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Vascular endothelial growth factor (VEGF) alters tight junctions
(TJs) and promotes vascular permeability in many retinal and brain
diseases. However, the molecular mechanisms of barrier regula-
tion are poorly understood. Here we demonstrate that occludin
phosphorylation and ubiquitination regulate VEGF-induced T]
protein trafficking and concomitant vascular permeability. VEGF
treatment induced TJ fragmentation and occludin trafficking from
the cell border to early and late endosomes, concomitant with
increased occludin phosphorylation on Ser-490 and ubiquitina-
tion. Furthermore, both co-immunoprecipitation and immunocy-
tochemistry demonstrated that VEGF treatment increased the
interaction between occludin and modulators of intracellular traf-
ficking that contain the ubiquitin interacting motif, including
Epsin-1, epidermal growth factor receptor pathway substrate 15
(Eps15), and hepatocyte growth factor-regulated tyrosine kinase
substrate (Hrs). Inhibiting occludin phosphorylation by mutating
Ser-490 to Ala suppressed VEGF-induced ubiquitination, inhib-
ited trafficking of TJ proteins, and prevented the increase in endo-
thelial permeability. In addition, an occludin-ubiquitin chimera
disrupted TJs and increased permeability without VEGF. These
data demonstrate a novel mechanism of VEGF-induced occludin
phosphorylation and ubiquitination that contributes to T7J traffick-
ing and subsequent vascular permeability.

Under normal physiological conditions the blood-brain bar-
rier and blood-retinal barrier regulate the transport of water,
ions, amino acids, and waste products, between the neural
parenchyma and blood (1). A high degree of well developed
tight junctions (TJs)* in the vascular endothelium, in associa-
tion with adherens junctions, contribute to both the blood-
brain and blood-retinal barriers (2). Accumulating evidence
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suggests that a number of pathological eye diseases such as
diabetes, retinopathy of prematurity, age-related macular de-
generation, inflammation, and infectious diseases disrupt the
TJs altering the blood-retinal barrier. Common mediators of
vascular permeability and T] deregulation are growth factors
and cytokines that may induce macular edema and lead to loss
of vision (1). Vascular endothelial growth factor (VEGEF), in par-
ticular, induces vascular permeability and stimulates angiogen-
esis, contributing to disease pathogenesis in diabetic retinopa-
thy and retinopathy of prematurity (3). VEGF also contributes
to blood-brain barrier disruption with subsequent edema and
angiogenesis in brain tumors and stroke (4). Recent advances in
biomedical research have provided therapeutic approaches to
neutralize VEGF; however, these strategies have not yet dem-
onstrated effective resolution of diabetic macular edema (5, 6).
TJs control the paracellular flux of solutes and fluids across the
blood-brain and blood-retinal barriers. Several transmembrane
proteins including occludin, tricellulin, the claudin family, and
junction adhesion molecules are thought to confer adhesion to the
T] barrier and to be organized by members of the zonula occludens
family (ZO-1, -2, or -3) (7-9). Experimental evidence has estab-
lished that the claudins confer barrier properties and claudin-5
specifically contributes to the vascular component of the blood-
brain barrier demonstrated by gene deletion studies (10). In con-
trast, the function of occludin in paracellular flux has remained
less clear. Mice with occludin gene deletion continue to form
TJs in gut epithelia with normal barrier properties (11).
However, studies have also demonstrated that diabetes
reduces occludin content in rat retina (12) and alters its dis-
tribution from continuous cell border localization to intra-
cellular puncta (13). These observations suggest that the
intracellular trafficking of T] proteins promotes paracellular
flux and vascular permeability in diabetic animals (12, 14).
VEGF was originally identified as a vascular permeability fac-
tor as well as a pro-angiogenic growth factor (15, 16). Both
biological effects exacerbate the pathology of retinal vascular
diseases (17), and they are mediated via intracellular signal
transduction, especially based on the phosphorylation of Src,
protein kinase C, and so on (18). Additionally, VEGF treatment
and diabetes induce occludin phosphorylation in rat retinal vas-
culature and endothelial cell culture coincident with increased
permeability (19). Recently, using mass spectrometry five
occludin phosphorylation sites were identified in retinal endo-
thelial cell culture after VEGF treatment (20). Among these
sites, phosphorylation at Ser-490 was shown to increase in
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response to VEGF treatment. However, no evidence has
directly demonstrated the contribution of occludin phospho-
rylation to VEGF-induced endothelial permeability or defined
the mechanism by which phosphorylation of occludin alters
paracellular flux.

Modification of proteins with monomeric or polymeric ubiq-
uitin chains contributes to control of multiple biological func-
tions including protein degradation, intracellular trafficking,
translational regulation, and DNA repair (21). Phosphorylation
of receptor tyrosine kinases, such as epidermal growth factor
receptor or vascular endothelial growth factor receptor-2, is
followed by ubiquitination and regulated trafficking to endo-
somes. This endocytosis process depends on the interaction
between the ubiquitinated receptors and carrier proteins
that possess a ubiquitin interacting motif (UIM) such as
Epsin, epidermal growth factor receptor pathway substrate
15 (Eps15), and hepatocyte growth factor-regulated tyrosine
kinase substrate (Hrs) (21-24). Recent publications have
demonstrated that occludin can be ubiquitinated targeting
the protein for degradation through the ubiquitin-protea-
some system in epithelial cell types (25, 26). Here we dem-
onstrate that phosphorylation of occludin at Ser-490 is nec-
essary for occludin ubiquitination in response to VEGF in
endothelial cells. Furthermore, the ubiquitination promotes
interaction of occludin with UIM containing modulators of
trafficking and regulates the internalization of T] proteins
altering endothelial permeability. Together, these results
suggest that occludin phosphorylation and subsequent ubiq-
uitination are necessary for VEGF-induced TJ trafficking
and endothelial permeability.

EXPERIMENTAL PROCEDURES

Materials—Recombinant human VEGF, ., was purchased
from R&D Systems (Minneapolis, MN). Complete protease
inhibitor mixture tablets from Roche (Indianapolis, IN) were
used. All other chemical reagents were obtained from Calbio-
chem or Sigma.

Occludin Expression Constructs and Mutants—Ser-490 of
human occludin was substituted to alanine using the
QuikChange Site-directed Mutagenesis Kit (Stratagene, La
Jolla, CA) according to the manufacturer’s instructions. Briefly,
the mutation was introduced using the PCR primers, 5'-CTG-
AAGCAAGTGAAGGGAGCCGCAGATTACAAAAGTAA-
GAA-3" and 5'-TTCTTACTTTTGTAATCTGCGGCTCCCT-
TCACTTGCTTCAG-3/, followed by digestion of the template
using Dpnl and transformation into competent cells. The wild-
type and mutant occludin constructs in plasmid pENTR221
(Invitrogen) were subcloned into pUB6/V5-His expression vector
(Invitrogen) using HindIII and Xhol sites. The full-length occludin
sequences tagged with V5 and His were further sublconed to
pmaxCloning™" expression vector (Amaxa Biosystems, Gaiters-
burg, MD) using HindIII and Nhel sites.

Hemagglutinin (HA)-tagged ubiquitin in pMT123 was a kind
gift of Dr. Vincent Chau. For the occludin-ubiquitin chimera
construct, the ubiquitin sequence was amplified by PCR (for-
ward primer; 5'-TACCGGTGCAAACATGCAGATCTTTG-
TGA-3’, reverse primer; 5'-GTTGTATTTCTGGGCTAG-
CTG-3’), which was subcloned into Agel and Nhel sites of
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pmaxCloning™ expression vector containing occludin
mutants. Additionally, mutation for the stop codon after the
ubiquitin sequence was introduced by the QuikChange Site-
directed Mutagenesis Kit (Stratagene), using the substitution
primers, 5'-GCGCCTGCGAGGTGGCTAAATTGAGCCTT-
CTCTCC-3' and 5'-GGAGAGAAGGCTCAATTTAGCCAC-
CTCGCAGGCGC-3'. All constructs were confirmed by
sequencing.

Cell Culture—Primary bovine retinal endothelial cells
(BRECs) were isolated and cultured as described previously (27,
28). Briefly, bovine retinas were homogenized and applied to
the filtration steps to isolate the endothelial cells. BRECs were
cultured in MCDB-131 medium (Sigma) supplemented with
10% fetal bovine serum (Hyclone, Logan, UT), 10 ng/ml epider-
mal growth factor (Sigma), 0.2 mg/ml endothelial cell growth
medium additive (EndoGro; Vec Technologies, Rensselaer,
NY), 0.09 mg/ml heparin (Fisher Scientific), and 0.01 mg/ml
antibiotic-antimycotic (Invitrogen). When BREC reached con-
fluence, medium was replaced with MCDB-131 supplemented
with 1% fetal bovine serum, 0.01 mg/ml antibiotic-antimycotic,
and 100 nM hydrocortisone, followed by further incubation for
24 h.

Immunocytochemistry—Localization of T] proteins were
evaluated by immunocytochemistry as described previously
(29). Briefly, cells were plated on 12-mm diameter coverslips
(Nunc, Naperville, IL) at a density of 1.5 X 10” cells/well. BRECs
were fixed in 1% paraformaldehyde for 10 min, and permeabi-
lized with 0.2% Triton X-100. After blocking with 10% goat
serum, cells were incubated for 2 days with primary antibodies
against occludin, claudin-5, ZO-1 (Zymed Laboratories Inc.,
South San Francisco, CA), early endosome antigen 1, clathrin
heavy chain (Abcam, Cambridge, MA), lysosome-associated
membrane protein 1 (BD Biosciences, San Diego, CA), Eps15
(Santa Cruz biotechnology, Santa Cruz, CA), Hrs (Alexis Bio-
chemicals, San Diego, CA), and V5 (Invitrogen). Primary anti-
bodies were detected with Alexa 488 anti-mouse, Alexa 555
anti-rabbit, and Alexa 647 anti-rat antibodies (Invitrogen) for
1 h. Single en face confocal sections were obtained using a con-
focal microscope (TCS SP2 AOBS; Leica, Wetzlar, Germany).

Colocalization of occludin and endosomal markers was eval-
uated using Image] Plugin. Briefly, after three areas were at
random selected in each sample, colocalization of red and green
signals was individually quantified and the ratio of colocalized/
total occludin was averaged.

TJ integrity was quantified by scoring according to the grade
of continuity. The area contained in each transfected cell was
divided into a 7.2 X 7.2-um grid. The continuity of immunore-
activity of TJ proteins in each grid was defined as: grade 1, less
than 25% continuous border staining between cells; grade 2,
~25% continuous border staining; grade 3, ~50% continuous
border staining; grade 4, most of the border is continuous with
intermittent breaks; grade 5, all border staining is completely
continuous. Twenty cells transfected with each occludin con-
struct were selected at random, followed by masked grading.
Frequency of the grading was calculated using all grids from all
20 cells. The significant difference between groups was deter-
mined by chi-square test.
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Immunoblot Analysis—Western
blot using the NuPAGE system
(Invitrogen) was performed as
described previously (29). After
blocking with milk in Tris-buffered
saline with 0.1% Tween 20, immu-
noblotting was performed using
anti-claudin-5 (Zymed Laborato-
ries Inc.), anti-Eps15, anti-Epsin-1
(Santa Cruz Biotechnology), anti-
Hrs (Alexis Biochemicals), anti-
ubiquitin (Biomol), anti-Itch (BD
Biosciences), and anti-V5 (Invitro-
gen) antibodies. Mouse anti-occlu-
din antibody (Zymed Laboratories
Inc., number 33-1500) was used
unless otherwise indicated. Anti-
body against phosphorylated occlu-
din at Ser-490 was established as
described previously (20). Primary
antibodies were detected by horse-
radish peroxidase-conjugated anti-
rabbit or anti-mouse IgG and
chemiluminescence with ECL Plus
(GE Healthcare).

Transfection—Transfection of
plasmid containing occludin mutants
or HA-tagged ubiquitin was achieved
using the nucleofection technique
(Amaxa Biosystems), according to the
manufacturer’s instructions (28).
Briefly, after trypsinization of subcon-
fluent BRECs, 5 X 10° cells per reac-
tion were resuspended in 100 ul
of HCAEC nucleofection solution
(Amaxa Biosystems) supplemented
with 3 ug of each plasmid, and applied
by electroporation (setting S-005;
Amaxa Biosystems). Transfected cells
were grown in growth medium for
24 h, which was replaced by MCDB-
131 with 1% fetal bovine serum. After
serum starvation for an additional E F
24 h, BRECs were applied to each
experiment.

Co-immunoprecipitation—The pro-
tein interactions were examined
using co-immunoprecipitation of
cell lysates, according to a modified
protocol described previously (26).
Briefly, BREC on 2 X 100-mm cul-
ture plates were lysed and homoge-
nized with co-immunoprecipitation
buffer (1% Nonidet P-40, 10% glyc-
erol, 50 mm Tris, pH 7.5, 150 mm
NaCl, 2 mm EDTA, 2 mm N-ethyl-
maleimide, 1 mm NaVO,, 10 mm
sodium fluoride, 10 mMm sodium
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pyrophosphate, 1 mm benzamidine, complete protease inhibi-
tor mixture). The lysate was centrifuged at 14,000 X g for 10
min, and the supernatant was transferred to another microcen-
trifuge tube. After a preclear with 100 ul of 1:1 slurry of Protein
G-Sepharose™ 4 Fast Flow (GE Healthcare) for 1 h, the super-
natant was incubated with each antibody for 2 h. Protein G
beads were added, followed by further incubation for 1 h. The
beads were recovered by centrifugation at 1500 X g for 1 min
and washed four times with 1 ml of lysis buffer. Proteins bound
to Protein G were eluted by boiling in Laemmli buffer for 5 min
then used to Western blot, as described above.

Detection of Ubiquitination—BREC lysate was prepared
using IP buffer (1% Nonidet P-40, 0.25% sodium deoxycholate,
0.1% SDS, 150 mm NaCl, 50 mm Tris, pH 7.5, 2 mm N-ethylma-
leimide, 1 mm NaVO,, 10 mm sodium fluoride, 10 mm sodium
pyrophosphate, 1 mm benzamidine, complete protease inhibi-
tor mixture). After the centrifugation, the supernatant was pre-
cleared with Protein G beads. Antibody against total occludin
or phosphorylated occludin at Ser-490 or V5 for exogenous
occludin was added and incubated for 2 h at 4 °C, followed by
additional incubation with Protein G for 1 h. The beads were
washed four times with lysis buffer, and boiled in Laemmli
buffer. Eluted proteins were used for immunoblotting with
anti-ubiquitin antibody.

HA-tagged ubiquitin was overexpressed and immunopre-
cipitated with anti-HA antibody (Roche). Immunoblotting with
antibodies against occludin or phosphorylated occludin at Ser-
490 was performed to evaluate whether the pool of ubiquiti-
nated proteins contain these proteins.

In Vitro Permeability Assay—BRECs were cultured on filters
with 0.4-um pores (Transwell; Corning Costar, Acton, MA), as
described previously (28). After VEGF treatment, 10 uM rhoda-
mine B isothiocyanate-dextran (70 kDa) was added to the apical
chamber of inserts. Aliquots were removed from the basolateral
chamber every 30 min for 4 h after the application of dextran to
the apical chamber and quantified. The rate of diffusive flux
(P,) was calculated by the following formula (30),

Po = [(FA/ADV,J/(F.A) (Eq.1)
where P, is in centimeters per second; F, is basolateral fluores-
cence; F, is apical fluorescence; At is change in time; A is the
surface area of the filter (in square centimeters); and V, is the
volume of the basolateral chamber (in cubic centimeters).
Transendothelial electrical resistances were measured using an
EVOM with a STX2 Electrode (World Precision Instruments,
Sarasota, FL), just after the dextran permeability experiment
(29).

Statistical Analysis—All experiments were repeated three or
more times. Unless otherwise noted, statistical analysis was
performed as follows. A two-tailed ¢ test (two conditions) or
analysis of variance (three or more conditions) was performed
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using software for statistical analysis (InStat 3.05; GraphPad).
p < 0.05 was considered significant.

RESULTS

VEGF Disrupts T] and Increases Occludin Trafficking to Early
or Late Endosomes—Diabetes alters occludin distribution in rat
retinas from a continuous cell border localization to intracellu-
lar puncta (13). To evaluate these changes in distribution,
immunocytochemistry for occludin and markers of early and
late endosomes was performed in BRECs. In untreated cells,
immunoreactivity for occludin was continuous at the cell bor-
ders (Fig. 1A), whereas VEGF treatment (50 ng/ml, 15 min)
disrupted occludin immunoreactivity at the cell border and
increased intracellular punctate labeling, which co-localized
with early endosome antigen 1 (Fig. 1, B and E). The intracellu-
lar puncta also co-localized with lysosome-associated mem-
brane protein 1, which is a marker of late endosomes and lyso-
somes (Fig. 1, D and F). These data suggest that VEGF
treatment induces occludin to traffic from the cell border to
early and late endosomes.

VEGF Induces Occludin Ubiquitination, Which Requires
Phosphorylation at Ser-490—The changes in the distribution of
TJ proteins prompted us to investigate the molecular mecha-
nism of VEGF-induced T7J trafficking. Ubiquitination of trans-
membrane proteins may induce endocytosis as observed for the
epidermal growth factor receptor (21), therefore we tested the
hypothesis that VEGF induces occludin ubiquitination, which
modulates TJ trafficking. BRECs were treated with VEGF for
the indicated times and immunoprecipitated with an antibody
to occludin followed by immunoblotting with an antibody to
ubiquitin. There was little occludin ubiquitination in the basal
condition, but VEGF treatment increased occludin ubiquitina-
tion at ~66 and ~74 kDa as well as polyubiquitination in a
time-dependent manner (Fig. 24).

Because Ser-490 phosphorylation of occludin was shown to
regulate interaction with ZO-1 (20), we investigated whether
this phosphorylation site is involved in occludin ubiquitination.
Immunoprecipitation with an antibody specific for Ser-490-
phosphorylated occludin was followed by immunoblotting for
ubiquitin. VEGF increased both occludin phosphorylation at
Ser-490 and ubiquitination of this phospho-form of occludin
(Fig. 2B).

For the additional confirmation of occludin ubiquitination,
HA-tagged ubiquitin was transfected into BRECs using nucleo-
fection (Amaxa) followed by immunoprecipitation of the HA
tag. Western blotting demonstrated that total and Ser-490-
phosphorylated occludin were ubiquitinated after VEGF treat-
ment (Fig. 2C).

To elucidate the relationship between phosphorylation and
ubiquitination, V5-tagged wild-type occludin (WtOcc) and
occludin mutants in which Ser-490 was substituted to alanine

FIGURE 1. VEGF disrupts continuous cell border staining of occludin, and increases the co-localization between occludin and endosomal markers in
BREC. A and B, double staining of occludin and early endosome antigen 1 (EEAT) in control (A) and after 15 min with 50 ng/ml VEGF treatment (B). C and D,
immunolocalization of occludin and lysosome-associated membrane protein 1 (LAMP1) under control conditions (C) or after VEGF treatment (50 ng/ml, 15 min)
(D). Arrowheads, puncta with co-localization. Background nuclear staining was also observed with secondary antibody alone (not shown). Scale bar = 10 um.
The co-localization was quantified (E and F). n = 5. Error bars represent the S.D. *, p < 0.01 versus control (ctl).
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FIGURE 2. VEGF increases occludin ubiquitination, dependent on phos-
phorylation at Ser-490. A, BRECs treated with VEGF (50 ng/ml) over the time
course indicated were used to detect the ubiquitination of occludin (A) and
phospho-Ser-490 (B). Arrowheads, ubiquitinated occludin. C, occludin
detected by rabbit occludin antibody (Zymed Laboratories Inc., 71-1500) and
phospho-Ser-490 were also conjugated by exogenous ubiquitin after VEGF
treatment (50 ng/ml for 15 min). D, VEGF treatment (50 ng/ml, 20 min)
increased the ubiquitination of transfected WtOcc but not S490A0cc. HA-Ub,
HA-tagged ubiquitin; WT, WtOcc; S490A, S490AOcc. /B, immunoblot; IP,
immunoprecipitated.

(S490A0cc), were overexpressed in BRECs by nucleofection.
Ubiquitination was determined by immunoprecipitation with
anti-V5 antibody followed by Western blotting. WtOcc was
ubiquitinated by VEGF treatment, whereas VEGF did not
induce the ubiquitination of S490AOcc (Fig. 2D). These data
demonstrate that phosphorylation at Ser-490 is necessary for
VEGF-induced occludin ubiquitination.

VEGF Increases the Interaction between Occludin and the E3
Ligase Itch—Previous studies in epithelial cell types have dem-
onstrated that the amine cytoplasmic domain of occludin inter-
acts with the E3 ubiquitin ligase, Itch, leading to occludin ubiq-
uitination (25, 26). We evaluated the interaction between
occludin and Itch in response to VEGF treatment in BREC.
Co-immunoprecipitation studies demonstrated that VEGF
increased the interaction of Itch bound with occludin in a time-
dependent manner, whether using either anti-occludin (Fig.
3A) or anti-Itch as the precipitating antibody (Fig. 3B). These
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FIGURE 3. VEGF induces the interaction between occludin and the E3
ligase, Itch, that requires occludin phosphorylation at Ser-490. A and B,
BRECs were incubated with VEGF (50 ng/ml) for the indicated time points, and
used for co-immunoprecipitation (/P) studies with anti-occludin (A) or anti-
Itch (B) antibody. The interaction between occludin and Itch was increased in
a time-dependent manner. C, after transfection, WtOcc or S490A0cc were
co-immunoprecipitated. VEGF (50 ng/ml, 15 min) increased the interaction
between WtOcc and Itch, which was inhibited by S490AOcc. WT, WtOcc;
S490A, S490A0cc. IB,immunoblot.

data demonstrate that VEGF induces an interaction between
Itch and occludin.

Because occludin ubiquitination requires phosphoryla-
tion at Ser-490, the contribution of Ser-490 phosphorylation
on occludin-Itch interaction was evaluated using WtOcc and
S490AOcc. The V5-tagged wild-type and mutant occludin
were transfected for co-immunoprecipitation studies. VEGF
increased Itch interaction with WtOcc but Itch failed to
coprecipitate with S490AOcc either with or without VEGF
treatment (Fig. 3C). These data suggest that Itch-occludin
interaction, as well as occludin ubiquitination, depends on
the phosphorylation of occludin at Ser-490.

VEGF Promotes Occludin Endocytosis and Trafficking, Which
Were Mediated via Epsin-1 and Epsl15—Ubiquitinated trans-
membrane proteins are internalized by Epsin and Eps15 (31).
These proteins recruit ubiquitinated transmembrane pro-
teins to clathrin-coated pits or vesicles through UIM-ubiq-
uitin binding, which promotes clathrin-mediated endocyto-
sis of ubiquitinated proteins (21). Co-immunoprecipitation
studies were performed to obtain biochemical evidence of
occludin interaction with Epsin-1 and Epsl5. Epsin-1 and
Eps15 were both co-immunoprecipitated with anti-occludin
antibody after VEGF treatment (Fig. 4A). Furthermore,
VEGEF increased the content of total occludin and phospho-
Ser-490 occludin that was co-immunoprecipitated with anti-
Epsin-1 or anti-Eps15 antibodies.

The interaction between occludin, Eps15, and clathrin was
further evaluated by immunocytochemistry and confocal
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FIGURE 4. VEGF promotes the interaction between occludin and Epsin-1 or Eps15. A, co-immunoprecipi-
tation (/P) with antibodies against occludin, Eps15, or Epsin-1 was performed in the absence or presence of
VEGF (50 ng/ml, 15 min). VEGF increased the protein-protein interaction between total occludin (or phospho-
Ser-490) and Eps15 or Epsin-1. Occludin was detected by rabbit occludin antibody (Zymed Laboratories Inc.,
71-1500). pS490, phospho-Ser-490. Immunocytochemistry in the absence (B and D) or presence (C and E) of
VEGF (50 ng/ml, 15 min) was performed. Compared with baseline, both TJ disruption and co-localization with
clathrin (arrowheads) were observed after VEGF treatment. Arrowheads, co-localization of cytoplasmic puncta.

Scale bar = 10 um. IB,immunoblot.

microscopy. At baseline, occludin immunoreactivity was
restricted to the cell border and both Eps15 and clathrin were
distributed in the cytoplasm as puncta (Fig. 4B). In cells treated
with VEGF, occludin immunoreactivity was discontinuous at
the cell border with a concomitant increase in intracellular
occludin puncta that co-localized with both Eps15 and clathrin
immunoreactivity (Fig. 4C). The trafficking of claudin-5 and
Z0O-1 was also evaluated by immunocytochemistry. Similar to
occludin, VEGF treatment disrupted cell border staining of
these TJ proteins and increased the co-localization between
clathrin and claudin-5 and ZO-1 (Fig. 4, D and E). Together
these studies suggest that VEGF increases the ubiquitination of
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occludin, which leads to the interac-
tion with Epsin-1 and Epsl5
through UIM-ubiquitin binding
and subsequent endocytosis. Fur-
thermore, claudin-5 and ZO-1 also
undergo clathrin-mediated endocy-
tosis after VEGF treatment.

Interaction between Occludin and
Hrs—Hrs contributes to the endo-
somal trafficking of ubiquitinated
proteins through binding with the
UIM (24, 32). The interaction
between Hrs and ubiquitinated
occludin after VEGF treatment was
determined by immunocytochem-
istry and co-immunoprecipitation.
In untreated cells, occludin immu-
noreactivity was continuous at the
cell border, whereas Hrs was located
in the cytoplasm. After VEGF treat-
ment, occludin immunoreactivity
co-localized to Hrs in puncta (Fig.
54). Co-immunoprecipitation with
anti-Hrs or anti-occludin antibody
demonstrated that both total occlu-
din and occludin phosphorylated at
Ser-490 interact with Hrs in
response to VEGF (Fig. 5B).

Contribution of Occludin Ser-490
Phosphorylation to T] Endocytosis—
Co-immunoprecipitation  studies
demonstrated VEGF-dependent in-
teraction between Ser-490-phos-
phorylated occludin and endocyto-
sis trafficking proteins, Epsin-1,
Eps15, and Hrs (Figs. 4A and 5B).
Furthermore, = the  S490AOcc
mutant failed to undergo ubiquiti-
nation after VEGF treatment. These
data led us to investigate whether
Ser-490 phosphorylation is neces-
sary for occludin endocytosis and T
disruption. To determine whether
phosphorylation at Ser-490 is
required for the interaction with the
UIM-containing proteins, co-im-
munoprecipitation studies with anti-V5 precipitating antibody
were carried out after transfection of V5-tagged WtOcc and
S490A0cc. Immunoblotting demonstrated that Epsin-1,
Epsl5, and Hrs co-immunoprecipitated with WtOcc after
VEGF treatment. However, these same proteins failed to co-
immunoprecipitate with S490AOcc regardless of VEGF treat-
ment (Fig. 6A). These data suggest that VEGF-induced phos-
phorylation at Ser-490 is necessary for ubiquitination and the
subsequent interaction between occludin and these UIM-con-
taining proteins.

To further investigate whether VEGF-induced TJ disruption
requires phosphorylated occludin at Ser-490, immunocyto-

= 65k

. 100K
VEGF - -+
IP: IgG Epsinl
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B Bioccludin | s b 65 C b Al ™
1B:pS490 — 65k IB:occludin - ems 60k
IB:Hrs - . 100k VEGF - - +

VEGF - - + IP: IgG occludin
IP: IgG  Hrs

FIGURE 5. VEGF promotes the interaction between occludin and Hrs.
Immunocytochemistry was performed on BREC without (A) or with (B) VEGF
treatment (50 ng/ml, 15 min). At baseline, occludin did not colocalize with
Hrs, whereas VEGF increased the intracellular punctate staining of occludin,
which co-localized with Hrs (arrowheads). C, co-immunoprecipitation (/P)
with anti-occludin or anti-Hrs antibody showed that the interaction was
increased by VEGF. Occludin around 65 kDa was detected by rabbit occludin
antibody (Zymed Laboratories Inc., 71-1500). pS490, phospho-Ser-490. Scale
bar = 10 um. IB,immunoblot.

chemistry of the V5-tagged constructs was performed. Immu-
noreactivity for occludin, claudin-5, and ZO-1 was continuous
at the cell border in WtOcc-transfected cells and disrupted by
VEGF treatment (Fig. 6B, supplemental Fig. S1 and quantified
in supplemental Fig. S3). However, BREC transfected with
S490AOcc demonstrated continuous cell border immunolabel-
ing for occludin, claudin-5, and ZO-1 and the addition of VEGF
had no effect on the cellular distribution of these proteins.
These data suggest that occludin phosphorylation at Ser-490
is required for occludin endocytosis and T] disruption in
response to VEGF treatment.

Occludin-ubiquitin Chimera Is Sufficient to Increase T] Dis-
ruption without VEGF—To determine whether occludin ubiq-
uitination is sufficient for the trafficking or disruption of TJ
proteins, an occludin-ubiquitin chimeric protein was created
by linking ubiquitin to the carboxyl tail of either WtOcc (Occ-
Ub) or the S490AOcc mutant (S490A-Ub) and the constructs
were tagged with V5 epitope at the carboxyl terminus. Co-
immunoprecipitation of the Occ-Ub chimeras with anti-V5
antibody was performed after transfection of chimeras to
evaluate the interaction with UIM-containing proteins. In
the absence of VEGF, Epsin-1, Eps15, and Hrs were co-im-
munoprecipitated with Occ-Ub, whereas WtOcc had little
co-precipitation of these proteins without VEGF treatment,
despite higher expression relative to the chimeric proteins
(Fig. 7A). Importantly, the S490A-Ub chimera also co-pre-
cipitated with the UIM-containing proteins, suggesting that
the presence of the ubiquitin was sufficient to allow interac-
tion with these trafficking proteins.

Immunocytochemistry was performed after the exogenous
expression of the chimeric proteins. Compared with the
appearance in WtOcc-transfected BRECs, immunolabeling of
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Occludin

FIGURE 6. S490A0cc mutant inhibits occludin trafficking. A, WtOcc or
S490A0cc was expressed and co-immunoprecipitated (/P) with V5 antibody.
VEGF (50 ng/ml, 15 min) induced the interaction between WtOcc and Epsin-1,
Eps15, or Hrs, whereas S490A0cc completely inhibited these interactions.
B, immunocytochemistry demonstrated that VEGF disrupted continuous
occludin staining in WtOcc-transfected cells, whereas transfection of the
S490A0cc mutant prevented the VEGF-induced TJ disruption. These changes
were quantified and presented in supplemental Fig. S3. WT, WtOcc; S490A,
S490A0cc. Scale bar = 10 um.

V5-tagged Occ-Ub presented large intracellular puncta. Fur-
thermore, ZO-1 and claudin-5 immunolabeling at the cell bor-
der was disrupted, with increased intracellular punctate immu-
noreactivity for occludin (Fig. 7B, supplemental Figs. S2 and
S3). The immunoreactivity for occludin, claudin-5, ZO-1, and
V5 in S490A-Ub-transfected BRECs were similar to that in
Occ-Ub-transfected cells. These data demonstrate that ubiq-
uitination of occludin is sufficient to induce occludin endocy-
tosis and disruption of the T] complex with altered claudin-5
and ZO-1 border immunolabeling.

VEGF Induces Occludin Degradation by the Ubiquitin-pro-
teasome Pathway—Previous studies demonstrated that VEGF
decreased occludin content (12); therefore, the contribution of
the ubiquitin-proteasome pathway was investigated. Occludin
degradation rates were evaluated in the presence of cyclohexi-
mide (10 pug/ml), an inhibitor of protein biosynthesis, followed
by Western blotting. Thirty min after MG132 (50 um) treat-
ment, cells were treated with VEGF and cycloheximide, then
lysed at the indicated time. VEGF accelerated the rate of occlu-
din degradation compared with control conditions (p < 0.05 in
both time points, analysis of variance). Treatment with the pro-
teasome inhibitor, MG132, prevented the increased rate of
occludin degradation after VEGF treatment (p < 0.01 in both
time points, analysis of variance) suggesting that proteasome
inhibition completely prevented the VEGF-induced occludin
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FIGURE 7. Occludin-ubiquitin chimera induces occludin trafficking. A, co-
immunoprecipitation (/P) demonstrated that both Occ-Ub and S490A-Ub
interact with Epsin-1, Eps15, and Hrs in the absence of VEGF. B, BRECs were
transfected with these chimeric mutants for immunocytochemistry. Both
Occ-Ub and S490A-Ub presented intracellular puncta, and cell border stain-
ing of occludin was fragmented in Occ-Ub- or S490A-Ub-transfected cells. WT,
WtOcc. Scale bar = 10 wm. IB, immunoblot.

degradation (Fig. 84). These data demonstrate that VEGF pro-
motes occludin degradation, at least in part, through the ubiq-
uitin-proteasome system. In contrast, there were no significant
differences in the rate of claudin-5 degradation after VEGF
treatment, suggesting that VEGF alters claudin-5 localization
but does not induce claudin-5 degradation (Fig. 84). Further-
more, MG132 increased mono- and polyubiquitinated occlu-
din either with or without VEGF treatment (Fig. 8B). These data
suggest that occludin is ubiquitinated under basal conditions
and VEGF treatment increases occludin ubiquitination and
proteasomal degradation. However, the degradation rate in this
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FIGURE 8. VEGF-induced occludin degradation is mediated via the ubiq-
uitin/proteasomal system. A, after protein synthesis was inhibited by cyclo-
heximide (CHX) (10 ng/ml) occludin content was evaluated by Western blot-
ting. VEGF (50 ng/ml) enhanced the rate of occludin degradation, which was
blocked by MG132 (50 um). The rate of claudin-5 degradation was not
changed by either VEGF or MG132. n = 7-8. Error bars represent the S.D.
B, after the pretreatment with MG132 (50 um), BRECs were treated with VEGF
(50 ng/ml, 15 min). MG132 increased ubiquitinated occludin with or without
VEGF. IP, immunoprecipitated; /B, immunoblot.

study was slow, compared with that observed in LLC-PK1 cells
(25), and the reason for this difference in occludin ubiqutina-
tion and degradation in different cell types remains to be
determined.

Phosphorylation and Ubiquitination of Occludin Regulates
Vascular Permeability—The contribution of occludin phos-
phorylation and ubiquitination to endothelial permeability of
70-kDa-rhodamine B isothiocyanate dextran and transendo-
thelial electrical resistance were evaluated in monolayers of
BREC transfected with either WtOcc or S490AOcc. Compared
with baseline, VEGF treatment increased the permeability of
dextran in cells transfected with empty vector (EV) or WtOcc.
However, transfection of S490AOcc completely blocked the
permeability of dextran induced by VEGF treatment (Fig. 94).
In addition, VEGF decreased the electrical resistance and
increased ion permeability in EV and WtOcc-transfected
BREC. Transfection of S490AOcc blocked the VEGF-induced
decrease in electrical resistance (Fig. 9B). These data demon-
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junction protein VE-cadherin is
phosphorylated and internalized,
which promotes VEGF-induced
permeability (38). Here, we demon-
strate a novel mechanism in which
phosphorylation-dependent ubiq-
uitination of occludin regulates
VEGF-induced TJ] disruption and
vascular permeability in retinal vas-
cular endothelial cells.
TJs are composed of both trans-
* w membrane adhesive proteins and
scaffolding proteins and a number
of regulatory proteins also localize

+ to TJs (2, 9). The contribution to

transfection EV WT S490A

strate that phosphorylation of occludin at Ser-490 is necessary
for VEGF-induced permeability in vascular endothelial cells
with TTs.

Transfection of the Occ-Ub chimera increased the 70-kDa-
dextran flux compared with EV control, and was not further
increased with VEGF treatment (Fig. 9A). Transfection of the
S490A-Ub chimera gave a similar result although not as pro-
nounced, with increased permeability that was not further
affected by VEGF. Measures of transendothelial electrical
resistance demonstrated that the Occ-Ub chimera also in-
creased ion permeability reducing electrical resistance and
VEGF had no further effect. Again, the S490A-Ub chimera gave
similar results (Fig. 9B). These data demonstrate that ubiquiti-
nation of occludin is sufficient for the disruption of T] integrity
and increased paracellular permeability in endothelial cells.

DISCUSSION

VEGF potently induces vascular permeability in most organ
systems including the retina (16, 33). Both paracellular and
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Occ-
FIGURE 9. Phosphorylation of occludin on Ser-490 and ubiquitination regulate VEGF-induced vascular
endothelial permeability. A, diffusive flux (P,) of 70-kDa-dextran was evaluated in the absence or presence of
VEGF (50 ng/ml), after the transfection of each occludin mutant. VEGF-induced hyperpermeability was inhib-
ited by S490A0cc, whereas Occ-Ub and S490A-Ub increased the tracer flux without VEGF. B, transendothelial
electrical resistance (TER) measurements. VEGF reduced the resistance, which was inhibited by S490AOcc. The
chimera proteins decreased the resistance both with and without VEGF. n = 7-9. Error bars represent the S.D.
*p < 0.01 versus EV-transfected cells without VEGF treatment. WT, WtOcc; S490A, S490A0cc. NS, not significant.

Ub

- +
S490A-Ub barrier properties has been clearly
demonstrated for the transmem-
brane protein family, the claudins
(10, 39), whereas the function of
another transmembrane protein,
occludin, has been ill-defined.
Occludin was originally predicted to
confer barrier properties to TJs (7,
40) and occludin gene deletion led to mice with an array of
complex phenotypes but with normal T] formation and barrier
properties in gut epithelium (11, 41). However, there are many
reports demonstrating that occludin contributes to or is altered
in several pathological conditions (12, 42). These contradictory
dataled us to ask whether occludin confers barrier properties to
paracellular flux per se or provides a regulatory function in the
junctional complex. The results of our current study demon-
strate a novel role for occludin in the regulation of paracellular
permeability in endothelial cells with T7Js, such as in the blood-
brain barrier or blood-retinal barrier.

Evidence for both occludin phosphorylation and ubiquitin-
mediated proteasomal degradation have previously been dem-
onstrated (19, 25, 26, 43, 44). However, the mechanisms by
which these modifications influence intracellular trafficking of
TJ proteins, especially during VEGF-induced endothelial per-
meability, have not been elucidated. We now demonstrate that
phosphorylation of occludin at Ser-490 in response to VEGF
allows its ubiquitination, which leads to interaction with UIM
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containing proteins, Epsin-1, Eps15, and Hrs, promoting clath-
rin-mediated endocytosis and trafficking to endosomes.
Importantly, mutational analysis of occludin preventing phos-
phorylation at Ser-490 demonstrates that occludin phosphoryl-
ation and subsequent ubiquitination regulates the endocytosis
of TJ proteins claudin-5 and ZO-1 in addition to occludin and
controls endothelial permeability.

It is noteworthy that the intracellular puncta of occludin and
claudin-5 (or ZO-1) appeared different after VEGF treatment
compared with transfection of the occludin-ubiquitin chimera.
This difference suggests that the chimeric protein is delayed in
a specific trafficking compartment. Previous studies have dem-
onstrated unique endocytosis pathways for T] and adherens
junction proteins (35) dependent on rab13 and rab8, respec-
tively (45). The studies presented here demonstrate a coordina-
tion of occludin, claudin-5, and ZO-1 endocytosis to endo-
somes after VEGF treatment but the mechanisms that control
targeting of occludin for degradation whereas claudin-5 is
spared for potential recycling remains to be determined.

Recently, it was demonstrated that creating a phosphomi-
metic of Ser-490, S490D, does not affect the structure of the
occludin coiled-coil domain but alters the charge distribution
and reduces ZO-1 interaction (20, 46). In the current study, we
demonstrate that phosphorylation at Ser-490 is necessary for
VEGF-induced occludin ubiquitination. The critical steps for
ubiquitination depend on the interaction between substrates
and their E3 ligases. The first publication about the binding of
occludin and its E3 ligase, Itch, showed that the amine terminus
of occludin interacts directly with Itch (25). The amine termi-
nus of occludin contains a PPYP sequence that interacts with
the WW domain of Itch. Our data demonstrated the necessity
of Ser-490 phosphorylation for Itch binding and occludin ubig-
uitination. It is unclear at this time how Ser-490 phosphoryla-
tion of occludin in the carboxyl terminus allows Itch binding in
the amine terminus, but several possibilities may explain this
phosphorylation-ubiquitination sequence. Phosphorylation at
Ser-490 might decrease the interaction between occludin and
other proteins, including ZO-1, exposing occludin to the E3
ligase. In addition, other phosphorylation sites on occludin or
Itch may be essential for this process in conjunction with phos-
phorylation at Ser-490 (47). Alternatively, Ser-490 phosphoryl-
ation may increase the binding to ancillary proteins that pro-
mote Itch interaction and ubiquitination. The time course of
occludin-Itch interaction is relatively longer compared with the
ubiquitination and phosphorylation of occludin suggesting
these additional molecular mechanisms should be considered
along with the requirement of Ser-490 phosphorylation.
Finally, deubiquitinating enzymes as well as occludin-Itch
interaction may regulate the amount of ubiquitinated occludin.

In this study, both immunocytochemistry and biochemical
analyses were used to demonstrate that VEGF increases occlu-
din ubiquitination and endocytosis leading to ubiquitin-medi-
ated proteasomal degradation. We speculate that the interac-
tion between ubiquitinated occludin and Epsin-1 or Epsl5
likely occurs via UIM, which subsequently promotes endocyto-
sis (21). Likewise, occludin binds to the UIM containing protein
Hrs, which also contributes to endosomal trafficking (24, 32).
Recent publications have demonstrated a role of mono-, poly-,
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or multiple monoubiquitination in trafficking and interaction
with Epsin-1 and Eps15 (31, 32, 48 —50). Immunoprecipitation
with Epsin-1 or Eps15 demonstrated a ~66-kDa occludin band
that co-precipitated after VEGF treatment suggesting monou-
biquitination of occludin because the molecular mass of occlu-
din was originally reported to be ~58 kDa (40). Although we
could not find evidence of polyubiquitinated occludin interact-
ing with Epsin and Eps15, this possibility cannot be excluded
because polyubiquitinated bands often present as a smear that
may be difficult to detect in Western blotting. It remains to be
determined whether mono-, poly-, or multiple monoubiquiti-
nation of occludin induces endocytic trafficking. Furthermore,
the sequence of events that direct proteasomal degradation ver-
sus potential occludin recycling to the membrane has not yet
been identified.

In our studies, overexpression of the OccS490A mutant
dominated the endogenous occludin in regulation of T] protein
trafficking and endothelial permeability in response to VEGF.
The precise mechanism by which the alanine mutation domi-
nates remains to be determined but we speculate that the
mutant interferes with the ability to recruit clathrin-mediated
endocytosis-related proteins to TJs because the mutation pre-
vents occludin ubiquitination. Furthermore, trafficking of TJs
likely requires the contribution of additional TJ protein modi-
fications or interactions with other modulators of endocytosis.
Finally, transfection of Occ-Ub and S490A-Ub chimeras
increased permeability without VEGF treatment suggesting
that the occludin phosphorylation-ubiquitination sequence
regulates T7 trafficking and that occludin ubiquitination is suf-
ficient to confer barrier disruption and permeability. Ser-490
phosphorylation may also contribute to additional mechanisms
regulating vascular permeability because the S490A-Ub chi-
mera demonstrated less permeability than Occ-Ub in macro-
molecular tracer experiments.

Many studies have demonstrated a correlation of occludin
content with permeability. Earlier studies of occludin overex-
pression in Madin-Darby canine kidney cells increased manni-
tol flux, whereas electrical resistance was also increased (51).
Here we demonstrate that overexpression of WtOcc did not
reduce permeability, but, in fact, significantly increased VEGE-
induced permeability to 70-kDa dextran. These data support a
model in which the amount of ubiquitinated occludin deter-
mines T] disruption and vascular permeability rather than loss
of occludin per se. Furthermore, this model suggests that occlu-
din degradation acts as a negative feedback system for T] integ-
rity. Therefore, the content of occludin detected at the tradi-
tional 58 kDa correlates with barrier properties because
occludin ubiquitination reduces the observed band at this
molecular weight, induces T] disruption, and over time leads to
occludin degradation in endothelial cells. It is important to note
that we failed to detect evidence of occludin ubiquitination in
Madin-Darby canine kidney cells (data not shown) suggesting
that occludin ubiquitination may be cell-type specific or limited
to the VEGF response.

In conclusion, we demonstrate that VEGF induces phospho-
rylation-dependent occludin ubiquitination, which is necessary
for increased permeability to both macromolecules and ions.
These studies demonstrate a role for occludin in regulation of
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endothelial barrier properties and suggest important potential
therapeutic targets for the control of vascular permeability in
diseases of the blood-brain and blood-retinal barrier.
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