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Intercellular tight junctions (TJs) exhibit a complex molecular architecture involving the regulated cointeraction of cytoplasmic
adaptor proteins (e.g., zonula occludens) and integral membrane linker proteins (e.g., occludin and claudins). They provide
structural integrity to epithelial and endothelial tissues and create highly polarized barriers essential to homeostatic mainte-
nance within vertebrate physiological systems, while their dysregulation is an established pathophysiological hallmark of many
diseases (e.g., cancer, stroke, and inflammatory lung disease). The junctional complex itself is a highly dynamic signaling entity
wherein participant proteins constantly undergo a blend of regulatory modifications in response to diverse physiological and
pathological cues, ultimately diversifying the overall adhesive properties of the TJ. Occludin, a 65-kDa tetraspan integral mem-
brane protein, contributes to TJ stabilization and optimal barrier function. This paper reviews our current knowledge of how
tissue occludin is specifically modified at the posttranscriptional and posttranslational levels in diverse circumstances, with asso-
ciated consequences for TJ dynamics and epithelial/endothelial homeostasis. Mechanistic concepts such as splice variance and
alternate promoter usage, proteolysis, phosphorylation, dimerization, and ubiquitination are comprehensively examined, and
possible avenues for future investigation highlighted.

TIGHT JUNCTIONS AND OCCLUDIN

Tight junctions. The tight junction (TJ), originally identified in
the early 1960s by Farquhar and Palade (34), is an intramem-

brane multiprotein complex that provides apical intercelluar con-
nections between adjacent cells in both epithelial and endothelial
monolayers. Working in concert with other structurally distinct
intercellular junctions (adherens junctions, gap junctions, and
desmosomes), TJs provide structural integrity to tissues and create
highly polarized barriers with selective paracellular permeability
to water, solutes, larger molecules, and other cells, an essential
feature of homeostatic maintenance within vertebrate physiolog-
ical systems. Over the years, additional roles for TJs in cellular
differentiation, proliferation, migration, signal transduction, and
gene expression have also emerged, highlighting their functional
diversity (for reviews, see references 10, 73, and 106), while TJ
dysregulation has been associated with the pathogenesis of various
diseases, including cancers, stroke, diabetic retinopathy, pulmo-
nary disorders, and inflammatory bowel disease (38).

The molecular architecture of the TJ exhibits a complex ar-
rangement of cointeracting cytoplasmic adaptor proteins (e.g.,
zonula occludens [ZO-1, ZO-2, and ZO-3], as well as 7H6, AF6,
vinculin, and cingulin), which mediate the cytoskeletal tethering
and cell-cell partnering of transmembrane linker proteins (e.g.,
occludin, claudins, and junctional adhesion molecules 1, 2, and 3)
(1). The overall junctional complex is therefore a highly dynamic
signaling entity in which the individual protein components are
frequently subjected to an array of regulatory modifications that
may introduce changes in protein size and structural conforma-
tion, modify protein-protein interactions and localization, and
either enhance or subdue protein function, ultimately modulating
the adhesive properties of the TJ. In an effort to illustrate this
concept, this minireview examines how the prototypical TJ pro-
tein occludin is subjected to various modifications at the posttran-
scriptional and posttranslational levels, with specific consequences
for TJ assembly and barrier function in diverse circumstances. Rele-
vant concepts such as splice variance and alternate promoter usage,

proteolysis, phosphorylation, dimerization, and ubiquitination are
considered, and the functional consequences (if known) of occludin
variants are highlighted. Moreover, regular comparison of findings
from both epithelial and endothelial barrier studies are included
within the general scope of the paper.

Occludin structure. Originally discovered in avian tissues by
Furuse et al. (41) using anti-chick occludin antisera prepared in
rats, occludin (�65 kDa) was found localizing to epithelial and
endothelial TJs and was subsequently confirmed as the first inte-
gral membrane TJ protein to be identified. Later cloning studies
revealed up to 90% homology among mammalian occludins, with
both avian and mammalian forms exhibiting a similar multido-
main tetraspan structure (Fig. 1) (3) and with individual occludin
domains exhibiting distinct functions and regulatory features (for
a review, see reference 36). The extended C terminus, for example,
has been shown to be essential for occludin interactions with
ZO-1, subsequently mediating its intracellular trafficking to the
plasma membrane TJ site. The C terminus also has essential sig-
naling functions and mediates occludin dimerization (21, 40, 63,
122, 123). Investigations have also confirmed roles for the extra-
cellular loops and at least one transmembrane domain in occludin
localization and TJ stability (8), while evidence also points to pos-
sible copolymerization of occludin with a claudin(s) for proper
stabilization of TJ strands (39). Occludin also exhibits a MARVEL
(MAL and related proteins for vesicle trafficking and membrane
link) domain, a four-transmembrane structural motif common
among junctional proteins involved in membrane apposition and
fusion events (Fig. 2). Other proteins within the occludin family
displaying this domain include MARVEL-D3 and MARVEL-D2
(tricellulin). The former is an alternately spliced protein that co-
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localizes with occludin at TJs in both epithelial and endothelial
cells (107), while the latter is expressed in regions where three cells
make contact (89). Notwithstanding their collective importance
to barrier maintenance, this review will focus exclusively on oc-
cludin.

Occludin function. The importance of occludin to proper TJ
function has been conclusively demonstrated through numerous
investigations. Overexpression of occludin in Madin-Darby ca-
nine kidney (MDCK) cells, for example, enhances transepithelial

electrical resistance (75), while synthetic peptides mimicking the
extracellular loop structure of occludin have been found to in-
crease permeability in A6 epithelial cells by disrupting normal
loop-loop interactions (61, 126). In knockout mice (occludin�/�),
TJs were seen to be morphologically intact, although the investi-
gators noted complex histological phenotypes characterized by
chronic inflammation and poor TJ integrity in several epithelial
tissues (95), pointing to a more likely role for occludin in TJ sta-
bility and barrier function as opposed to TJ assembly. The indis-
pensability of occludin for cortical actin organization and barrier
integrity in various endothelial cell models has also been robustly
demonstrated (60). Research has shown, for example, that down-
regulation of occludin via either proteolysis or treatment with
permeabilizing factors such as vascular endothelial growth factor
(VEGF) or phospholipase D2 (PLD2) is directly linked to elevated
endothelial permeability (78, 120, 129).

POSTTRANSCRIPTIONAL MODIFICATIONS
Splice variance and alternate promoter usage. (i) Tight junc-
tions and gene splicing. Gene splicing is a eukaryotic posttran-
scriptional mechanism that extends the coding capacity of a single
gene by enabling it to encode multiple protein isoforms that are
structurally and functionally distinct from one another. In this
way, the variety and frequency of reactive sites/domains within a
protein can be altered, thereby enhancing its functional diversity.
The emergence of gene splicing as a regulatory force in TJ assem-
bly stretches back almost 2 decades with the discovery by Willott et
al. (125) of two different ZO-1 isoforms. Sequence analysis of
ZO-1 cDNA by this group revealed an additional 240-bp sequence
in only some of the ZO-1 cDNAs studied. This coded for an 80-
amino-acid in-frame insertion in ZO-1 to yield the ZO-1 al-
pha(�) isoform, an observation made in normal rat and human
tissues as well as a variety of epithelial cell lines (Caco-2, T84, and
Hep G2). Investigators subsequently deduced that the ZO-1 al-
pha(�) variant reduces TJ lability and enhances tightness, while
the ZO-1 alpha(�) variant is restricted to more structurally dy-
namic junctions that exhibit a broader range of paracellular flux
rates and/or are readily opened by physiological signals (e.g., such

FIG 1 Plasma membrane-associated human occludin. Individual occludin
domains (and amino acid lengths) are indicated. C-terminal occludin interac-
tion with the ZO-1 GUK domain is also shown (Note that ZO-1 PDZ domains
indicated are believed to mediate ZO-1 interaction with claudins.) ZO-1 is not
to scale (�25% of actual protein size). EL1/2, extracellular loops 1 and 2; GUK,
guanylate kinase domain; IL, intracellular loop; SH3, Src homology 3 domain;
TM1 to -4, transmembrane domains 1 to 4.

FIG 2 Structural organization of the TM4(�) and TM4(�) variants of human occludin protein. Canonical/TM4(�) occludin is pictured. Also pictured is the
54-aa deletion corresponding to the TM4(�) variant resulting from skipping of exon 4. C409, cysteine-409; EL1/2, extracellular loops 1 and 2 (EL1 is glycine/
tyrosine rich); IL, intracellular loop; M1, methionine-1; PY, Nedd4-2-binding domain; T522, threonine-522; TM1 to -4, transmembrane domains 1 to 4; Y398/402,
tyrosine-398/402; WW, Itch-binding domain.
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as those found in endothelial cells, Sertoli cells, and renal glomer-
uli) (9, 59, 72, 86, 102).

(ii) Occludin N-terminal extension. In mapping the human
occludin gene to its chromosomal band (5q13.1) in epithelial cells,
Saitou and coworkers identified several occludin mRNA bands by
Northern blotting, suggesting that, like that of ZO-1, occludin
expression was also subject to gene splicing events (96). Using
MDCK cells, Muresan et al. (79) went on to identify occludin 1B,
an alternatively spliced transcript containing a 193-bp insertion
that encoded an occludin isoform with an extended N-terminal
sequence of 56 amino acids. Although the functional significance
of this insertion was not investigated (the subcellular distribution
of occludin 1B was identical to that of normal occludin), the au-
thors speculated that the N-terminal extension may be shielding
an SH3 consensus motif (XPXXPPP*XP, where * is any hydro-
phobic residue and X is any amino acid), thereby potentially
blocking binding interactions between occludin 1B and SH3
adaptor proteins.

(iii) Occludin TM4 deletion. More recently, an alternatively
spliced occludin isoform generated by skipping exon 4 has been
identified by Ghassemifar and coworkers in human tissues, em-
bryos, and a range of cell types (both epithelial and endothelial).
This variant comprises a 162-bp deletion encoding the entire
fourth transmembrane domain (TM4) and proximal C-terminal
region and was subsequently designated TM4(�), as opposed to
canonical occludin or TM4(�) (42, 43) (Fig. 2). Both TM4(�)
and TM4(�) isoforms were also identified in primate epithelial
cells but not in murine or canine cells, suggesting that this splicing
event has a more recent evolutionary origin. A related study con-
ducted by Mankertz et al. (70) further demonstrated the presence
of four differentially spliced occludin mRNA transcripts in human
epithelial tissues (placenta and colon) and colonic epithelial cells
(HT29/B6). These isoforms were designated types I (522 amino
acids [aa]), II (468 aa), III (290 aa), and IV (504 aa), with type II
being identical to the TM4(�) isoform identified previously (42).
Unlike TM4(�) occludin, the TM4(�) isoform exhibits an exter-
nalized C-terminal domain, presumably altering its ability to in-
teract with ZO-1 and properly localize to the tight junction. In this
respect, Mankertz et al. (70) reported that the type II/TM4(�)
isoform in fact does not colocalize with ZO-1, reinforcing the
importance of both TM4 and C-terminal domains to the correct
intracellular trafficking of occludin. By employing “live” cell im-
munofluorescent staining using a C-terminally directed antioc-
cludin IgG, Ghassemifar et al. (42) also demonstrated that
TM4(�) immunoreactivity was to be found only at the periphery
of subconfluent cell islands or wounded cell monolayers, leading
one to speculate that low-level expression of this isoform occurs
only under conditions of tissue remodelling that involve TJ “loos-
ening” (a feature of both normal physiological regulation and pa-
thologies such as cancer). These aforementioned investigations,
however, provide only limited insight into the regulation and pu-
tative function(s) of the TM4(�) isoform, with firmer conclu-
sions necessitating further research.

(iv) Other occludin variants (exons 1 and 9). In other studies,
Mankertz and coworkers (70) also demonstrated the existence of a
second occludin promoter and transcription start site (exon 1a)
displaying enhanced sensitivity to proinflammatory tumor necro-
sis factor alpha (TNF-�) signaling, leading the authors to spec-
ulate that this could be a pathological mechanism to reduce
occludin expression, causing colonic epithelial inflammation

characteristic of ulcerative colitis. Finally, a more recent study by
Gu et al. (46) demonstrated the existence of an exon 9-deleted
occludin splice variant (Occ�E9) in human liver cells (Chang,
Huh7, and Hep3B) acting via an alternative (P2) promoter site.
Interestingly, Occ�E9 localized in the cytoplasm and, unlike wild-
type occludin, did not induce mitochondrion-mediated apoptosis
or reduce cell invasiveness. As previous publications have demon-
strated the antitumorigenic properties of occludin (71, 84), these
findings have led investigators to speculate on a potential role for
the Occ�E9 variant in cancer progression. Again, further investi-
gations will be necessary to confirm such a role.

POSTTRANSLATIONAL MODIFICATION OF OCCLUDIN
Proteolytic degradation. (i) MMP-dependent proteolysis. The
proteolytic degradation of both adherens and tight junction pro-
teins constitutes an important regulatory feature of physiological
tissue remodeling (e.g., barrier regulation, migration, prolifera-
tion, and angiogenesis) and pathology (e.g., cancer, blood-brain
barrier [BBB] inflammation, and diapedesis) (54, 55, 67, 80).
Within the endothelium, proteolytic cleavage of occludin to inac-
tive fragments (presumably destined for cellular recycling) invari-
ably leads to barrier disruption and is frequently mediated by ma-
trix metalloproteinases (MMPs). Indeed, various papers report
that occludin serves as a substrate for gelatinases (MMP-2/9) (44,
65) and, to a lesser extent, stromelysins (MMP-3) (47, 93; for a
review, see reference 2). While the endothelial cell itself is un-
doubtedly a principal source of MMPs, basolaterally located as-
trocytes and pericytes within microvascular beds, as well as circu-
lating cells, are also important MMP sources. These MMPs
contribute in tandem to the degradation of basal lamina proteins
and TJ-associated occludin, the former providing structural sup-
port for the capillary wall as well as some degree of proteolytic
protection for intercellular TJ proteins (115, 118, 128). By way of
illustration, a report by Ishihara et al. (55) demonstrates how
glioma-derived transforming growth factor �2 (TGF-�2) can in-
duce endothelial MMP expression, leading to occludin reduction
and TJ dysregulation during glioma-mediated BBB impairment.
In contrast, the degradation of occludin (and ZO-1/claudin 5) by
leukemic cell-derived MMP-2 and -9, leading to BBB dysfunction
and leukemic cell invasion into the central nervous system (CNS)
during leukemia, has also been reported (37).

(ii) In vivo endothelial MMP studies. For the endothelium,
much in vivo evidence exists to support a role for MMP-mediated
occludin proteolysis, particularly during blood-brain barrier
(BBB) pathologies. Rodent models of cerebral ischemic injury, for
example, demonstrate elevated levels of MMP-2/9 leading to oc-
cludin fragmentation in brain microvessels, with resultant ele-
vated leakage and brain edema (13, 20, 64, 114, 128). Yang et al.
(128) went on to describe the temporal dynamics of these events,
confirming that constitutively active MMP-2 is responsible for
occludin cleavage and TJ “loosening” during the early transient
phase of the ischemia (3 h), while MMP-9 and other products of
extended neuroinflammation and reperfusion injury (e.g., reac-
tive oxygen species) cause further occludin degradation and more
long-term (24-h) alterations to BBB integrity. In other models, the
depletion of occludin by MMP-9, leading to macrophage infiltra-
tion, has been reported during cerebral aneurysm formation in
rats (111). Higashida et al. (51) also recently confirmed a role for
MMP-9 in the degradation of both laminin and occludin, leading
to BBB disruption and brain edema following traumatic brain
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injury in rats, a mechanism also involving hypoxia-inducible fac-
tor 1� (HIF-1�) and aquaporin 4 (AQP-4). Degradation of occlu-
din by MMP-2/9 is also a feature of blood-brain and blood-retinal
barrier disruption in various rat models of type II diabetes and
diabetic retinopathy (44, 50, 62). In other studies, elevated levels
of MMP-9 observed in the medial thalamus and brain microvas-
cular endothelium of thiamine-deficient mouse brain (an estab-
lished model of Wernicke’s encephalopathy, which is character-
ized by petechial hemorrhagic lesions and BBB compromise) have
been shown to correlate with reductions of occludin (and ZO-1/2)
protein levels and membrane immunolocalization pattern (14).
Degradation of occludin (and claudin 5) arising from elevated
MMP-9 levels in mouse brain endothelium following
azoxymethane-induced acute liver failure (ALF) has also been re-
ported, further corroborating the role of MMP-9 in the vasogenic
mechanism of brain edema associated with this disease (19). Fi-
nally, a slightly earlier study by Caron et al. (16) has demonstrated
that elevated levels of occludin proteolysis correlate with increases
in ProMMP-2/9, MMP-9, and TIMP-2 in rat kidney endothelium
during ischemic injury.

(iii) In vitro endothelial MMP studies. In line with in vivo
studies, brain-derived microvascular endothelial cell (BMEC)
models have also robustly demonstrated the involvement of
MMP-dependent occludin processing in the regulation of cell-cell
contacts and monocyte diapedesis (66, 92), as well as during path-
ological disruption of the BBB via oxidative stress (65) and infec-
tion (e.g., for N. meningitidis, HIV-infected monocytes, and West
Nile virus-infected cortical astrocytes) (53, 100, 118). Moreover, a
recent study by Blecharz et al. (15) has shown that incubation of
the murine brain endothelial cell line cEND with sera from mul-
tiple sclerosis (MS) patients (in either active phase or remission)
leads to downregulation of occludin (and claudin 5) mRNA/pro-
tein in parallel with upregulation of MMP-9 levels, with the au-
thors also reporting minor BBB reconstitution following gluco-
corticoid treatment of cEND monolayers. Finally, in vitro
coculture of BMECs with glioblastoma cells (and growth factors,
e.g., TGF-�2) reduced expression of occludin (and JAM-A/ZO-1)
in an MMP-dependent manner in parallel with enhanced endo-
thelial permeability (55).

(iv) Epithelial MMP studies. MMP-dependent proteolysis of
occludin in epithelial cells, while far less common, has also been
reported. A recent study by Casas et al. (17), for example, has
demonstrated reduced barrier resistance and increased basolateral
accumulation of occludin C-terminal fragments (i.e., 41 and 48
kDa) following methyl-beta-cyclodextrin-induced cholesterol de-
pletion in MDCK cells. More importantly, these authors demon-
strate that the occludin hydrolysis in this instance results from the
action of a GM6001-sensitive MMP. Moreover, in a slightly earlier
study by Gorodeski (45), elevated activation and release of
MMP-7 following estrogen treatment of normal human vaginal
epithelial cells led to increased occludin proteolysis, prompting
the author to suggest this as a potential mechanism whereby es-
trogens may regulate epithelial paracellular permeability during
the human estrous cycle.

(v) MMP-independent proteolysis. Considerable evidence
exists, however, for MMP-independent proteolytic processing of
occludin in epithelial cells. Studies by Wan et al. (124) and Runs-
wick et al. (94) confirmed roles for both serine and cysteine pep-
tidases (e.g., Der p 1 from house dust mite allergen) in the cleavage
of occludin with attendant elevation in epithelial permeability,

and they went on to propose this as a pathological mechanism for
allergen delivery across lung and nasal epithelial barriers in
asthma and allergic rhinitis sufferers. Calpains (Ca2�-dependent
cysteine proteases) have also been demonstrated to cleave occlu-
din in epithelial models of bacterial infection, thereby accommo-
dating paracellular translocation of either pathogens (e.g., group
A Streptococcus pyogenes) or polymorphonuclear leukocytes (24,
108).

Phosphorylation. (i) Occludin phosphorylation. Reversible
phosphorylation of occludin and other TJ proteins is now estab-
lished as a vital aspect of barrier regulation. In an early barrier
experiment using MDCK I cells, for example, Sakakibara et al.
(97) demonstrated that epithelial barrier restoration following a
switch from low to normal calcium levels induced elevated levels
of NP-40-insoluble occludin coincident with increased phospho-
serine (pSer) and phosphothreonine (pThr) occludin levels. This
led the authors to conclude that highly phosphorylated occludin
selectively localized to intact epithelial TJs as a detergent-insoluble
form. Later studies confirmed the necessity of occludin phosphor-
ylation on key serine, threonine, and tyrosine residues to the TJ
assembly process in MDCK cells (35, 117), while occludin phos-
phorylation on serine and threonine residues in epithelial junc-
tions of Xenopus laevis embryos has also been reported (27, 28).
The regulation of endothelial TJs through occludin phosphoryla-
tion has also received extensive attention, with many studies fo-
cusing on how the phosphorylation status of occludin correlates
to vessel barrier dysfunction (6, 23, 29, 30, 77, 85). In line with this
mechanism of regulatory covalent modification, occludin has re-
peatedly been shown to serve as a substrate for a wide range of
cellular kinases and phosphatases in various experimental/patho-
physiological contexts (Table 1).

(ii) pTyr occludin. (a) Barrier reduction. The highly dynamic
nature of the occludin phosphorylation state has since dictated the
focus of numerous TJ studies, yielding functionally distinct mod-
ification patterns. Elevated occludin phosphotyrosine (pTyr) lev-
els, for example, have been strongly linked to barrier dysfunction
during oxidative stress in Caco-2 cells (91, 103), acetaldehyde
treatment in human colonic mucosa (12), ATP treatment in hu-
man cervical epithelial CaSki cells (130), mainstream cigarette
smoke exposure in Calu-3 lung epithelium cells (83), and choles-
terol depletion in MDCK II cells (69), with the last study also
demonstrating how occludin association with detergent-insoluble
membrane fractions (consistent with intact TJs) is partly choles-
terol dependent. As an explanation of these events, groundbreak-
ing studies by Kale et al. (57) and Elias et al. (33) support the
hypothesis that barrier-disrupting stimuli enhance tyrosine phos-
phorylation of occludin within a highly conserved C-terminal
motif (YETDYTT, corresponding to Tyr-398 and Tyr-402 in hu-
man occludin) (Fig. 2). This attenuates its interaction with ZO-1
(and ZO-2/3, but not F-actin) and leads to occludin delocalization
from the membrane with attendant barrier disruption (see refer-
ence 90 for a more detailed review). Other epithelial barrier stud-
ies directly and indirectly support this notion (91, 103).

In endothelial studies, both focal cerebral ischemia (56, 113)
and glutamate treatment of BMEC cultures (4), which are in vivo
and in vitro models of BBB dysfunction, respectively, also manifest
elevated pTyr occludin levels. This is fully consistent with the re-
duced endothelial pTyr occludin levels that appear to accompany
the barrier-strengthening impact of blood flow-associated hemo-
dynamic forces such as cyclic strain and shear stress on bovine
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aortic endothelial cells (BAECs) and BMECs, respectively (26,
121). In this regard, the recent in vitro shear study by Walsh et al.
(121) is particularly noteworthy. In that paper, the authors de-
scribe an intriguing mechanism in BMECs whereby mechanosen-
sory VE-cadherin can, through activation of a Tiam1/Rac1 signal-
ing pathway, transmit physiological shear signals to TJs, in part via
tyrosine phosphatase-dependent reduction of pTyr occludin lev-
els. Importantly, this study highlights how molecular cross talk
between endothelial adherens and tight junctions can adapt TJ
adhesiveness through the covalent modification of occludin
(121).

(b) Barrier enhancement. Paradoxically, a reduced pTyr oc-
cludin level has also been linked to barrier dysfunction following
either Ca2� or ATP depletion in MDCK cell monolayers (22, 117)
and following poly-L-arginine treatment in rabbit nasal epithe-
lium (82), highlighting the potential diversity in occludin pTyr
sites and cell-specific kinase/phosphatase effectors that likely af-
fect the regulation of occludin trafficking and protein-protein in-
teractions.

(iii) pSer/pThr occludin. (a) Barrier enhancement. Another
common feature of intact TJs appears to be hyperphosphorylation
of occludin at serine and threonine residues, as evidenced through
several early MDCK studies (5, 35, 69, 81, 97). Consistent with
this, occludin Ser/Thr dephosphorylation has been shown to in-
crease paracellular permeability in both intestinal epithelium and
Caco-2 cells following infection by either enteropathogenic Esch-
erichia coli or Pseudomonas aeruginosa, respectively (104, 119).
Other recent studies, also with Caco-2 monolayers, confirm the

importance of threonine phosphorylation within the occludin
C-terminal tail for mediating its ability to localize to the TJ (101,
110), while reduced pSer/pThr occludin levels have been shown to
accompany barrier disruption following septic insult and gluta-
mate treatment in microvascular endothelial cell cultures (4, 48).

(b) Barrier reduction. Contrasting studies, however, again
highlight the potential multiplicity of occludin pSer and pThr sites
and related cell-specific signaling effectors that mediate the func-
tional diversity of this protein. In this respect, elevated pSer/pThr
occludin levels have been correlated to increased epithelial perme-
ability (58, 88, 130) as well as to BBB dysfunction in encephalitic
mouse and human brain (127). Collins et al. (26) also showed a
reduction in pSer/pThr occludin levels in BAECs in response to
physiological cyclic strain (i.e., a barrier-strengthening influence).
An early study by Antonetti et al. (6) also deserves mention, as it
was one of the first papers to relate occludin phosphorylation
changes with vascular endothelial permeability. In that study,
VEGF-induced barrier disruption in bovine retinal endothelial
cells (BRECs), an underlying pathological mechanism in diabetic
retinopathy, was shown to involve enhanced occludin phosphor-
ylation. Subsequent studies by the same group attributed these
events to a protein kinase C� (PKC�)-dependent increase in oc-
cludin pSer levels (49). By combining mass spectrometry data
analysis with bioinformatics, Sundstrom and coworkers subse-
quently mapped the VEGF-induced occludin phosphorylation
sites to include Thr-168, Thr-404, Ser-408, Ser-471, and Ser-490
(numbering is for human occludin), with further investigations
specifically identifying Ser-490 as a pivotal amino acid mediating

TABLE 1 Phosphatase- and kinase-dependent modification of occludina

Phosphatase/kinase Experimental model Phosphosite(s) Barrier effectb Reference(s)

CK1 HUVEC, GST-OccC (human) Thr, Ser 76
GST-OccC (human), GST-OccN (human) Thr, Ser 31

CK2 Crude brain extract (porcine) Thr, Ser 105
GST-OccC (human) Thr-404, Ser-408 31
Occludin domain E (Xenopus laevis) Thr-375, Ser-379 28
Embryo (Xenopus laevis) Thr, Ser 27

c-Src Isolated brain capillary (rat) Tyr � 56, 113
Rat-1, MDCK Tyr-398, Tyr-402 � 33
MDCK Tyr-473 32
GST-OccC (chicken) Tyr 57

c-Yes MDCK Tyr � 22
DEP-1 (PTP�) MCF10A, MDCK II, A431 Tyr � 98
p-ERK Caco-2 Tyr, Thr � 11
PI3K Caco-2, GST-OccC (chicken) Tyr � 103
PKC CaSki Thr � 130

MDCK Ser-338 � 5
PKC�II REC (bovine) Thr, Ser � 49
PKC� Caco-2, MDCK Thr-403, Thr-404 � 110
PP1 Caco-2, GST-OccC (chicken) Ser � 101
PP2A MECs (murine) Thr, Ser � 48

HPAF-II Thr, Ser � 88
Caco-2, GST-OccC (chicken) Thr � 101
MDCK Thr, Ser � 81

RhoK BMEC (murine) Thr-382, Ser-507 � 127
ECV304 Thr, Ser � 52

a BMEC, brain microvascular endothelial cell; Caco-2, human colorectal epithelial adenocarcinoma; CaSki, HPV16/18� cervical epithelial carcinoma; CK1/2, casein kinase 1/2; c-Src,
tyrosine kinase; c-Yes, non-receptor protein tyrosine kinase; DEP1, density-enhanced phosphatase 1; p-ERK, phospho-extracellular signal-regulated kinase; ECV304, transformed
HUVEC; GST, glutathione S-transferase; HUVEC, human umbilical vein endothelial cell; MCF10A, human mammary epithelial cell; MDCK, Madin-Darby canine kidney; PI3K,
phosphoinositide-3 kinase; PKC, protein kinase C; PP, protein phosphatase; REC, retinal endothelial cell; RhoK, Rho-associated protein kinase.
b �, increased barrier integrity; �, decreased barrier integrity.
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occludin interaction with its other TJ binding partners (e.g.,
ZO-1) (109), in addition to its subsequent ubiquitination and
degradation after VEGF treatment (discussed below) (78).

(iv) Occludin dimerization. Finally, in addition to regulating
occludin cointeraction with other TJ binding partners (33, 57),
phosphorylation may also putatively regulate the ability of occlu-
din to cointeract with itself to form homodimers, a phenomenon
first noted by Chen et al. (21) while studying TJ assembly in early
Xenopus embryos. Recent studies of the BBB endothelium have
demonstrated that the C-terminal coiled-coil domain in occludin
contributes to its redox-dependent dimerization via disulfide
bridge formation (Cys-409 in human occludin), a critical step in
the generation of tightly packed multiprotein TJ assemblies (74,
122, 123). Similar studies using HEK293 cells have also reported
that redox-dependent occludin homodimerization is essential to
the recruitment of ZO-1 to the plasma membrane (18). Interest-
ingly, the close proximity of Cys-409 to Tyr-398/402 (Fig. 2)
(these tyrosine phosphosites are known to mediate cointeraction
of occludin/ZO-1 [33, 57]) suggests functional overlap between
these specific phosphorylation and dimerization sites. Indeed, one
might speculate that the reversible phosphorylation of occludin at
Tyr-398/402 may induce a localized conformational change
within the coiled-coil domain to regulate steric masking/unmask-
ing of the nearby sulfhydryl side chain on Cys-409 and conse-
quently disulfide bridge formation. Future investigations will
likely shed further light on this possible mechanism.

Ubiquitination. (i) Occludin ubiquitination. Ubiquitin, a 76-
amino-acid heat stable protein found in all eukaryotic cells, can be
coupled as either a monomer or a polymer to lysine residues in an
ATP-dependent manner, thereby directing proteins to the protea-
somal degradation pathway (99). Ubiquitination is therefore an
important mechanism for regulating a target protein’s function
through modification of its intracellular trafficking and degrada-
tion and, in this respect, is now emerging as a significant regula-
tory mechanism within both epithelial and endothelial TJs. Early
work by Traweger et al. (116) reported ubiquitination of occludin
in vivo using HEK293 cells, an event that was sensitive to protea-
somal inhibition with MG-132. The same authors also employed
yeast two-hybrid screening to identify a novel interaction between
the N terminus of occludin (Pro9-Pro10-Pro11-Tyr12) and the WW
domain of the E3 ubiquitin ligase, Itch (Fig. 2). A slightly later
study by Lui and Lee (68) went on to report that occludin coasso-
ciation with Itch and UBC-4 (a ubiquitin-conjugating enzyme)
was involved in regulating TJ integrity in Sertoli cells of the blood-
testis barrier. More recently, Coëffier et al. (25) presented evi-
dence that proteasome-dependent degradation of occludin within
the colonic mucosa contributes to the pathophysiology of irritable
bowel syndrome (IBS). Moreover, coimmunoprecipitation of oc-
cludin with another E3 ubiquitin ligase family member, Nedd4-2,
has also been reported (87). In that study, occludin was found to
interact with Nedd4-2 via a conserved C-terminal PY motif (Fig.
2), which when mutated almost doubled the half-life of trans-
fected occludin in HEK293 cells. In a parallel series of experi-
ments, these authors also went on to show that small interfering
RNA (siRNA)-mediated knockdown of Nedd4-2 increased occlu-
din expression and reduced paracellular permeability in mpk-
CCD(c14) cells (a collecting duct epithelial cell line), with
Nedd4-2 overexpression having the opposite effects. On a related
note, a recent study by Takahashi et al. (112) has confirmed a role
for another E3 ubiquitin ligase, Ligand of Numb protein X1 p80

isoform (LNX1 p80), in regulating claudin 1 ubiquitination (and
subsequent endocytosis and degradation) in MDCK cells, while
the contribution of the ubiquitin-proteasome system to claudin 1
membrane trafficking in EA hy.926 cells has also recently been
described (7).

(ii) Ubiquitination and Ser-490. More recently, Murakami et
al. (78) have demonstrated the contribution of occludin ubiquiti-
nation to endothelial TJ regulation using a BREC model of VEGF-
induced permeability. In a comprehensive series of investigations,
the authors convincingly demonstrate that Ser-490 phosphoryla-
tion of occludin is an essential prerequisite for its ubiquitination
following VEGF treatment of BRECs. This occludin ubiquitina-
tion event subsequently induced the endocytosis of coassociated
TJ proteins, claudin 5 and ZO-1, ultimately leading to TJ disrup-
tion. The authors go on to speculate that phosphorylation of Ser-
490 possibly decreases occludin interactions with other TJ pro-
teins, while also exposing its N-terminal WW-binding motif for
enhanced interaction with Itch. Moreover, they also report that
ubiquitinated occludin interacts more readily with modulators of
intracellular trafficking and endocytosis such as epsin 1 and epi-
dermal growth factor receptor substrate 15 (Eps15).

FINAL COMMENTS

Intercellular TJs are integral to the regulated maintenance of bar-
rier function in vertebrate physiological systems. In response to
diverse physiological and pathological cues, individual TJ proteins
may undergo an array of regulatory modifications at posttran-
scriptional and posttranslational levels, thereby enhancing the
functional plasticity of these highly dynamic signaling complexes.
To illustrate this concept, this minireview has focused on occlu-
din, a prototypical TJ protein well known to regulate junctional
organization and the ensuing restriction of the paracellular trans-
port pathway. In this regard, published findings clearly point to a
highly processed biomolecule subject to size alterations (e.g.,
splice variance and proteolysis) and extensive covalent modifica-
tion (e.g., phosphorylation and ubiquitination). Moreover, de-
spite the various biochemical and morphological differences that
distinguish epithelial and endothelial TJs, considerable overlap in
their occludin modification characteristics is evidenced from the
literature.

Notwithstanding the wealth of information already generated
within this field, several avenues for future investigation still re-
main. The identification of new phosphosites and other regulatory
domains (including binding partners), characterization of tissue-
and cell-specific occludin modifications, and deciphering the
functional rapport between different modification events (e.g.,
phosphorylation, ubiquitination, proteolysis, and dimerization),
will likely typify future studies in this field. This will ultimately
yield a fuller understanding of how modifications to occludin af-
fect TJ characteristics and will help to unlock the therapeutic po-
tential of the TJ by identifying new cellular targets for intervention
in diseases characterized by barrier dysregulation.
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