transferring intra-
cellular signals. It can do this directly by engaging signalling proteins 
such as phosphatidylinositol-3-OH kinase (PI(3)K) or growth factor 
receptors, or indirectly by tethering and retaining transcription factors 
at the cell membrane such as β-catenin or p120ctn and thereby limiting 
their translocation to the nucleus11,12.

Here we describe a pathway through which VE-cadherin controls TJ 
organization. We found that VE-cadherin expression and clustering at 
junctions is required for the transcriptional upregulation of claudin-5. 
This effect is due to the inactivation of the forkhead box factor FoxO1 
and β-catenin, which, through binding to the claudin-5 promoter, inhibit 
transcription. VE-cadherin exerts a double effect: it inhibits FoxO1 by 
triggering PI(3)K activity and limits the translocation of β-catenin to the 
nucleus. This molecular mechanism releases claudin-5 inhibition and 
allows its robust transcription.

RESULTS
VE-cadherin expression and clustering upregulate claudin-5
To identify genes regulated by VE-cadherin expression, we compared a 
mouse VE-cadherin-null cell line (VEC-null) with the same line reconsti-
tuted with VE-cadherin wild-type cDNA (VEC-positive). The morphological 
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and functional properties of these cell lines were described previously13. By 
Affymetrix gene expression analysis we found that, among the genes upregu-
lated by VE-cadherin, claudin-5 reached remarkably high levels (Fig. 1a). 
Full claudin-5 upregulation required not only VE-cadherin expression but 
also cell confluence (Fig. 1a, compare VEC-positive in sparse or conflu-
ent conditions), suggesting that clustering of VE-cadherin at junctions was 

needed. Data were validated by quantitative real-time PCR (qRT-PCR; 
Fig. 1b), western blot analysis (Fig. 1c) and immunofluorescence (Fig. 1d).

Comparable results were obtained by using another EC line (e-VE-
null) reconstituted, as above, with VE-cadherin cDNA (e-VE-positive) 
(Fig. 1e, f ), and adult ECs from mouse lung in sparse and confluent 
conditions (Fig. 1g).
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Figure 1 Claudin-5 is upregulated by VE-cadherin expression and clustering. 
(a) Graphical summary of Affymetrix analysis of genes upregulated in 
confluent VEC-positive cells. The red line refers to claudin-5 gene expression. 
(b) Quantitative RT-PCR analysis of claudin-5 expression in sparse (sp) and 
confluent (con) VEC-null and VEC-positive cells (n = 6). (c) Western blot 
analysis of claudin-5 in extracts of VEC-null and VEC-positive cells in sparse 
(sp) and confluent (con) conditions. Uncropped images of blots are shown 
in Supplementary Information, Fig. S7. (d) Immunofluorescence microscopy 
of VEC-null and VEC-positive cells in sparse and confluent conditions. Cells 
were double stained with anti-claudin-5 (red) and anti-VE-cadherin (green) 
antibodies. Junctional claudin-5 was detected only in confluent VEC-positive 

cells. Scale bar, 10 µm. (e) Quantitative RT-PCR analysis of claudin-5 
expression in sparse (sp) and confluent (con) e-VE-null and VEC-positive 
cells. (f) Western blot analysis of claudin-5 expression in extracts of e-VE-null 
and VEC-positive cells in the confluent condition. (g) Quantitative RT-PCR 
analysis of claudin-5 expression in sparse (sp) and confluent (con) murine 
ECs derived from adult lung. (h) Quantitative RT-PCR analysis of claudin-5 
expression in confluent VEC-null, VEC-positive and IL2-VEC cells. In b, e, g 
and h the levels of mRNA are normalized to 18S; columns are means ± s.e.m. 
of triplicates from a representative experiment. In e, g and h, n = 3. The 
experiments reported in c, d and f were performed at least three times with 
comparable results.
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The need for VE-cadherin clustering to induce claudin-5 upregulation 
was confirmed by expressing, in confluent VEC-null cells, a mutated ver-
sion of VE-cadherin (IL2-VEC cells) made up of the VE-cadherin cyto-
plasmic domain fused to the extracellular and transmembrane domains 
of the interleukin-2 receptor α-chain. This VE-cadherin mutant is unable 
to cluster at junctions, although it still retains the capacity to associate 
with VE-cadherin cytoplasmic partners14,15. Confluent IL2-VEC cells 
proved unable to upregulate claudin-5 (Fig. 1h), confirming the require-
ment for VE-cadherin clustering for claudin-5 upregulation.

Upregulation of claudin-5 by VE-cadherin was also evident ex vivo 
in freshly isolated allantois organ culture16 (Fig. 2a). Wild-type allan-
toises developed a well-defined network of vessels in which claudin-5 
was highly expressed at cell contacts (Fig. 2a, lower left panel, arrow-
heads). Conversely, VE-cadherin-null allantoises had less organized 

vessels and a very low expression of claudin-5 (Fig. 2a, lower right 
panel, arrowheads, and Fig. 2b).

VE-cadherin controls vascular permeability in vitro and in vivo9,10,17. 
This effect was abrogated by mouse claudin-5 knockdown in vitro and was 
rescued by expressing human claudin-5 (h-claudin-5; Fig. 2c). Moreover, 
we observed an inverse relationship between the level of claudin-5 protein 
expression (Fig. 2d) and the permeability of the EC layer. VEC-positive 
h-claudin-5 short interfering RNA (siRNA) no. 1 cells expressed lower 
levels of total claudin-5 protein, probably because of some interfer-
ence of siRNA no. 1 with h-claudin-5 (see the weaker Flag-tag signal in 
Fig. 2d) and showed a less complete rescue of the permeability phenotype. 
Knockdown of claudin-5 did not grossly alter the junctional localization 
of VE-cadherin (Supplementary Information, Fig. S1), supporting the 
idea of a specific role of this protein in permeability control.
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Figure 2 Claudin-5 upregulation by VE-cadherin in mouse allantoises 
and its role in the control of endothelial permeability. (a) Allantois organ 
culture assay. Allantoises obtained from VE-cadherin+/+ and VE-cadherin−/− 
mice were cultured ex vivo for 48 h and then stained with anti-claudin-5 
(red) and anti-PECAM (green) antibodies. Arrowheads point to claudin-5 
distribution (note the junctional localization in VE-cadherin+/+ allantoises 
and the dot-like distribution in VE-cadherin−/− allantoises). Scale bars, 
100 µm (upper panels) and 10 µm (lower panels). (b) Quantification 
of claudin-5 fluorescence signal in VE-cadherin+/+ and VE-cadherin−/− 
allantoises from confocal microscopy images performed with ImageJ 1.33. 
Data are means ± average deviation (a.d.; t-test: *P < 0.01, t-test). (c) 
Paracellular tracer flux assay. VEC-positive cells were first infected with 
retroviral vectors to stably overexpress GFP or Flag-tagged h-claudin-5, 
then transfected either with control non-targeting siRNA (ctr siRNA) 
or two different anti-mouse claudin-5 siRNAs (siRNA no. 1 and siRNA 

no. 2). Permeability to FITC-dextran (38 kDa) was assayed. Data are 
means ± s.e.m. of triplicates from a representative experiment out of three 
performed. At all time values from 30 min onwards, VEC-positive GFP, 
VEC-positive GFP ctr siRNA, VEC-positive h-claudin-5 siRNA no. 1 and 
VEC-positive h-claudin-5 siRNA no. 2 were statistically lower than VEC-
null (analysis of variance and Dunnet test: P < 0.01–0.05). (d) Western 
blot (WB) analysis of total claudin-5 protein and Flag-tagged h-claudin-5 
expression in extracts of VEC-null and VEC-positive cells overexpressing 
GFP or h-claudin-5 and transfected either with ctr siRNA or with siRNA no. 
1 and siRNA no. 2. Knockdown of claudin-5 in VEC-positive GFP siRNA no. 
1 and siRNA no. 2 cells is shown. Note the weaker Flag-tag signal in VEC-
positive h-claudin-5 siRNA no. 1 cells, probably due to the interference 
of siRNA no. 1 with the overexpressed h-claudin-5. Vinculin is shown as 
loading control. Retro, retroviral delivery. The experiments reported in these 
figure were performed at least three times with comparable results.
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The effect of VE-cadherin seems to be specific for claudin-5 because by 
Affymetrix, immunofluorescence, qRT-PCR and western blot analysis the 
expression of other TJ constituents, including both transmembrane pro-
teins (JAM A, B and C, claudin-3 and claudin-12) and intracellular partners 
(cingulin, ZO-1), was not significantly modified by VE-cadherin expres-
sion (Supplementary Information, Fig. S2a, b, and data not shown).

VE-cadherin clustering inhibits FoxO1 through the activation of 
the PI(3)K–Akt pathway
We next aimed at identifying the pathway through which VE-cadherin 
expression and clustering regulate claudin-5. In a microarray gene expres-
sion screening, claudin-5 was found to be one of the genes downregulated 
by a constitutively active form of the transcription factor FoxO1 (ref. 18). 
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Figure 3 VE-cadherin activates the PI(3)K–Akt pathway and induces 
FoxO1 phosphorylation. (a) Western blot analysis of FoxO1, FoxO3a and 
FoxO4 in total cell lysates of confluent VEC-null and VEC-positive cells. 
The experiment was performed three times with comparable results. (b) 
Akt and FoxO1 phosphorylation (p-Akt Thr 308 and p-FoxO1 Ser 256 and 
Thr 24, respectively) in confluent VEC-null and VEC-positive cells. Cells 
were grown to confluence and then starved for 72 h. Total cell lysates were 
analysed by western blotting for phosphorylated and total Akt and FoxO1 
expression by using specific antibodies. The graphs represent the western 
blot quantification. Columns are means ± s.e.m. of five independent 
experiments. Uncropped images of blots are shown in Supplementary 
Information, Fig. S7. In a and b tubulin was used as a loading control. 
(c) Nuclear/cytoplasmic distribution of FoxO1 in confluent VEC-null and 
VEC-positive cells. On VE-cadherin expression, FoxO1 shifted from a 

preferentially nuclear to a preferentially cytoplasmic localization. A strong 
FoxO1 phosphorylation at Thr 24 was detected only in the cytoplasmic 
fraction of VEC-positive cells, which is consistent with nuclear exclusion. 
Columns are means ± s.e.m. of three independent experiments. Tubulin 
and NP 95 were used as cytoplasmic and nuclear markers, respectively. 
Uncropped images of blots are shown in Supplementary Information, 
Fig. S7. (d) FoxO transcriptional activity. VE-cadherin expression 
determined a significant decrease in FoxO transcriptional activity, 
as measured by the luciferase reporter 6×DBE-luc vector. (e) FoxO 
transcriptional activity. The pSODLUC/pSODLUC-mut luciferase reporter 
system confirmed the results shown in d. The activity of the pSODLUC-mut 
control did not vary on VE-cadherin expression and clustering. In d and e 
data are means ± s.e.m. of six replicates from a representative experiment 
of three performed (*P < 0.01, t-test).

926 � nature cell biology  volume 10 | number 8 | AUGUST 2008

© 2008 Macmillan Publishers Limited.  All rights reserved. 

 



A RT I C L E S

FoxO1 is phosphorylated and inactivated by PI(3)K–Akt19, a pathway also 
triggered by VE-cadherin clustering9. We therefore examined whether 
VE-cadherin might upregulate claudin-5 by inactivating FoxO1.

Consistently with other ECs20, among the members of the FoxO 
subgroup (FoxO1, 3a and 4) the EC lines used here express FoxO1 

preferentially (Fig. 3a and Supplementary Information, Fig. S3a). 
Immunoblotting analysis showed that VE-cadherin expression led to 
a ninefold increase in Akt phosphorylation (Fig. 3b). The robust acti-
vation of the Akt pathway was accompanied by FoxO1 phosphoryla-
tion at Ser 256, which blocks its binding to DNA, and at Thr 24, which 
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Figure 4 FoxO1 is a repressor of claudin-5 expression. (a) RT-PCR analysis 
of claudin-5 on inhibition of PI(3)K. Cells were grown to 90% confluence, 
starved for 24 h and incubated overnight in complete medium with the PI(3)
K inhibitor LY 294002 (10 µM). Inset: western blot analysis of p-FoxO1 
Ser 256 and total FoxO1. (b) Quantitative RT-PCR analysis of claudin-5 on 
inhibition of Akt. Cells were cultured as described in a and then incubated 
for 8 h in complete medium with the Akt inhibitor (10 µM). Inset: no 
alteration of VE-cadherin protein expression was observed on treatment with 
Akt inhibitor. (c) Quantitative RT-PCR analysis of claudin-5 expression on 
overexpression of DNAkt1. VEC-positive cells were infected either with a 
control GFP retroviral vector or with a bicistronic one coding for both DNAkt1 
and GFP (see Supplementary Information, Fig. S5d). Cells were grown to 
confluence, starved for 24 h and assayed for claudin-5 expression. In a and 
b the levels of mRNA are normalized to 18S, and in c to β2-microglobulin; 
columns are means ± s.e.m. of triplicates from a representative experiment 
out of at least three performed (*P < 0.05, **P < 0.01, t-test). (d) 

Expression of claudin-5 after infection with FKHR-TM adenoviral vector. To 
limit the pro-apoptotic effect of FKHR-TM, cells were cultured after infection 
in the presence of the pan-caspase inhibitor zVAD-fmk (50 µM). RT-PCR was 
performed 48 and 72 h after infection. The levels of mRNA are normalized to 
GAPDH, columns are means ± s.e.m. of triplicates from a typical experiment 
(n = 3;  **P < 0.01, t-test). (e) Paracellular tracer flux assay. Permeability 
to FITC-dextran (38 kDa) was assayed 72 h after adenoviral infection. Data 
are means ± s.e.m. of triplicates from a representative experiment (n = 2). 
(f) Protein expression of VE-cadherin, FKHR-TM (Myc-tag) and claudin-5 
in confluent VEC-positive cells 48 and 72 h after infection with adenoviral 
vectors. Adeno, adenoviral delivery. (g) Immunofluorescence analysis of 
claudin-5 (red) and FKHR-TM (Myc-tag) (green) in confluent VEC-positive 
cells 72 h after infection, performed on Transwell Permeable Support 
membranes of e. Arrowheads point to cells positive for nuclear FKHR-TM 
expression. None of these cells showed junctional claudin-5. Scale bar, 
10 µm. In f and g n = 3.
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promotes its exclusion from the nucleus19,21,22 (Fig. 3b, c). Consistently, 
in confluent VEC-null cells FoxO1 was preferentially localized in the 
nucleus, whereas in the presence of VE-cadherin it was shifted to the 
cytoplasmic fraction (Fig. 3c). A strong Thr 24 phosphorylation of 
FoxO1 was detected only in the cytosolic fraction of confluent VEC-
positive cells (Fig. 3c). Consistently, the activation of Akt and phospho-
rylation of FoxO1 induced by VE-cadherin expression was also much 
higher in confluent cells than in sparse cells (Supplementary Information, 
Fig. S3b). Transfection of FoxO reporter plasmids (6×DBE-luc or pSOD-
LUC) in confluent VEC-positive and VEC-null cells revealed a signifi-
cant decrease in luciferase expression in VEC-positive ECs (Fig. 3d, e). 
These reporter plasmids proved sensitive to endogenous FoxO1 because 
the knockdown of the transcription factor led to a consistent decrease in 
their reporter activity (Supplementary Information, Fig. S3c–e).

Consistently with the observed regulation of FoxO1 activity, the expres-
sion of several FoxO1-upregulated target genes (Bcl-2-interacting mediator 

of cell death (bim)23, vascular cell adhesion molecule 1 (VCAM1)24, vascular 
endothelial growth factor (VEGF)-receptor 1 (ref. 18) and sprouty2 (ref. 24)) 
was significantly higher in confluent VEC-null cells than in VEC-positive 
cells (Supplementary Information, Fig. S2c).

It has been reported that ECs are able to express VEGF-A endog-
enously25. Given the association of VE-cadherin with VEGF-receptor 
2 in confluent VEC-positive cells9, we checked whether activation of 
Akt by VE-cadherin clustering was due to changes in VEGF signal-
ling. Confluent VEC-positive cells were treated with DC101 antibody26, 
which prevents VEGF-receptor 2 stimulation by binding to the growth-
factor-binding pocket (Supplementary Information, Fig. S4a, b) or with 
sunitinib malate (SU11248), a chemical inhibiting VEGF-receptor 2 
tyrosine kinase activity27 (Supplementary Information, Fig. S4c, d). 
No changes in Akt phosphorylation and claudin-5 expression were 
observed. We conclude that the activation of the Akt pathway induced 
by VE-cadherin clustering is independent of VEGF signalling.
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Figure 5 VEC-null cells present higher nuclear β-catenin localization, 
signalling and association with FoxO1. (a) Nuclear/cytoplasmic fractionation 
of confluent VEC-null and VEC-positive cells. The nuclear localization 
of β-catenin was decreased twofold in VEC-positive cells. Columns are 
means ± s.e.m. of three independent experiments. Tubulin was used as a 
cytoplasmic marker, NP 95 as a nuclear marker. Uncropped images of blots 
are shown in Supplementary Information, Fig. S7. (b) Immunofluorescence 
analysis of VE-cadherin (red) and β-catenin (green) expression and 
localization in confluent VEC-null and VEC-positive cells. Cells were grown 
to confluence and then starved overnight in the presence of LiCl (60 mM) 
to stabilize endogenous β-catenin, and in the presence of leptomycin B (10 
ng ml−1) to prevent the exit of β-catenin from the nucleus to the cytoplasm. 
VE-cadherin expression and clustering determined a redistribution of 
β-catenin from the nucleus to the plasma membrane. Scale bar, 5 µm. 

(c) Tcf–β-catenin transcriptional activity. The activity was determined by 
transfecting sparse/confluent VEC-null and VEC-positive cells with TOP/FOP 
constructs. Columns are means ± average deviation (a.d.) of triplicates from a 
representative experiment of three performed (t-test: *P < 0.05; **P < 0.01). 
(d) Association of β-catenin and Tcf-4 with FoxO1. Co-immunoprecipitation 
(IP) and western blot (WB) of endogenous β-catenin, Tcf-4 and FoxO1 from 
nuclear extracts of confluent VEC-null and VEC-positive cells. TL, total cell 
lysate. Uncropped images of blots are shown in Supplementary Information, 
Fig. S7. (e) Immunofluorescence analysis of FoxO1 (red) and β-catenin 
(green) expression and localization in confluent VEC-null and VEC-positive 
cells. Cells were cultured as described for b. VE-cadherin expression and 
clustering caused β-catenin redistribution to the plasma membrane and a 
decrease in FoxO1 nuclear localization. Scale bar, 5 µm. The experiments in 
b, d and e were performed at least twice with comparable results.
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Thus, VE-cadherin expression and clustering activate the Akt pathway, 
which in turn induces the phosphorylation of FoxO1 and the inhibition 
of its transcriptional activity.

VE-cadherin clustering induces claudin-5 upregulation through 
inhibition of FoxO1 transcriptional activity
We then investigated whether FoxO1 is a transcriptional repressor of clau-
din-5. First, to increase the transcriptional activity of endogenous FoxO1, 

we treated VEC-positive ECs with the PI(3)K inhibitor LY 294002. As a 
consequence of the decreased phosphorylation of FoxO1 (Fig. 4a inset), 
we observed a significant downregulation of claudin-5 expression (Fig. 4a), 
although AJ organization was not affected (Supplementary Information, 
Fig. S5a). Similar results were obtained by treating the cells with an Akt 
inhibitor (Fig. 4b and Supplementary Information, Fig. S5b). The over-
expression of a dominant-negative form of Akt1 (DNAkt1)28 (Fig. 4c), 
the major Akt isoform expressed in ECs, as well as siRNA-mediated Akt1 
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Figure 6 β-Catenin association enhances FoxO1 repressor activity on 
claudin-5 expression. (a) Quantitative RT-PCR analysis of claudin-5 
expression after cell treatment with LiCl. Endogenous β-catenin in confluent 
VEC-positive cells was stabilized by overnight treatment with LiCl (60 mM). 
NaCl (60 mM) was used as a control for non-specific osmotic effects.  
(b) Immunofluorescence analysis of confluent VEC-null, VEC-positive and 
∆-βcat cells stained with anti-claudin-5 (red, left panels) and anti-β-catenin 
(green, right panels) antibodies. Scale bars, 10 µm (left panels) and 5 µm 
(right panels). (c) Quantitative RT-PCR of claudin-5 expression performed on 
confluent VEC-null, VEC-positive and ∆-βcat cells. (d) Effect of ∆N-βcatenin 
mutant on claudin-5 expression. VEC-positive cells were infected with 
∆N-βcatenin (upper panel) or control GFP lentiviral vectors, grown to 
confluence, and claudin-5 expression was evaluated by quantitative RT-
PCR (left panel) and immunofluorescence analysis (right panel). Scale bar, 

10 µm. (e) Lack of effect of LEF∆N-βCTA mutant on claudin-5 expression. 
VEC-positive cells were infected with LEF∆N-βCTA (upper panel) or control 
GFP lentiviral vectors and grown to confluence; claudin-5 expression was 
evaluated by quantitative RT-PCR (left panel) and immunofluorescence 
analysis (right panel). Scale bar, 10 µm. In all RT-PCR analyses reported 
in the figure, the levels of mRNA are normalized to 18S; columns are 
means ± s.e.m. of triplicates from a typical experiment of three performed 
(*P < 0.05, **P < 0.01, t-test). (f) Association of endogenous FoxO1 with 
∆N-βcatenin but not with LEF∆N-βCTA. Co-immunoprecipitation between 
endogenous FoxO1 and ∆N-βcatenin or LEF∆N-βCTA mutants from nuclear 
extracts of confluent VEC-positive cells infected with β-catenin mutants or 
control GFP lentiviral vectors. TL, total cell lysate; Lenti, lentiviral delivery. 
The experiment was performed three times with comparable results. 
Uncropped images of blots are shown in Supplementary Information, Fig. S7.
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knockdown (Supplementary Information, Fig. S5c) led to a significant 
decrease in claudin-5 expression.

Next, we infected confluent VEC-positive cells with adenoviruses 
encoding either green fluorescent protein (GFP) or a constitutively 
active form of FoxO1 (FKHR-TM or triple mutant) in which the three 

Akt-phosphorylation sites (Ser 256, Thr 24 and Ser 319) were changed 
to alanine to prevent inhibition by the Akt pathway18. Expression of 
FKHR-TM led to a strong downregulation of claudin-5 at both the mRNA 
level and the protein level (Fig. 4d, f). Cell infection with this construct 
was higher than 50%, and, by immunofluorescence, cells positive for 
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Figure 7 FoxO1 and β-catenin bind to claudin-5 promoter region. (a) ChIP 
assay of the putative promoter region of the claudin-5 gene (upper panel). To 
check for FoxO1 binding to DNA, confluent VEC-null cells were infected with 
Myc-tagged FKHR-TM adenoviral vector. At 24 h after infection, FKHR-TM-
bound chromatin was immunoprecipitated (IP) with anti-Myc-tag antibody. For 
β-catenin, chromatin from confluent VEC-null cells was immunoprecipitated 
with anti-β-catenin antibody (lower panel). Confluent uninfected VEC-null and 
confluent β-catenin (β−/−) cells were used as negative controls for FoxO1 and 
β-catenin ChIP, respectively. Primers for the claudin-5 CDS were used as a 
negative control to exclude non-specific precipitated DNA. T, Tcf–β-catenin-
binding site; F, FoxO binding site; CDS, coding sequence. (b) Quantitative 

RT-PCR for Region 1 performed on endogenous FoxO1- and β-catenin-bound 
chromatin immunoprecipitated from confluent VEC-null and VEC-positive 
cells. (c) Quantitative RT-PCR for Regions 1 and 3 performed on endogenous 
FoxO1- and β-catenin-bound chromatin immunoprecipitated from confluent 
VEC-null cells. (d) Quantitative RT-PCR for Region 1. Confluent VEC-null 
cells were infected with control GFP or TCF4-DN adenoviral vectors and 
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levels of DNA are normalized to input, columns are means ± s.d. of triplicates 
from a representative experiment (n = 3; *P < 0.05, t-test).

930 � nature cell biology  volume 10 | number 8 | AUGUST 2008

© 2008 Macmillan Publishers Limited.  All rights reserved. 

 



A RT I C L E S

FKHR-TM were invariably negative for claudin-5 (Fig. 4g, arrowheads). 
As a consequence of claudin-5 downregulation, the permeability of VEC-
positive FKHR-TM cells was strongly increased (Fig. 4e). We conclude 
that FoxO1 is a transcriptional repressor of the claudin-5 gene in ECs.

β-Catenin binds FoxO1 and increases its repressor activity
A recent study reported an evolutionarily conserved functional interac-
tion between FoxO transcription factors and β-catenin. This association 
leads to an increase in FoxO transcriptional activity29.

We therefore tested whether β-catenin might contribute to VE-cadherin-
mediated claudin-5 regulation. It was proposed that VE-cadherin, by 
recruiting β-catenin at the plasma membrane, might control its nuclear 
translocation and transcriptional activity21,30. To assess this possibility 
in our system, we compared VEC-positive and VEC-null cells for the 
nuclear localization and transcriptional signalling of β-catenin.  We found 
that nuclear β-catenin levels in confluent VEC-null cells were double 
those in VEC-positive cells (Fig. 5a). Immunofluorescence analysis 
clearly showed a redistribution of β-catenin from the nucleus to the 
plasma membrane on VE-cadherin expression and clustering (Fig. 5b). 
Consistently, β-catenin transcriptional activity, detected by a Tcf luciferase 
reporter, was significantly lower in confluent VEC-positive cells than in 
VEC-null or sparse cells (Fig. 5c).

We then checked whether β-catenin could associate with FoxO1. 
Co-immunoprecipitation from nuclear extracts showed that β-catenin and 
Tcf-4 associate with FoxO1 and that the complex was much more abundant 
in VEC-null cells than in VEC-positive cells (Fig. 5d). Immunofluorescence 
staining showed a higher nuclear level of FoxO1 and nuclear localization of 
β-catenin in VEC-null cells (Fig. 5e), which is consistent with the observed 
greater association between these two molecules.

To assess the role of β-catenin in claudin-5 downregulation, we 
stabilized β-catenin by treating confluent VEC-positive cells with the 
glycogen synthase kinase 3β (GSK3β) inhibitor LiCl. Under these 
conditions claudin-5 expression was significantly decreased (Fig. 6a). 
Comparable data were obtained by the lentivirus-mediated expression 
of ∆N-βcatenin, a stabilized form of the molecule lacking the GSK3β 
phosphorylation site (see below, Fig. 6d).

Furthermore, the role of VE-cadherin in recruiting β-catenin at the 
membrane was assessed by reconstituting VEC-null cells with a trun-
cated mutant of VE-cadherin lacking the β-catenin-binding domain 
(∆-βcat)13. In these cells, VE-cadherin was unable to sequester β-catenin 
at the membrane and to increase claudin-5 expression (Fig. 6b, c).

Taken together, these findings favour the notion that nuclear β-catenin 
contributes to claudin-5 downregulation. However, it was not clear whether 
this effect required the direct interaction of β-catenin with FoxO1. To clar-
ify this point we infected VEC-positive cells with lentiviral vectors coding 
for the LEF∆N-βCTA mutant31, consisting of the DNA-binding region of 
LEF1 fused to the transactivation domain of β-catenin, and ∆N-βcatenin, 
a stabilized form of the molecule lacking the GSK3β phosphorylation site. 
Both mutants have transcriptional activity, but only ∆N-βcatenin expresses 
the armadillo repeats and is able to interact with FoxO1 as reported in 
Fig. 6f. Only ∆N-βcatenin-infected VEC-positive cells showed a down-
regulation of claudin-5, whereas no effect was observed on the expression 
of LEF∆N-βCTA (Fig. 6d, e). We conclude that the regulation of claudin-5 
expression requires a direct interaction between β-catenin and FoxO1.

Using the 6×DBE-luc reporter plasmid20 we analysed FoxO1 transcrip-
tional activity in confluent VEC-positive cells expressing LEF∆N-βCTA 

and ∆N-βcatenin mutants. The reporter plasmid contains six FoxO-binding 
sites but no sites for the binding of Tcf–β-catenin. No change in FoxO1 
activity was detected in the presence of β-catenin mutants (Supplementary 
Information, Fig. S6). Thus, the binding of both Tcf–β-catenin and FoxO1 
to DNA is required for their cooperative action to occur. These data also 
exclude the possibility that Tcf–β-catenin exerts an indirect effect on FoxO1 
activity or stability, independent of interaction with DNA.

β-Catenin and FoxO1 bind the claudin-5 promoter region at two 
adjacent sites
A thorough characterization of the claudin-5 promoter region has not yet 
been reported. We examined the 6,000 base pairs (bp) upstream of the start-
ing codon of the claudin-5 coding sequence (CDS) and we identified four 
pairs of putative FoxO- and Tcf–β-catenin-binding sites localized in three 
different regions: Region 1, position −2,906/−2,871; Region 2, position 
−2,317/−2,287; Region 3, position −1,103/−1,008 (Fig. 7a, upper panel).
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By chromatin immunoprecipitation (ChIP), we checked for interac-
tion of FoxO1 and Tcf–β-catenin with these sequences. In VEC-null 
cells, FoxO1 (FKHR-TM) could bind Regions 1 and 3, whereas Tcf–β-
catenin was present only at Region 1 (Fig. 7a, lower panel). No binding 
of either FoxO1 or Tcf–β-catenin was found at the level of Region 2. 
Region 1 therefore seems to be the site at which the interaction between 
FoxO1 and Tcf–β-catenin takes place.

Quantitative ChIP revealed that FoxO1 and Tcf–β-catenin strongly bind 
Region 1 of the claudin-5 promoter only in VEC-null cells and not in VEC-
positive cells (Fig. 7b). Thus, low expression of the claudin-5 gene correlates 
with high binding of FoxO1 and β-catenin to its 5´ regulatory region.

β-Catenin may increase FoxO1 activity by stabilizing its binding to 
DNA. To test this possibility, we analysed the strength of FoxO1 bind-
ing to Regions 1 and 3 in confluent VEC-null cells. As reported above, 
both FoxO1 and β-catenin bind Region 1, whereas only FoxO1 binds 
Region 3 (Fig. 7a). Quantitative ChIP assay showed that FoxO1 binds 
Region 1 much more strongly than it does Region 3 (Fig. 7c). The bind-
ing of β-catenin to region 1 turned out to be dependent on Tcf binding. 
The overexpression of a dominant-negative form of Tcf-4 (TCF4-DN)32, 
comprising the DNA-binding domain but lacking the β-catenin-binding 
region, abolished β-catenin binding to Region 1 and weakened FoxO1 
binding, further confirming the stabilizing role of β-catenin (Fig. 7d).

Taken together, these data are consistent with the idea that β-catenin 
and FoxO1 act in concert to repress claudin-5 transcription and suggest 
that the presence of β-catenin in the complex stabilizes the interaction 
of FoxO1 with the claudin-5 promoter (Fig. 8a, b).

DISCUSSION
Here we report, for several cellular and organ systems, that VE-cadherin 
expression and clustering is required for claudin-5 upregulation. These two 
junctional proteins are strictly endothelium-specific14; a direct and cell-
specific relationship between AJ and TJ constituents therefore exists.

The positive relationship between VE-cadherin and claudin-5 may 
have important functional consequences. Claudins are a multigene fam-
ily of at least 24 members, each of which has a specific tissue expression 
pattern3,33. They are integral membrane proteins with four-membrane-
spanning regions, two extracellular loops and one intracellular loop.  
These proteins determine the permeability properties of endothelial 
and epithelial cells by regulating the paracellular flux of water-soluble 
molecules between adjacent cells. The barrier characteristics vary 
between cell types, depending on the combination of different clau-
dins. Claudin-5, although not required for vascular development in the 
embryo, has a non-redundant function in the control of vascular per-
meability. Newborn claudin-5-null mice lack a functional blood–brain 
barrier4 and die immediately after birth. In these null pups, TJs in brain 
microvasculature, although functionally defective, were morphologically 
normal, suggesting that other junctional components were responsible 
for the overall junctional architecture.

Consistently, in the present study we found that the lack of 
VE-cadherin expression and, as a consequence, of claudin-5 expres-
sion in cultured cells does not modify the expression or organization 
of other junctional proteins, but paracellular permeability was signifi-
cantly increased (Fig. 2c). These data also suggest that modifications of 
VE-cadherin expression or junctional organization10,17 may have effects 
on vascular permeability through modulation of claudin-5 expression 
and selective alterations in barrier charge and size selectivity.

Previous work9 and the present study show that VE-cadherin clus-
tering induces PI(3)K activation and Akt phosphorylation. Akt activa-
tion triggers different downstream effects and, in particular, inhibits 
the activity of members of the FoxO family of transcription factors by 
inducing their phosphorylation19,21,22.

The results presented here are consistent with the idea that 
VE-cadherin upregulates claudin-5 indirectly, by releasing the inhibi-
tory effect of FoxO1 through the induction of Akt.

Akt activation is downstream of several growth factor signalling path-
ways, raising the problem of specificity34. The extent and duration of 
Akt activation may change its downstream effects significantly. Agents 
important in vascular development activate Akt but it is unclear whether 
all of them would also inhibit FoxOs and, if so, to which extent and for 
how long. For instance, the effect of FoxO exclusion from the nucleus 
promoted by VEGF is transient and reversible, while other factors may 
present a lasting effect20. Considering VE-cadherin, the clustering of this 
molecule at junctions in confluent ECs induces a persistent and stable 
increase of claudin-5 which requires a lasting FoxO1 inactivation.

Most importantly, the specificity of the downstream effects of FoxOs 
is also determined by their association with other transcription factors. 
For instance, inhibition of nuclear factor-kB (NF-kB) or nuclear factor of 
activated T cells (NF-AT) attenuates the upregulation of VEGF-induced 
FoxO dependent genes. FoxOs can interacts with Smads and participate 
in transforming growth factor-β (TGF-β) signalling35. Phosphorylated 
FoxO1 can interact with Ets-1 (E26 transformation specific sequence-1) 
and function as coactivator24,36,37.

Here we report that Tcf–β-catenin form a complex with FoxO1 and 
cooperate in repressing claudin-5 expression. VE-cadherin expression 
and clustering inhibits β-catenin nuclear translocation and signal-
ling. This effect may be due to stabilization of VE-cadherin binding to 
β-catenin in confluent cells. In previous work we found that tyrosine 
phosphorylation of VE-cadherin and β-catenin is strongly reduced in 
confluent ECs38. Tyrosine phosphorylation of β-catenin39,40 decreases 
the affinity of β-catenin binding to cadherin tail and this may explain 
the differences in nuclear signalling in sparse and confluent cells. In 
non-transformed cells a considerable amount of β-catenin, once released 
from junctions, is phosphorylated and ubiquitinated through the action 
of the adenomatosis polyposis coli (APC)-axin complex30. Although this 
occurs also in VEC-null cells41, a detectable amount of the Tcf–β-catenin 
could still be found in the nucleus bound to claudin-5 promoter even in 
the absence of GSK3β inhibitors.

Importantly, β-catenin nuclear localization is inversely related to clau-
din-5 expression suggesting that it may act in concert with FoxO1. This 
possibility is supported by the observations that FoxO1 and β-catenin 
form a nuclear complex which binds to claudin-5 promoter only in the 
absence of VE-cadherin.

Others29 found that β-catenin binds to the members of the FoxO 
subgroup and increases their transcriptional activity both in C. elegans 
and in mammalian cells. However, in these studies Tcf signalling was 
not involved in the functional interaction. We report here that Tcf is 
co-precipitated in the β-catenin-FoxO1 complex suggesting that it may 
participate in claudin-5 repression. An attractive possibility is that 
Tcf–β-catenin binding acts by stabilizing FoxO1 interaction with the 
claudin-5 promoter. This is supported by the fact that FoxO1 can bind 
to Region 3 of the promoter but this interaction is significantly weaker 
than that at Region 1, where β-catenin cooperation occurs. Moreover, 
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the inhibition of β-catenin binding to Region 1 by a dominant-negative 
form of Tcf-4 strongly weakens FoxO1 binding.

In conclusion, an important concept emerging from many studies is 
that FoxO activity is dependent on context and varies in different types 
of vessels or with different stimuli24. Here we introduce the concept that 
FoxO1 activity is modulated by the establishment of intercellular junc-
tions. We found that clustering of VE-cadherin may signal by limit-
ing the nuclear localization of the FoxO1–β-catenin complex. Hence, 
an endothelial-specific AJ protein such as VE-cadherin regulates the 
expression of another endothelial-specific TJ adhesion protein such as 
claudin-5, underlining the fine tuning and cellular specificity of junc-
tional organization and permeability control.�

METHODS
Cells and reagents. Cell lines (VEC-null, VEC-positive, e-VE-null, e-VE-positive, 
β−/−, ∆-βcat, IL2-VEC), antibodies and chemicals used in this study are listed 
and described in the Supplementary Information, Methods online.

Lentiviral and adenoviral preparations. Two different lentiviral constructs with 
constitutive Tcf–β-catenin transcriptional activity have been used: LEF∆N-βCTA,  
(from K. Vleminckx, VIB – University of Gent, Gent, Belgium)31,42 lacking the 
armadillo repeats, and ∆N-βcatenin (from C. Brancolini, University of Udine, 
Udine, Italy), possessing the armadillo repeats. Lentiviral and packaging plasmids 
were donated by L. Naldini (HSR-TIGET, San Raffaele Telethon Institute for Gene 
Therapy, Milan, Italy). Lentiviral vectors were produced as described in ref. 43.

Retroviral plasmids for h-claudin-5 and DNAkt1 were donated by P. Adamson 
(University College London, London, UK) and T. V. Byzova (Joseph J. Jacobs 
Center for Thrombosis and Vascular Biology, Cleveland, OH, USA)28, respec-
tively. Retroviruses were produced with the use of standard techniques44.

The FKHR-TM adenovirus has been described previously18. The TCF4-DN 
adenovirus was donated by S. J. George (Bristol Heart Institute, Bristol, UK)32. 
Infectious viruses were purified and titred with standard techniques. Two con-
secutive cycles of infection (5 h and overnight) were performed with a multiplicity 
of infection of 300 in 1 ml of complete culture medium.

Quantitative RT-PCR (qRT–PCR) analysis. Total RNA was isolated by extraction 
with TRIzol (Invitrogen, Carlsbad, CA, USA) and 1 µg was reverse transcribed 
with random hexamers (High Capacity cDNA Archive Kit; Applied Biosystems, 
Foster City, CA, USA) in accordance with the manufacturer’s instructions. cDNA 
(5 ng) was amplified in triplicate in a reaction volume of 15 µl with the TaqMan 
Gene Expression Assay (Applied Biosystems) and an ABI/Prism 7900 HT ther-
mocycler, using a pre-PCR step of 10 min at 95 °C, followed by 40 cycles of 15 s 
at 95 °C and 60 s at 60 °C. Preparations of RNA template without reverse tran-
scriptase were used as negative controls. For any sample the expression level, 
normalized to the housekeeping genes encoding 18S, glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) or β2-microglobulin, was determined with the com-
parative threshold cycle (Ct) method as described previously45.

Co-immunoprecipitation. Cells were incubated with 100 µg ml−1 
dithiobis(succinimidyl)propionate (Pierce, Rockford, IL, USA) for 20 min at 37 °C. 
Cells were lysed and FoxO1 was immunoprecipitated overnight from nuclear 
extracts (isolated with a standard nuclear–cytosolic fractionation method46). 
Immunocomplexes were then collected with Gamma-bind beads (Amersham 
Biosciences, Piscataway, NJ, USA) and immunoprecipitation samples were analysed by 
standard western blot analysis38 (see Supplementary Information, Methods online).

Immunofluorescence microscopy. Immunofluorescence microscopy stain-
ing was performed with a standard technique described previously38 (see 
Supplementary Information, Methods online).

Allantois assay. The allantois assay was performed on allantoises from embryos 
8.5 days post coitum (plug date taken as 0.5 days post coitum), essentially as 
described previously16. In brief, allantoises were cultured ex vivo for 48 h then 
fixed with methanol at −20 °C for 5 min and stained with anti-claudin-5 and 
anti-PECAM (platelet/endothelial cell adhesion molecule) antibodies. Stained 

allantoises were analysed by scanning confocal microscopy. See details in 
Supplementary Information, Methods online.

Reporter assays. FoxO activity was measured by the reporter 6×DBE-luc vector, 
which contains six canonical FoxO-binding sites47, or by the pSODLUC/pSOD-
LUC-mut reporter system. pSODLUC and pSODLUC-mut plasmids were donated 
by B. M. T. Burgering (University Medical Center, Utrecht, The Netherlands). The 
pSODLUC reporter construct contains the FoxO-binding sites of the superoxide 
dismutase (SOD) promoter, whereas the pSODLUC-mut has point mutations in 
the first and second FoxO-binding sites and was used as a control29. The activa-
tion of Tcf–β-catenin-mediated transcription was determined with TOP/FOP 
constructs (from H. Clevers, Netherlands Institute for Developmental Biology, 
Utrecht, The Netherlands), respectively named TOP-TK-LUC and FOP-TK-LUC. 
For details, see Supplementary Information, Methods online.

Oligonucleotide microarray analysis. Synthesis of biotinylated cRNA targets, array 
hybridization (GeneChips MG_U74Av2 and MG_U74Bv2), staining and scanning 
were performed in accordance with the Affymetrix (Santa Clara, CA, USA) stand-
ard protocols, starting from 15 µg of total RNA. Two copies of the GeneChips were 
hybridized with each cRNA sample. The MAS5 algorithm was used to determine 
the expression levels of mRNAs; the absolute analysis was performed with default 
parameters and a scaling factor of 500. Report files were extracted for each chip, 
and the performance of labelled target was evaluated on the basis of several values 
(such as scaling factor, background and noise values, percentage present calls, and 
average signal value). Gene expression levels were normalized on the median over 
all samples. Annotation of Probe Sets was performed in accordance with Affymetrix 
Annotation Tables (release May 31, 2007)48. The complete microarray data sets are 
available from the Gene Expression Omnibus (GSE11674).

Transcription factor binding site analysis. To identify FoxO1 and Tcf–β-catenin 
consensus sequences on the putative claudin-5 promoter region we used the 
program MatInspector49, which identifies transcription-factor-binding sites in 
nucleotide sequences using a large library of weight matrices. We analysed the 
6,000 bp upstream of the claudin-5 CDS and obtained a prediction of a potential 
combination of transcription-factor-binding sites with reasonable accuracy. The 
sequences of the transcription-factor-binding sites considered in the analysis were 
[AG][GA][TG][AC]AACAA[AC] for FoxO1 binding and [TAG][GT][AG][CT]
[AT]x(2)CAAAG[GCT][GAC][AC][GCA] for Tcf–β-catenin binding.

Chromatin immunoprecipitation. ChIP assays were performed as described 
previously50. In brief, cells were starved overnight and crosslinked with 1% para-
formaldehyde (PAF) for 10 min at 18–25 °C. PAF was then inactivated by the addi-
tion of 125 mM glycine. Cells were then washed and resuspended in lysis buffer. 
Samples were sonicated with a BIORUPTOR200 with the following conditions: 
H power, 30 s ON–60 s OFF for 20 min. Chromatin extracts containing 200 µg of 
DNA fragments with an average size of 500 bp were immunoprecipitated with 5 µg 
of antibody. DNA was recovered and amplified by standard PCR or qRT-PCR tech-
niques with the use of oligonucleotides flanking the assayed promoter regions.

Primers used in this experiment were as fol-
lows :  5´-CTGCTGAACT TGGGGAAGAC-3´  and 
5´-AAGGGAGTGAGGGAAGGAAA-3´  (Region 1) ; 
5´-GCTGGGTTTTGCCTTCCTAT-3´ and 5´-CACACAGCACAGGCCACTTA-3´ 
(Region 2); 5´-ACCCCCAAACAGAACAACAA-3´ and 
5´-GTGAACACTCCTCCCTGCTC-3´ (Region 3).

Moreover, claudin-5 primers for the claudin-5 coding sequence 
(NM_013805) were used as a negative control to exclude non-spe-
cific precipitated DNA: 5´-GGCACTCTTTGTTACCTTGACC-3´ and 
5´-CAGCTCGTACTTCTGTGACACC-3´. For qualitative PCR analyses we used the 
following PCR conditions: 94 °C for 2 min; (94 °C for 30 s; 54 °C (Regions 1, 2 and 3) 
and 64 °C (claudin-5 CDS) for 30 s; 72 °C for 1 min) for 33 cycles; 72 °C for 7 min.

For qRT-PCR analyses DNA was diluted with specific primers (10 mM each) 
to a final volume of 25 µl in SYBR Green Reaction Mix (Perking Elmer, Waltham, 
MA, USA).

RNA interference. Stealth RNAi Duplexes and the corresponding Low or 
Medium GC Stealth RNAi Control Duplexes (Invitrogen) were used to knock-
down claudin-5, Akt1 and FoxO1. The claudin-5 target sequences used were as 
follows: 5´-GCAGUGCAAGGUGUAUGAAUCUGUG-3´ (siRNA no. 1) and 
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5´-CACAUGCAGUGCAAGGUGUAUGAAU-3´ (siRNA no. 2). The Akt1 target 
sequence was 5´-CAACAUCGUGUGGCAGGAUGUGUAU-3´. The FoxO1 tar-
get sequence was 5´-GAGAAUGAAGGAACUGGAAAGAGUU-3´. Transfection 
was performed with LipofectAMINE 2000 (Invitrogen) in accordance with the 
manufacturer’s instructions.

Paracellular tracer flux analysis. VEC-positive cells were seeded on 6.5-mm 
diameter Transwell Permeable Supports (Corning, Corning, NY, USA), cultured 
in complete culture medium and assayed for permeability to fluorescein isothio-
cyanate (FITC)-dextran (38 kDa) (Sigma, St Louis, MO, USA). See details of the 
procedure in the Supplementary Information, Methods online.

Statistical analysis. Student’s two-tailed non-paired t-test or analysis of variance 
and a Dunnett test for multiple comparisons were used to determine statistical 
significance. The significance level was set at P < 0.05.

Note: Supplementary Information is available on the Nature Cell Biology website.
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	Figure 2 Claudin-5 upregulation by VE-cadherin in mouse allantoises and its role in the control of endothelial permeability. (a) Allantois organ culture assay. Allantoises obtained from VE-cadherin+/+ and VE-cadherin−/− mice were cultured ex vivo for 48 h and then stained with anti-claudin-5 (red) and anti-PECAM (green) antibodies. Arrowheads point to claudin-5 distribution (note the junctional localization in VE-cadherin+/+ allantoises and the dot-like distribution in VE-cadherin−/− allantoises). Scale bars, 100 µm (upper panels) and 10 µm (lower panels). (b) Quantification of claudin-5 fluorescence signal in VE-cadherin+/+ and VE-cadherin−/− allantoises from confocal microscopy images performed with ImageJ 1.33. Data are means ± average deviation (a.d.; t-test: *P < 0.01, t-test). (c) Paracellular tracer flux assay. VEC-positive cells were first infected with retroviral vectors to stably overexpress GFP or Flag-tagged h-claudin-5, then transfected either with control non-targeting siRNA (ctr siRNA) or two different anti-mouse claudin-5 siRNAs (siRNA no. 1 and siRNA no. 2). Permeability to FITC-dextran (38 kDa) was assayed. Data are means ± s.e.m. of triplicates from a representative experiment out of three performed. At all time values from 30 min onwards, VEC-positive GFP, VEC-positive GFP ctr siRNA, VEC-positive h-claudin-5 siRNA no. 1 and VEC-positive h-claudin-5 siRNA no. 2 were statistically lower than VEC-null (analysis of variance and Dunnet test: P < 0.01–0.05). (d) Western blot (WB) analysis of total claudin-5 protein and Flag-tagged h-claudin-5 expression in extracts of VEC-null and VEC-positive cells overexpressing GFP or h-claudin-5 and transfected either with ctr siRNA or with siRNA no. 1 and siRNA no. 2. Knockdown of claudin-5 in VEC-positive GFP siRNA no. 1 and siRNA no. 2 cells is shown. Note the weaker Flag-tag signal in VEC-positive h-claudin-5 siRNA no. 1 cells, probably due to the interference of siRNA no. 1 with the overexpressed h-claudin-5. Vinculin is shown as loading control. Retro, retroviral delivery. The experiments reported in these figure were performed at least three times with comparable results.
	Figure 3 VE-cadherin activates the PI(3)K–Akt pathway and induces FoxO1 phosphorylation. (a) Western blot analysis of FoxO1, FoxO3a and FoxO4 in total cell lysates of confluent VEC-null and VEC-positive cells. The experiment was performed three times with comparable results. (b) Akt and FoxO1 phosphorylation (p-Akt Thr 308 and p-FoxO1 Ser 256 and Thr 24, respectively) in confluent VEC-null and VEC-positive cells. Cells were grown to confluence and then starved for 72 h. Total cell lysates were analysed by western blotting for phosphorylated and total Akt and FoxO1 expression by using specific antibodies. The graphs represent the western blot quantification. Columns are means ± s.e.m. of five independent experiments. Uncropped images of blots are shown in Supplementary Information, Fig. S7. In a and b tubulin was used as a loading control. (c) Nuclear/cytoplasmic distribution of FoxO1 in confluent VEC-null and VEC-positive cells. On VE-cadherin expression, FoxO1 shifted from a preferentially nuclear to a preferentially cytoplasmic localization. A strong FoxO1 phosphorylation at Thr 24 was detected only in the cytoplasmic fraction of VEC-positive cells, which is consistent with nuclear exclusion. Columns are means ± s.e.m. of three independent experiments. Tubulin and NP 95 were used as cytoplasmic and nuclear markers, respectively. Uncropped images of blots are shown in Supplementary Information, Fig. S7. (d) FoxO transcriptional activity. VE-cadherin expression determined a significant decrease in FoxO transcriptional activity, as measured by the luciferase reporter 6×DBE-luc vector. (e) FoxO transcriptional activity. The pSODLUC/pSODLUC-mut luciferase reporter system confirmed the results shown in d. The activity of the pSODLUC-mut control did not vary on VE-cadherin expression and clustering. In d and e data are means ± s.e.m. of six replicates from a representative experiment of three performed (*P < 0.01, t-test).
	Figure 4 FoxO1 is a repressor of claudin-5 expression. (a) RT-PCR analysis of claudin-5 on inhibition of PI(3)K. Cells were grown to 90% confluence, starved for 24 h and incubated overnight in complete medium with the PI(3)K inhibitor LY 294002 (10 µM). Inset: western blot analysis of p-FoxO1 Ser 256 and total FoxO1. (b) Quantitative RT-PCR analysis of claudin-5 on inhibition of AKT. Cells were cultured as described in a and then incubated for 8 h in complete medium with the AKT inhibitor (10 µM). Inset: no alteration of VE-cadherin protein expression was observed on treatment with AKT inhibitor. (c) Quantitative RT-PCR analysis of claudin-5 expression on overexpression of DNAKT1. VEC-positive cells were infected either with a control GFP retroviral vector or with a bicistronic one coding for both DNAKT1 and GFP (see Supplementary Information, Fig. S5d). Cells were grown to confluence, starved for 24 h and assayed for claudin-5 expression. In a and b the levels of mRNA are normalized to 18S, and in c to β2-microglobulin; columns are means ± s.e.m. of triplicates from a representative experiment out of at least three performed (*P < 0.05, **P < 0.01, t-test). (d) Expression of claudin-5 after infection with FKHR-TM adenoviral vector. To limit the pro-apoptotic effect of FKHR-TM, cells were cultured after infection in the presence of the pan-caspase inhibitor zVAD-fmk (50 µM). RT-PCR was performed 48 and 72 h after infection. The levels of mRNA are normalized to GAPDH, columns are means ± s.e.m. of triplicates from a typical experiment (n = 3;  **P < 0.01, t-test). (e) Paracellular tracer flux assay. Permeability to FITC-dextran (38 kDa) was assayed 72 h after adenoviral infection. Data are means ± s.e.m. of triplicates from a representative experiment (n = 2). (f) Protein expression of VE-cadherin, FKHR-TM (Myc-tag) and claudin-5 in confluent VEC-positive cells 48 and 72 h after infection with adenoviral vectors. Adeno, adenoviral delivery. (g) Immunofluorescence analysis of claudin-5 (red) and FKHR-TM (Myc-tag) (green) in confluent VEC-positive cells 72 h after infection, performed on Transwell Permeable Support membranes of e. Arrowheads point to cells positive for nuclear FKHR-TM expression. None of these cells showed junctional claudin-5. Scale bar, 10 µm. In f and g n = 3.
	Figure 5 VEC-null cells present higher nuclear β-catenin localization, signalling and association with FoxO1. (a) Nuclear/cytoplasmic fractionation of confluent VEC-null and VEC-positive cells. The nuclear localization of β-catenin was decreased twofold in VEC-positive cells. Columns are means ± s.e.m. of three independent experiments. Tubulin was used as a cytoplasmic marker, NP 95 as a nuclear marker. Uncropped images of blots are shown in Supplementary Information, Fig. S7. (b) Immunofluorescence analysis of VE-cadherin (red) and β-catenin (green) expression and localization in confluent VEC-null and VEC-positive cells. Cells were grown to confluence and then starved overnight in the presence of LiCl (60 mM) to stabilize endogenous β-catenin, and in the presence of leptomycin B (10 ng ml−1) to prevent the exit of β-catenin from the nucleus to the cytoplasm. VE-cadherin expression and clustering determined a redistribution of β-catenin from the nucleus to the plasma membrane. Scale bar, 5 µm. (c) Tcf–β-catenin transcriptional activity. The activity was determined by transfecting sparse/confluent VEC-null and VEC-positive cells with TOP/FOP constructs. Columns are means ± average deviation (a.d.) of triplicates from a representative experiment of three performed (t-test: *P < 0.05; **P < 0.01). (d) Association of β-catenin and Tcf-4 with FoxO1. Co-immunoprecipitation (IP) and western blot (WB) of endogenous β-catenin, Tcf-4 and FoxO1 from nuclear extracts of confluent VEC-null and VEC-positive cells. TL, total cell lysate. Uncropped images of blots are shown in Supplementary Information, Fig. S7. (e) Immunofluorescence analysis of FoxO1 (red) and β-catenin (green) expression and localization in confluent VEC-null and VEC-positive cells. Cells were cultured as described for b. VE-cadherin expression and clustering caused β-catenin redistribution to the plasma membrane and a decrease in FoxO1 nuclear localization. Scale bar, 5 µm. The experiments in b, d and e were performed at least twice with comparable results.
	Figure 6 β-Catenin association enhances FoxO1 repressor activity on claudin-5 expression. (a) Quantitative RT-PCR analysis of claudin-5 expression after cell treatment with LiCl. Endogenous β-catenin in confluent VEC-positive cells was stabilized by overnight treatment with LiCl (60 mM). NaCl (60 mM) was used as a control for non-specific osmotic effects. (b) Immunofluorescence analysis of confluent VEC-null, VEC-positive and ∆-βcat cells stained with anti-claudin-5 (red, left panels) and anti-β-catenin (green, right panels) antibodies. Scale bars, 10 µm (left panels) and 5 µm (right panels). (c) Quantitative RT-PCR of claudin-5 expression performed on confluent VEC-null, VEC-positive and ∆-βcat cells. (d) Effect of ∆N-βcatenin mutant on claudin-5 expression. VEC-positive cells were infected with ∆N-βcatenin (upper panel) or control GFP lentiviral vectors, grown to confluence, and claudin-5 expression was evaluated by quantitative RT-PCR (left panel) and immunofluorescence analysis (right panel). Scale bar, 10 µm. (e) Lack of effect of LEF∆N-βCTA mutant on claudin-5 expression. VEC-positive cells were infected with LEF∆N-βCTA (upper panel) or control GFP lentiviral vectors and grown to confluence; claudin-5 expression was evaluated by quantitative RT-PCR (left panel) and immunofluorescence analysis (right panel). Scale bar, 10 µm. In all RT-PCR analyses reported in the figure, the levels of mRNA are normalized to 18S; columns are means ± s.e.m. of triplicates from a typical experiment of three performed (*P < 0.05, **P < 0.01, t-test). (f) Association of endogenous FoxO1 with ∆N-βcatenin but not with LEF∆N-βCTA. Co-immunoprecipitation between endogenous FoxO1 and ∆N-βcatenin or LEF∆N-βCTA mutants from nuclear extracts of confluent VEC-positive cells infected with β-catenin mutants or control GFP lentiviral vectors. TL, total cell lysate; Lenti, lentiviral delivery. The experiment was performed three times with comparable results. Uncropped images of blots are shown in Supplementary Information, Fig. S7.
	Figure 7 FoxO1 and β-catenin bind to claudin-5 promoter region. (a) ChIP assay of the putative promoter region of the claudin-5 gene (upper panel). To check for FoxO1 binding to DNA, confluent VEC-null cells were infected with Myc-tagged FKHR-TM adenoviral vector. At 24 h after infection, FKHR-TM-bound chromatin was immunoprecipitated (IP) with anti-Myc-tag antibody. For β-catenin, chromatin from confluent VEC-null cells was immunoprecipitated with anti-β-catenin antibody (lower panel). Confluent uninfected VEC-null and confluent β-catenin (β−/−) cells were used as negative controls for FoxO1 and β-catenin ChIP, respectively. Primers for the claudin-5 CDS were used as a negative control to exclude non-specific precipitated DNA. T, Tcf–β-catenin-binding site; F, FoxO binding site; CDS, coding sequence. (b) Quantitative RT-PCR for Region 1 performed on endogenous FoxO1- and β-catenin-bound chromatin immunoprecipitated from confluent VEC-null and VEC-positive cells. (c) Quantitative RT-PCR for Regions 1 and 3 performed on endogenous FoxO1- and β-catenin-bound chromatin immunoprecipitated from confluent VEC-null cells. (d) Quantitative RT-PCR for Region 1. Confluent VEC-null cells were infected with control GFP or TCF4-DN adenoviral vectors and analysed 24 h after infection. Quantitative RT-PCR was performed on FoxO1-, β-catenin- and TCF4-DN-bound chromatin immunoprecipitated from confluent VEC-null GFP, VEC-null TCF4-DN and VEC-positive cells. In b, c and d the levels of DNA are normalized to input, columns are means ± s.d. of triplicates from a representative experiment (n = 3; *P < 0.05, t-test).
	Figure 8 Suggested model for the regulation of claudin-5 expression by VE-cadherin. (a) In the absence of VE-cadherin, the FoxO1–β-catenin–Tcf-4 complex binds to the promoter of the claudin-5 gene and represses its expression. (b) On VE-cadherin expression and clustering, FoxO1 is inhibited by AKT-mediated phosphorylation and β-catenin is sequestered at the plasma membrane. This removes the block from the claudin-5 promoter and allows its upregulation. 

