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Abstract

Tight junctions are the most apical organelle of the apical junctional complex and are primarily involved in the regulation of paracellular
permeability and membrane polarity. Extensive research in the past two decades has identified not only the individual molecules of the tight junctions
but also their mutual interactions, which are the focus of the present review article. While a complete map of the interactions among the tight junction
molecules is probably far from being complete, the available evidence already allows outlining the general molecular architecture of the tight
junctions. Here, with the aim of gaining deeper mechanistic understanding of tight junction assembly, regulation and function, we have subdivided
the known molecular interactions into four major clusters that are centered on cell surface, polarity, cytoskeletal and signaling molecules.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Tight junctions (TJ) are composed of several transmembrane
and intracellular molecules. A detailed analysis of the individual
molecules can be found in recent reviews [1–7], as well as in the
accompanying articles by Chiba et al. [8] and Citi et al. [9]. In
this review, we focus on the interactions between the TJ
molecules. For each interaction, we will provide information on
the methodology used for its discovery, the molecular
determinants and the likely functional significance. We have
subdivided all the interactions into four clusters that correspond
to well-defined features of the TJ. In particular, in Section 2, we
examine the interactions of the cell surface molecules, which
ensure intercellular adhesion and regulate paracellular perme-
ability. Then, in Section 3, we describe the interactions within
the molecular system that determines the establishment of cell
polarity and the localized assembly of the TJ. Subsequently, in
Section 4, we analyze the interactions mediated by intracellular
adapter proteins, which mostly connect the surface molecules
with the actin-based cytoskeleton. Finally, in Section 5, we
describe a cluster of interactions that link the TJ with signaling
and trafficking molecules.

2. Cell surface molecules

The most extensively studied cell surface molecules of the TJ
are occludin, as well as the members of the claudin and junc-
Fig. 1. Interactions between representative membrane and adapter molecules. The
proteins claudin-1, JAM-A and occludin, as well as their binding sites for the adapt
tional adhesion molecule (JAM) families. Although these
proteins have different structures and exert different functions,
they display a similar organization, as they interact both with
other cell surface proteins (on the extracellular side) and with
many adapters (on the intracellular side), which in turn link the
surface molecules to the actin cytoskeleton. The extracellular
interactions involve binding to similar molecules either in cis
(on the membrane of the same cell) or in trans (on the membrane
of the contacting cells). Although these interactions are
important in regulating paracellular permeability, they will not
be discussed here, and the reader is referred to specific reviews
[4,10], as well as to the accompanying articles by Blasig et al.
[11] and Yu et al. [12]. A schematic picture of the interactions
between representative membrane and adapter molecules is
shown in Fig. 1.

2.1. Interactions of occludin

Occludin is a four-pass integral membrane protein that inter-
acts with the actin cytoskeleton and with several intracellular
proteins [13]. The interaction of occludin with the cytoskeleton
requires adapters, such as the zonula occludens (ZO) proteins
and cingulin, even though occludin also binds actin directly. In
particular, occludin associates directly with ZO-1 [14], ZO-2
[15] and ZO-3 [16]. The association with ZO-1 and ZO-2
requires the carboxyl terminal portion of the domain E in the
cytoplasmic tail of occludin, which encompasses residues 358-
picture shows modular structure and molecular interactions of the cell surface
ers MUPP1 and ZO-1. GUK, guanylate kinase.
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504. As shown by in vitro binding assays, a recombinant protein
corresponding to the domain E of occludin (fused to glutathione-
S-transferase; GST) binds directly a recombinant construct that
encompasses the guanylate kinase domain and the acidic region
of ZO-1 [17]. In addition to the ZO proteins, another adapter
that binds occludin is cingulin, which is an actin- and myosin-
binding protein, as detailed in Section 4.2. The interaction be-
tween occludin and cingulin, which was detected in the Xenopus
A6 epithelial cells, is direct and requires the carboxyl terminal
region of occludin [18]. Occludin, however, also binds actin
directly, thus providing an example of a direct link between a
junctional cell surface protein and the cytoskeleton. Specifically,
occludin interacts with F-actin in vitro and colocalizes with actin
aggregates at the cell–cell borders in Madin–Derby canine
kidney (MDCK) cells. In the co-sedimentation assay, in which
polymerized actin filaments are pelleted at high-speed centrifu-
gation, GST-occludin co-sediments with F-actin. In addition,
occludin co-sediments with F-actin, when spun through
glycerol, thus indicating that the interaction is not due to the
mechanical trapping of occludin in the meshwork of actin
filaments [19].

In addition to the adapters, occludin associates with enzymes
that induce post-translational modifications of occludin (such as
phosphorylation, dephosphorylation and ubiquitination) during
TJ assembly and disassembly. Specifically, occludin is phosphor-
ylated on either tyrosine or serine/threonine residues [20].
Phosphorylation of occludin on tyrosine involves the non-
receptor kinase c-Yes and likely favors TJ maintenance. Actually,
the complex between occludin and c-Yes dissociates not only
upon treatment with the c-Yes inhibitor CGP77675, but also upon
depletion of extracellular calcium, a treatment that mimics in vitro
the disassembly of the junctions [21]. At variance, phosphory-
lation of occludin on serine/threonine involves casein kinase-2
[22,23] and atypical protein kinase C (aPKC). In particular, the
zeta isoform of aPKC was shown to interact with the coiled-coil
domain of occludin in the human intestinal T84 epithelial cells
[23,24]. As described in Section 3.1, aPKC is a key component of
the core polarity complex, thus suggesting that occludin
phosphorylation on serine/threonine favors TJ assembly.

If occludin phosphorylation facilitates TJ assembly, then one
can hypothesize the existence of control mechanisms that prevent
excessive phosphorylation. Actually, protein phosphatase 2A, a
holoenzyme with serine/threonine phosphatase activity, reduces
the phosphorylation levels of occludin (as well as ZO-1, claudin-1
and aPKC). The phosphatase has a negative effect on TJ integrity,
not only because stimuli that activate the phosphatase increase
paracellular permeability (that is, disrupt preformed TJ), but also
because expression of its catalytic subunit prevents the assembly
of TJ de novo. The physiological importance of the interaction
between the phosphatase and TJ proteins is reinforced by the
observation that, upon calcium-induced junction assembly, the
phosphatase is recruited to the cell membrane, where it can
interact with its TJ targets [25]. In addition to the protein kinases,
occludin interacts with lipid kinases. In particular, in human
intestinal Caco-2 epithelial cells, occludin associateswith p85, the
regulatory subunit of phosphatidyl-inositol 3-kinase (PI3K). As
the association of PI3K with occludin increases in response to
oxidative stress, it may contribute to the PI3K-mediated
disassembly of the TJ that is observed in this condition [26].

Besides protein phosphatase 2A and PI3K, two additional
partners of occludin may contribute to TJ disassembly. First,
occludin binds (and regulates the junctional localization of) the
two subunits of the receptor for transforming growth factor-β
(TGF-β), which plays a major role in TJ disassembly, as detailed
in Section 3.7 [27]. Second, occludin binds the E3 ubiquitin-
ligase Itch. The interaction requires the amino terminus of
occludin and a multi-domain region of Itch, which encompasses
four WW motifs. Itch ubiquitinates occludin, thus leading to its
degradation in the proteasome [28]. Induced expression of Itch is
also the likely mechanism whereby dibutyryl-cAMP causes TJ
disassembly in Sertoli cells [29].

Finally, some TJ molecules (including occludin) interact with
diverse connexins, which are the membrane components of the
gap junctions. As the interactions between tight and gap
junctions are reviewed by Hervé et al. [30], here we will just
mention that occludin binds connexin-32. Using murine CHST8
hepatocytes transfected with human connexin-32, it was
reported that connexin-32 and occludin expression are co-
regulated [30]. The associations between tight (e.g., occludin,
ZO-1 and ZO-3) and gap junction (e.g., connexin-32, -43 and
-45) molecules suggest that connexins may assemble gap
junction channels in proximity of the TJ, thus coupling cell–
cell adhesion and communication.

2.2. Interactions of claudins

In addition to occludin and the recently described tricellulin
[31], also claudins were discovered as cell surface components of
the TJ [32]. Like occludin, also claudins associate with adapters
and enzymes. Concerning the adapters, claudins interact with the
ZO proteins. To test whether the interaction is PDZ-dependent,
the first, second and third PDZ domains (PDZ-1, -2 and -3,
respectively) of ZO-1 and ZO-2 have been recombinantly ex-
pressed (fused to a six-histidine tag) and used in binding assays
with the cytoplasmic domain of claudin-1 (fused to GST). Only
the PDZ-1 domains (of both ZO-1 and ZO-2) associate with
claudin-1. Interestingly, deletion of the Tyr-Val sequence from the
carboxyl terminus of claudin-1 abolishes the interaction with the
PDZ-1 domains. Using the same assay, it has been shown that the
PDZ-1 domain of ZO-1 directly binds the cytoplasmic tails of
claudin-1 to -8, which all share the Tyr-Val residues in their
carboxyl termini [33]. Another adapter that interacts with claudins
is multi-PDZ domain protein-1 (MUPP1), which is exclusively
concentrated at the epithelial TJ. MUPP1 contains thirteen PDZ
domains, and the tenth domain (PDZ-10) is responsible for the
interaction with the carboxyl terminus of claudin-1. Finally,
claudin-1 interacts with the adapter PATJ, which is a regulator of
cell polarity, as described in Section 3.4. The interaction is direct
and requires the eighth PDZ domain of PATJ and the carboxyl
terminus of claudin-1. Surprisingly, however, deleting the eight
PDZ domain has little effect on PATJ localization [34]. As
claudins are the building blocks of the TJ strands, all these
findings support a model, in which the PDZ-binding residues of
the claudins act as docking sites to attract PDZ-containing
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proteins, such as ZO-1, ZO-2 (and possibly ZO-3), as well as
MUPP1 and PATJ [35]. It should be noted, however, that,
according to recent findings, ZO-1 and ZO-2 can determine the
site of claudin polymerization [36].

Concerning the enzymes, claudins interact with protein
kinases and matrix metalloproteinases. First, WNK4 is a kinase
that binds and phosphorylates claudin-1 in MDCK II cells.
Interestingly, gain-of-function mutations of WNK4, which
enhance the ability ofWNK4 to associate with and phosphorylate
claudin-1, are linked to a rare form of hereditary hypertension that
is characterized by increased chloride permeability [37]. Second,
claudin-1 directly interacts with the matrix metalloproteinases
MMP2 and MMP14, thus facilitating their recruitment to the
junctional area of the cell surface, which in turn increases the
MMP14-dependent activation of MMP2 [38].

2.3. Interactions of junctional adhesion molecules

Three members of the JAM family (JAM-A, -B and -C) share
significant sequence homology, including conserved PDZ-
binding motifs in the carboxyl terminus of their cytoplasmic
tails. JAM-A, which is the prototype of the family, interacts with
six adapters in a PDZ-dependent manner, as binding critically
requires its carboxyl terminal PDZ-binding motif Phe-Leu-Val.
First, JAM-A interacts with ZO-1. Full-length JAM-A (but not a
deletion mutant lacking the PDZ-binding motif) coprecipitates
with ZO-1 in the detergent-insoluble fraction of Caco-2 cells. In
addition, either a GST fusion protein containing the cytoplasmic
tail of JAM-A or a synthetic peptide corresponding to the
carboxyl terminal residues of JAM-A bind in vitro transcribed
and translated ZO-1 [39,40]. Second, JAM-A interacts with
MUPP1, in a way that requires the ninth PDZ domain of
MUPP1. Thus, MUPP1 is recruited to the epithelial TJ, by virtue
of its (mutually non-exclusive) associations with claudin-1 and
JAM-A (via the tenth and ninth PDZ domain, respectively) [35].
Third, JAM-A binds afadin, which is another PDZ domain-
containing protein associated with both the tight and the
adherens junctions. JAM-A lacking the PDZ-binding motif
does not co-distribute with afadin and localizes exclusively at
Fig. 2. Interactions between the members of the core polarity complex. The picture s
Par-6, Par-3 and aPKC. Arrow indicates the serine residues of Par-3 that are phosphor
slight increase and decrease of aPKC kinase activity upon interaction with Par-6 and P
cell borders [40]. Fourth, JAM-A interacts with CASK, which
(like the ZO proteins) belongs to the family of the membrane-
associated guanylate kinases (MAGUK). However, in addition
to the TJ, JAM-A and CASK also colocalize along the lateral
surface of the plasma membrane [41]. Fifth, JAM-A binds
protein interacting with protein C kinase-1 (PICK-1), a scaffold
molecule localized at both tight and adherens junctions in
epithelial cells. The interaction requires the PDZ domain of
PICK-1 [42]. Finally, JAM-A binds the polarity protein Par-3, as
discussed in Section 3.3 [43].

Although these findings suggest that these intracellular inter-
actions of JAM-A are instrumental (albeit to different degrees) in
recruiting JAM-A to the junctions, it should be noted that also its
extracellular and homophilic interactionsmight play a similar role
[44]. More in general, there are many examples of associations
between cell surface proteins. For instance, interactions between
claudins lead to the formation of polymers within the TJ strands
[45]. As alreadymentioned, the extracellular interactions between
the cell surface molecules may represent the molecular basis for
the barrier function of the TJ, which restricts and regulates
paracellular permeability [4].

3. The polarity system

TJ are closely associated with cell polarity. On one side, TJ
maintain the polarized subdivision of the plasma membrane into
the apical and basolateral domains. On the other side, some
polarity complexes determine the assembly and maintenance of
the TJ in their proper location at the boundary between the apical
and basolateral domains. The interplay between TJ and polarity
is the focus of recent reviews [2,46], as well as the accom-
panying articles by Le Bivic et al. and Cereijido et al. Here, we
concentrate on the molecular interactions within the polarity
cluster and subdivide the cluster into different groups of
interactions. First we describe a core complex that is linked to
the small GTPase Cdc42. Then, we examine the interactions of
the core complex with membrane proteins, regulatory mediators
and the actin cytoskeleton. Finally, we make a brief mention to a
group of interactions that links the core complex with the
hows modular structure and molecular interactions of the core complex proteins
ylated upon interaction with aPKC. The plus/minus and minus symbols represent
ar-3, respectively. The interaction of Par-6 and aPKC with Cdc42 is also shown.



Fig. 3. Interactions within the polarity cluster. Part of the polarity cluster is
represented as a network of proteins linked by protein interactions (solid lines).
Thick lines highlight the interactions among the members of the core complex,
while the shape of the nodes represents the functional category of the individual
proteins.
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molecular machinery responsible for the disassembly (rather
than the assembly) of the TJ.

3.1. The core complex

Together with aPKC, the two adapters Par-6 and Par-3 form a
highly conserved core complex within the polarity cluster.
Specifically, the three isoforms of Par-6 (Par-6A, -6B and -6C)
interact with Par-3 (which is also called ASIP). As shown in
Fig. 2, Par-6 contains a highly conserved region of about 125
residues, which in turn comprises a short sequence of twenty-two
residues and a PDZ domain. Part of the short sequence is called
semi-CRIB domain, because it matches the amino terminal half of
a consensus CRIB motif, an acronym for Cdc42 and Rac inter-
action binding. At variance, Par-3 contains three amino terminal
PDZ domains. The PDZ domain of Par-6 is necessary for binding
the amino terminus of Par-3. In particular, Par-6 binds the PDZ-1
domain (but not the PDZ-2 and -3 domains) of Par-3. In addition,
recombinant fragments containing only the PDZ domain of Par-6
and the PDZ-1 domain of Par-3 retain the ability to bind each
other, thus demonstrating that the interaction between Par-3 and
Par-6 is solely PDZ-dependent. Importantly, transfection of
MDCK cells with a construct corresponding to the amino
terminus of Par-3 (which interacts with Par-6) disrupts cell–cell
junctions with adjacent non-transfected cells. In contrast,
transfection of the carboxyl terminus of Par-3 (which does not
bind Par-6) has no effect, thus suggesting that the interaction
between Par-3 and Par-6 is important for the assembly and the
maintenance of the TJ [47,48].

Both Par-6 and Par-3 interact with the isoforms zeta and iota/
lambda of aPKC. Specifically, Par-6 interacts with aPKC via a
direct head-to-head association that involves the amino termini of
bothmolecules. Experiments with GST fusion fragments of Par-6
demonstrate that the amino terminus of Par-6 (between residues 1
and 100) is necessary and sufficient for the interactionwith aPKC.
However, the mutual effects of the interaction are rather limited.
On one side, no phosphorylation of Par-6 is detectable by kinase
assay after the interaction with aPKC. On the other side, Par-6
induces just a modest increase in the kinase activity of aPKC [49].
At variance, the interaction of Par-3 with aPKC requires the
carboxyl terminal region of Par-3 and the catalytic domain of
aPKC. The aPKC-binding region of Par-3 includes two highly
conserved residues (Ser827 and Ser829) that are phosphorylated
by aPKC. In addition, the interaction of aPKCwith Par-3 reduces
the kinase activity of aPKC, thus suggesting that Par-3 holds
aPKC in an inactive conformation. Importantly, aPKC colocalizes
with Par-3 at the TJ of epithelial cells. Also, overexpression of
Par-3 (but not a Par-3 deletion mutant lacking the aPKC-binding
domain) accelerates TJ formation inMDCKcells, thus suggesting
that also the interaction between Par-3 and aPKC favors the
assembly of the TJ [50].

3.2. Interactions of the core complex with small G proteins

The core complex is linked to the general polarity system by
virtue of its associations with Cdc42 (Fig. 3). In particular, both
Par-6 and aPKC interact with Cdc42, while the exchange factor
Ect-2 contributes additional linkages between these proteins.
Specifically, the three isoforms of Par-6 associate with Cdc42 in
its active (i.e., GTP-bound) state, as detected in binding assays
[49]. The partial CRIB sequence of Par-6 is required for the
interaction with active Cdc42. However, the critical residues that
mediate the interaction are different from those found in classical
CRIB domains. Actually, mutations of residues that are conserved
in theCRIBdomains (i.e., Ile133, Ser134, Pro136 and Phe139) do
not abrogate the binding of Cdc42 to Par-6B. Thus, the interaction
between GTP-bound Cdc42 and Par6 probably involves novel
protein–protein recognition motifs [47]. In addition, also aPKC
associates with GTP-bound Cdc42, via the regulatory domain of
aPKC. Expression of activated Cdc42 results in the translocation
of aPKC lambda from the nucleus to the cytosol, so that Cdc42
may then colocalize with aPKC at the plasma membrane. An
additional effect of expressing activated Cdc42 is the loss of stress
fibers, as does overexpression of either wild-type or activated
aPKC [51].

Activation of Cdc42 requires the guanine nucleotide exchange
factor Ect-2. However, besides activating Cdc42, Ect-2 also
interacts with Par-6 and aPKC with important functional
consequences. Actually, when co-expressed with Ect-2, Par-6
enhances the activity of both Ect-2 (with resulting accumulation
of GTP-bound Cdc42) and aPKC. Also, overexpression of Par-6
alone stimulates Cdc42 and aPKC activity, albeit to a lesser extent
than the co-expression of Par-6 and Ect-2. Thus, Ect-2, Par-6 and
aPKC form another tripartite complex, which interacts physically
and functionally with the core complex [52]. Finally, it is
noteworthy that, in addition to Cdc42, the core complex interacts
with other small GTPases. First, the three isoforms of Par-6
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interact directly with GTP-bound Rac-1, via their semi-CRIB
motif [49]. Second, Par-3 interacts indirectly with RhoA, as
discussed in Section 3.6.

3.3. Interactions of the core complex with membrane proteins

During junction assembly, the core complex contributes to
restricting the localization of Cdc42-dependent polarity stimuli to
a well-defined region of the plasma membrane (i.e., the
prospective junctional area) by virtue of associations with integral
membrane proteins. These proteins belong to two immunoglo-
bulin-like families of adhesionmolecules, i.e., the JAM family (at
the TJ) and the nectin family (at the adherens junctions). In
particular, as mentioned in Section 2.3, JAM-A associates with
Par-3. The interaction requires the carboxyl terminal PDZ-
binding residues of JAM-A and the first PDZ domain of Par-3.
The PDZ-dependent interaction of Par-3 with JAM-A is specific,
as the interaction of Par-3 with occludin is very weak, while no
interaction with claudins is detectable [43,53]. Thus, JAM-Amay
be regarded to as amembrane protein that acts as a docking site for
the core complex, which is an essential step for the establishment
of polarity and the formation of the TJ.

3.4. The core complex interacts with apical and basolateral
polarity complexes

To coordinate membrane polarization in a more efficient
manner, the core complex interacts with two conserved com-
plexes that are localized to the apical and basolateral domains.
The apical complex comprises homologs of the Drosophila
Crumbs, Stardust and Inadl. The basolateral complex comprises
homologs of the Drosophila Lethal Giant larvae, Discs lost and
Discs large (Fig. 3).

Crumbs-3 is the human homolog of Drosophila Crumbs,
which is an apical transmembrane protein crucial for epithelial
morphogenesis in the fly embryo. In humans, Crumbs-3 is
expressed in epithelial tissues and skeletal muscles. In addition, in
intestinal epithelial cells, Crumbs-3 is localized to apical and sub-
apical areas, which suggests that it may regulate polarity in
humans as well. InMDCK cells, Crumbs-3 interacts directly with
Par-6. The interaction requires the four last amino acids (Glu-Arg-
Leu-Ile) of Crumbs-3 [54]. Furthermore, Crumbs-3 promotes the
recruitment of Par-6 to the plasma membrane also indirectly, via
the adapter PALS1 (or MPP5), which is the mammalian homolog
of Drosophila Stardust. In MDCK cells, the interaction requires
the amino terminus of PALS1 and the PDZ domain of Par-6 and is
regulated by Cdc42-GTP [55]. Finally, besides interacting with
Crumbs-3 and Par-6, PALS1 also interacts with the multi-PDZ
domain protein PATJ, the mammalian homolog of Drosophila
Inadl. The interaction requires a direct association between the
L27N domain of PALS1 and theMAGUK-recruitment domain of
PATJ [55]. Finally, to further stress the importance of the link
between the apical complex and the TJ, it should also be
mentioned that the carboxyl terminal residues of both ZO-3 (Thr-
Asp-Leu) and claudin-1 (Tyr-Val) interact directly with the sixth
and eighth PDZ domain of PATJ, respectively. Interestingly, a
PATJ deletion mutant missing the sixth (but not the eighth) PDZ
domain is localized away from the TJ, thus suggesting that the
interaction with ZO-3 is important for the recruitment of PATJ
(and its associated proteins) to the TJ [34].

Concerning the basolateral complex, the connections with the
core complex are mediated by direct interactions of both aPKC
and Par-6 with Lethal Giant larvae-1 (LLGL1). The PDZ domain
of Par-6 binds directly the amino terminus of LLGL1 (which
contains a WD40 interaction domain), whereas the association of
the amino terminus of Par-6 with LLGL1 (observed in vitro) is
probably indirect andmediated by aPKC. Furthermore, LLGL1 is
a substrate for aPKC and contains five highly conserved and
closely spaced serine residues that correspond to a consensus site
for aPKC phosphorylation. Although the stable interaction of
LLGL1with aPKC is independent on these phosphorylation sites,
the aPKC-dependent phosphorylation of LLGL1 is functionally
important, because expression of a LLGL1 mutant lacking the
five serine residues reduces cell polarization in response to cell
wounding [56]. Finally, LLGL1 also interacts with myosin, thus
providing a link between the polarity and cytoskeletal clusters
[57].

3.5. Interactions of the core complex with signaling molecules

Signaling proteins, which are homologs of molecules that
control polarization in the Caenorhabditis elegans embryo, also
regulate the core polarity complex in mammalian epithelial
cells (Fig. 3). Mark-2, which is the mammalian homolog of
C. elegans PAR-1, binds and phosphorylates Par-3. Most of the
effects of PAR-1-like molecules (including Mark-2) are
mediated by the interaction of their phosphorylated substrates
with 14-3-3 proteins. Actually, the Mark-2-induced phosphor-
ylation of Par-3 (on two conserved serine residues) generates
binding sites for the zeta isoform of protein 14-3-3, which is the
mammalian homolog of C. elegans PAR-5 [58]. Thus, in
epithelial cells, 14-3-3 binds Par-3 in a phosphorylation-
dependent manner. The binding of 14-3-3 to Par-3 inhibits the
formation of the core complex, by blocking both the self-
association of Par-3 and the association of Par-3with aPKC [59].

AsMark-2 exerts a negative effect on the assembly of the core
complex, two control mechanisms limit the consequences of the
Mark-2-dependent phosphorylation of Par-3. First, aPKC phos-
phorylates Mark-2, thus reducing both the kinase activity of
Mark-2 and its localization to the plasmamembrane [60]. Second,
the aPKC-dependent phosphorylation of Mark-2 enhances the
binding of 14-3-3 to Mark-2, which possibly leads to the
dissociation of Mark-2 from the lateral membrane, thus again
limiting its effects as inhibitor of polarity [61]. Lastly, as
mentioned in Section 2.1, protein phosphatase 2A critically
regulates activity and distribution of aPKC during TJ formation,
thus providing an additional example whereby signaling path-
ways regulate the formation of the core complex [25].

3.6. Interactions of the core complex with actin regulators

Two sets of interactions provide a link between the polarity
system and the actin-based cytoskeleton. First, Par-3 binds and
inhibits the kinase LIMK-2. The interaction requires the



Fig. 4. Interactions within the adapter/cytoskeleton cluster. Part of the adapter/
cytoskeleton cluster is represented as a network of protein interactions. Thick
lines highlight the direct interactions of the ZO proteins with each other and with
actin.
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carboxyl terminus of Par-3 and the LIM domain of LIMK-2. In
turn, LIMK-2 phosphorylates cofilin on Ser3 [62], thereby
inhibiting the cofilin-dependent reorganization of actin [63].
Thus, by inhibiting LIMK-2, Par-3 relieves the inhibition of
cofilin, thereby facilitating actin dynamics during cell polari-
zation and TJ formation. Second, the carboxyl terminal region
of Par-3 also binds the Rac exchange factor Tiam-1 [64]. In turn,
Tiam-1 binds and activates Rac-1 [65]. The observation that the
knockdown of Tiam-1 enhances TJ formation in cells lacking
Par-3 suggests that, under normal conditions, Par-3 enables
polarity establishment and TJ assembly by reducing Tiam-1
activity (and consequently Rac-1 activation).

3.7. Protein interactions in the disassembly of the TJ

Most of the interactions described in this section regulate TJ
assembly during the establishment of cell polarity. At variance, an
additional group of interactions regulates TJ disassembly, which
may occur under both physiologic and pathologic conditions
(e.g., the epithelial-to-mesenchymal transition in tumor cells).
The pathway is regulated in response to TGF-β. Briefly, binding
of TGF-β to its membrane receptor leads to RhoA degradation by
activating a pathway that comprises the TGF-R1 and TGF-R2
subunits of the receptor, Par-6 and the E3 ubiquitin ligase Smurf-
1. More specifically, in the absence of TGF-β, TGF-R1 and Par-6
form a complex at the TJ via the amino terminus of Par-6.
However, in the presence of TGF-β, the TGF-β-induced
assembly of the TGF-R1/TGF-R2 heterodimer brings TGF-R2
in proximity of Par-6 (bound to TGF-R1). In this way, TGF-R2
phosphorylates Par-6 on Ser345. Then, phosphorylated Par-6
interacts with Smurf-1, and in turn Smurf-1 ubiquitinates RhoA,
thus leading to RhoA degradation in the proteasome and to TJ
destabilization [66]. Finally, it should be mentioned that Smurf-1
also interacts with aPKC, even though the association is likely
more important for the formation of cell protrusions in the context
of polarized migration rather than for TJ disassembly [67].

4. Adapters and the cytoskeleton

TJ stabilization requires several interactions with the actin
cytoskeleton. In particular, some adapters serve the specific
purpose of linking the cell surfacemolecules (described in Section
2) with the actin filaments. We subdivide this cluster of inter-
actions into three groups. We first describe the interactions of the
three adapters ZO-1, -2 and -3 and then the interactions of two
other adapters, namely cingulin and afadin. Finally, emerging
evidence indicates that cell adhesion profoundly affects gene
expression and cell proliferation. Thus, the adapters of the TJmay
exert functions that go well beyond their structural role.
Therefore, at the end of this section, we will make a brief
mention to the interactions of ZO-1 and -2 with transcription
factors and regulators of the cell cycle.

4.1. Interactions of the zonula occludens proteins

A central core of interactions within the adapter/cytoskeleton
cluster is centered on the zonula occludens proteins ZO-1, ZO-2
and ZO-3. As represented schematically in Fig. 4, the ZO proteins
interact with each other, as well as with actin and actin-associated
proteins. Concerning the mutual interactions, it has been shown
that ZO-1 binds both ZO-2 and ZO-3, but that ZO-2 and ZO-3 do
not bind each other. Immunoprecipitation of protein constructs
from transfected MDCK cells indicates that ZO-1 interacts with
ZO-2 in the cell, and that the interaction requires the second PDZ
domain (PDZ-2) of each interacting protein [19]. Similarly, ZO-1
interacts directly with ZO-3. Specifically, recombinant ZO-3
binds in vitro transcribed and translated ZO-1 (but not ZO-2), as
detected by in vitro binding assay, and the interaction requires the
amino terminal half of ZO-3. In addition, ZO-1 colocalizes with
both ZO-2 and ZO-3 at the TJ of MDCK cells. Finally, in spite of
the ability of ZO-1 and ZO-2 to bind each other, the presence of
ZO-1 bound to a ZO-3 affinity column does not result in the
retention of ZO-2, thus indicating that ZO-1 does not bridge ZO-2
with ZO-3 and that ZO-1 forms two distinct ZO-1/ZO-2 and ZO-
1/ZO-3 complexes [16].

Concerning the interactions with the actin cytoskeleton, the
three ZO proteins interact with actin either directly or indirectly
via actin-associated proteins (including the adapters cingulin and
afadin that are described in Section 4.2). The direct interaction of
ZO-1 with actin requires the 220-amino acid long (and proline-
rich) actin-binding region of ZO-1, as shown in pull-down
assays from lysates of MDCK cells. Interestingly, the actin-
binding region is required for the localization of ZO-1 not only to
the junctions of contacting cells but also to the free edge of non-
contacting cells before junction assembly. In the latter condition,
the actin-rich pool of ZO-1 appears clustered with a punctuate
pattern. Thus, the interaction between ZO-1 and F-actin likely
plays different roles during the different steps of TJ assembly
[68]. Finally, like ZO-1, also ZO-2 and ZO-3 colocalize with
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actin filaments at the cell–cell borders and interact directly with
F-actin, as shown by in vitro binding and actin co-sedimentation
assays [19].

The indirect interaction between ZO-1 and actin involves
cortactin and α-catenin, as well as cingulin and afadin. The inter-
action between the Drosophila homologs of cortactin and ZO-1
requires the SH3 domain of cortactin and the Pro-X-X-Pro motif
in the proline-rich domain of ZO-1. In turn, the interaction of
cortactin with actin requires the fourth of six tandem repeats and
the amino terminal acidic region of cortactin. By virtue of these
interactions, cortactin contributes to coupling the spatial organi-
zation of actin with junction assembly [69]. The indirect inter-
action of ZO-1with actin also involvesα-catenin, even though the
latter is a component of the adherens junctions. Actually, in non-
epithelial cells, ZO-1 interacts directly with α-catenin and actin,
in a way that involves the amino and carboxyl terminal halves of
ZO-1, respectively. In this way, ZO-1 links the cadherin/catenin
complexwith the actin cytoskeleton, at least in non-epithelial cells
[70]. Interestingly, the structural requirements for the interaction
of α-catenin with actin are similar (but not identical) to those of
vinculin. In particular, although α-catenin shares sequence simi-
larity with vinculin, α-catenin contains an additional stretch of
forty-two residues that is carboxyl terminal with respect to the
region of homology with vinculin. Deletion of these residues
impairs the binding to actin (without affecting protein folding),
thus suggesting that they may mediate the binding of α-catenin to
actin [71].

The indirect interaction of ZO-2with actin involvesα-catenin
and protein 4.1. Like ZO-1, also ZO-2 binds α-catenin directly
via the amino terminal domain of ZO-2 [15]. At variance, protein
4.1R (the prototype of the protein 4.1 family) maintains the
mechanical integrity of the membranes by binding cooperatively
spectrin and actin (via a spectrin- and actin-binding domain).
Two 4.1R isoforms of 135 and 150 kDa interact with ZO-2. The
interaction requires the region encoded by exons 19–21 of 4.1R
and the region between residues 1054 and 1118 of ZO-2 [72]. In
addition, protein 4.1R colocalizes with ZO-2 at the TJ of MDCK
cells. In turn, protein 4.1 interacts with actin via a eight residue
motif (Leu-Lys-Lys-Asn-Phe-Met-Glu-Ser) within the spectrin-
and actin-binding domain [73].

4.2. Interactions of cingulin and afadin

Cingulin is an intracellular component of the epithelial TJ. As
cingulin contains distinct domains responsible for the interaction
with other proteins, it represents an additional adapter that links
the TJ to the cytoskeleton (Fig. 4). Specifically, besides binding
actin and myosin, cingulin interacts with the ZO proteins and
afadin. In particular, a conserved ZO-1 interaction motif
encompassing residues 48–61 at the amino terminus of cingulin
is required for the interaction of cingulin with ZO-1 in vitro.
Also, the observation that the overexpression of Xenopus
cingulin in the A6 epithelial cells affects the localization of
endogenous ZO-1 further indicates that the interaction between
cingulin and ZO-1 is functionally important [74]. In addition,
like ZO-1, also ZO-2 immunoprecipitates of MDCK cells
contain cingulin. Similarly, like ZO-1, also ZO-2 and ZO-3
interact in vitro with the amino terminal fragment of cingulin.
However, the amino terminal fragment alone is not targeted to
the TJ. Thus, sequences in the head region of cingulin are
essential for targeting cingulin to the TJ (most likely because of
the interactions with the ZO proteins), but not sufficient, and
additional sequences in the rod region are important as well [75].

The interaction of cingulin with F-actin has been studied in
vitro. Purified full-length cingulin co-sediments with F-actin
under high-speed centrifugation and promotes sedimentation of
F-actin under low-speed centrifugation, thus suggesting that
cingulin is an actin cross-linking protein [76]. Cingulin, however,
interacts not only with actin but also with myosin. The interaction
with myosin may transduce the mechanical force (that is gene-
rated by the contraction of the peri-junctional actomyosin ring) to
the TJ proteins, thus contributing to the regulation of paracellular
permeability. Both the amino and the carboxyl terminal fragments
of cingulin mediate the interaction with myosin in vitro [75].
Furthermore, cingulin also interacts with afadin, in a way that
requires the amino terminal fragment of cingulin [75]. Finally,
cingulin also interacts (and colocalizes at the junctions) with the
oncoprotein GEF-H1. GEF-H1 is a guanine nucleotide exchange
factor that activates RhoA [77]. The interaction between GEF-H1
and cingulin, which requires the Pleckstrin-homology domain of
GEF-H1 and the rod domain of cingulin, results in the inhibition
of GEF-H1, thus providing a molecular mechanism whereby TJ
formation results in RhoA inactivation [78].

Besides associating with cingulin, afadin associates with ZO-1
[79] and ZO-3 [80]. Specifically, ZO-1 interacts with the Ras-
binding domain of afadin, in a way that is inhibited by activated
Ras. In cells lacking TJ, afadin accumulates with ZO-1 at the
adherens junctions [79]. In addition, afadin binds α-catenin and
nectin, thus contributing to the localization of the complex be-
tween nectin, afadin and ponsin in proximity of the adherens
junctions. The afadin-binding site has been mapped to the 385–
651 fragment of α-catenin, which contains two adjacent bundles
of four helices. Interestingly, the relative orientation of the two
bundles may switch from about 40° to approximately 90°, which
likely correspond to closed and open conformations with reduced
and enhanced ability to bind afadin, respectively [71]. Lastly,
afadin binds Ras. Actually, afadin was discovered as a Ras-
binding protein and partially purified by chromatography on a
GST-Ras affinity column [81]. In turn, as it is well known, Ras
interacts with Raf-1, thus establishing a link between junctions
and the Ras signaling pathway [82].

4.3. Interactions of ZO-1 and ZO-2 with transcription factors
and cell cycle regulators

As the interactions of ZO-1 andZO-2with transcription factors
and regulators of the cell cycle have been reviewed in detail [83],
here we will briefly summarize molecular determinants and
functional significance of such interactions. Specifically, ZO-1
binds (via its SH3 domain) the Y-box transcription factor ZO-1-
associated nucleic acid binding (ZONAB). As a consequence of
their interaction, ZONAB and ZO-1 together regulate the pro-
moter of erbB-2, which is a tyrosine kinase co-receptor important
for epithelial differentiation. Interestingly, ZO-1 regulates



654 L. Paris et al. / Biochimica et Biophysica Acta 1778 (2008) 646–659
ZONAB activity by influencing the subcellular localization of the
transcription factor. Specifically, in non-confluent cells, ZONAB
is free to accumulate in the nucleus and to act as a repressor of the
erbB-2 gene. At variance, in confluent cells, ZONAB is seques-
tered at the TJ (because of its association with ZO-1) and can no
longer act as a repressor in the nucleus. Thus, the discovery of the
ZONAB-dependent regulation of erbB-2 expression has unveiled
a mechanism whereby TJ modulate the expression of epithelial-
specific differentiation genes [84]. In addition to ZO-1, ZONAB
also associates with cell division kinase-4. Importantly, reduction
of the nuclear levels of ZONAB (e.g., in confluent cells) results in
reduced nuclear levels of cell division kinase-4 too. Thus, by
sequestering ZONAB at the TJ, ZO-1 also prevents the nuclear
accumulation of cell division kinase-4. In this way, TJ not only
favor epithelial differentiation, but also reduce cell proliferation in
a cell density-dependent manner [85]. Along the same line,
ZONAB also interacts with RalA in a GTP-dependentmanner. As
the levels of the RalA-ZONAB complex increase as epithelial
cells become dense, also the interaction of ZONAB with RalA
(like the interaction of ZONAB with ZO-1) may relieve the
transcriptional repression of ZONAB [86]. Finally, ZO-1 interacts
with the heat-shock protein Apg-2. In particular, Apg-2 copre-
cipitates with ZO-1 and partially localizes to the intercellular
junctions of MDKC cells. As Apg-2 competes with ZONAB for
binding the SH3 domain of ZO-1, Apg-2 may favor the repressor
activity of ZONAB [87].

Like ZO-1, also ZO-2 interacts with transcription factors and
regulators of the cell cycle. However, at variance with ZO-1, a
pool of ZO-2 localizes to the nucleus (at least in non-contacting
cells). As the nuclear localization suggests that ZO-2 itself
might directly regulate gene expression, the interaction of ZO-2
(expressed as GST-fusion protein) with different transcription
factors has been studied in detail. These studies have reported that
ZO-2 interacts with Jun, Fos and CEBPG and that the interactions
require the carboxyl terminal region of ZO-2. Surprisingly,
however, the interactions do not occur only at the nucleus but also
at the TJ. The association of ZO-2 with Jun/Fos at the TJ might
sequester the Jun/Fos complex at the plasma membrane and thus
lower its levels in the nucleus. As a net result, junctional ZO-2
might indirectly affect the activity of the Jun/Fos complex in
the regulation of gene transcription. Although transfected ZO-2
down-regulates the expression levels of such factors, it does not
affect aspecifically the global levels of gene transcription [88].
Furthermore, nuclear ZO-2 also interacts with the DNA-binding
protein scaffold attachment factor-B, as shown by coprecipitation
assays [89].

Finally, ZO-1 and ZO-2 interact with the p120-like catenin
ARVC. Both interactions require the carboxyl terminal PDZ-
binding motif of ARVC and the PDZ domains of ZO-1 and ZO-2.
However, there are interesting differences between ZO-1 and ZO-
2. On one side, ARVC and ZO-1 partially colocalize in the
vicinity of the apical adhesion complex. In addition, ARVC, ZO-1
and E-cadherin are recruited as a complex to the sites of initial
cell–cell contact. On the other side, ARVC colocalizes with ZO-2
in the nucleus. Thus, the selective interaction with either ZO-1 or
ZO-2 may mediate the recruitment of ARVC to either the plasma
membrane or the nucleus [90].
4.4. Other interactions of the ZO proteins

The ZO proteins interact with other signaling molecules and
with some connexins. Specifically, the SH3 domain of ZO-1
binds the serine/threonine kinase ZAK, which appears to be
associated with junctional complexes in MDCK cells. In turn,
ZAK phosphorylates a region of ZO-1 that is carboxyl terminal
with respect to the SH3 domain [91]. Furthermore, ZO-3 binds
the p120 catenin, which (besides being a component of the
adherens junctions) is implicated in the regulation of the
cytoskeleton and cell motility. Notably, altered interactions
between ZO-3 and p120 in cells expressing the amino-terminal
half of ZO-3 affect RhoA activity, thus establishing a further
link between the TJ and RhoA signaling [80].

Concerning the connexins, ZO-1 was shown to interact with
connexin-43. The interaction requires the carboxyl terminus of
connexin-43 and the second PDZ domain of ZO-1. Connexin-43
and ZO-1 colocalize at the gap junctions of transfected COS-7
cells, thus suggesting that ZO-1 is involved in the clustering and
assembly of connexin-43-based gap junctional channels [92]. In
addition, both ZO-1 and ZO-3 interact and colocalize with
connexin-45. Again, the interactions require the PDZ domains of
the ZO proteins and the carboxyl terminus of connexin-45.
Mutation of the carboxyl terminal residues (Ser-Val-Trp-Ile) of
connexin-45 abolishes the interactions with ZO-1 and ZO-3 [93].

5. Other adapters and signaling systems

An additional cluster of protein interactions is centered on a
class of adapters named membrane-associated guanylate kinase
with inverted orientation (MAGI). These interactions serve
different functions. First, like the ZO proteins, they act as
scaffolds that link cell surface molecules with the actin cyto-
skeleton. Second, they modulate cell signaling. Third, they inter-
act with a system that regulates the recycling of the junctional cell
surface molecules.

5.1. Interactions of MAGI-1 with cell surface molecules and the
actin cytoskeleton

MAGI-1 is a membrane-associated protein expressed at the
TJ, which encompasses a guanylate kinase domain, two WW
domains and six PDZ domains. Like other PDZ proteins, also the
PDZ domains of MAGI-1 interact with the carboxyl termini of
other proteins, including three cell surface (and immunoglo-
bulin-like) molecules (i.e., JAM-4, ESAM-1 and CXAR) and an
actin-binding protein (i.e., α-actinin-4), as described below.

Like JAM-A, also JAM-4 belongs to the JAM family. The
interaction between JAM-4 and MAGI-1 requires the carboxyl
terminus of JAM-4 and two PDZ domains (the first and fourth)
of MAGI-1. It is likely that the interaction provides the TJ with
an additional adhesion system, which may regulate permeability
in kidney glomeruli and the small intestine. Interestingly, JAM-4
does not bind ZO-1, whereas JAM-A does not bind MAGI-1
[94]. The biochemical basis of this specificity has been defined
in detail. The carboxyl termini of PDZ-binding proteins are
divided into two classes depending on whether they harbor a



655L. Paris et al. / Biochimica et Biophysica Acta 1778 (2008) 646–659
consensus sequence for type I or type II PDZ domains. Type I
PDZ domains (like the domains of MAGI-1) contain a critical
histidine residue in the second α-helix and bind proteins ending
with the consensus motif Ser/Thr-X-ΦCOOH (X, any residue;Φ,
hydrophobic residue). At variance, type II PDZ domains (like
the domains of ZO-1) contain a hydrophobic residue in the
second α-helix and bind proteins ending with the consensus
motif Phe/Tyr-X-ΦCOOH [95]. Thus, JAM-A,which ends in Phe-
Leu-Val, binds ZO-1 (precisely, the type II PDZ-2 and PDZ-3
domains) [39,40], but not MAGI-1. In contrast, JAM-4, which
ends in Thr-Leu-Val, bindsMAGI-1 (precisely, the type I PDZ-1
and PDZ-4 domains), but not ZO-1 [94].

Endothelial cell-selective adhesion molecule-1 is another cell
surface protein associated with the TJ. As the carboxyl tail of
ESAM-1 ends with a consensus motif (Thr-Leu-Leu) for binding
type I PDZ domains, it may anchorMAGI-1 to the endothelial TJ.
Binding studies using a MAGI-1 fragment (which encompasses
residues 789–876 and contains the PDZ-3 domain) further
suggest that the interaction is PDZ-dependent [96]. In addition,
the third cell surface molecule that binds MAGI-1 is Coxsackie
and Adenovirus Receptor. This molecule plays a role not only in
forming epithelial junctions, but also in modulating cell growth
and, as the name indicates, in facilitating viral infection. Its
carboxyl terminus, which ends with a consensus motif (Ser-Ile-
Val) for binding type I PDZ domains, plays a role in cellular
localization, cell–cell adhesion and cell growth, as well as in the
interaction with MAGI-1. In addition to MAGI-1, the Coxsackie
and Adenovirus Receptor also interacts with PICK-1, another
PDZ protein which contains a single PDZ domain and forms
homodimers [97].

As mentioned above, also MAGI proteins may link the cell
surface molecules of the TJ with the actin cytoskeleton. Limited
information, however, is available concerning the molecules
involved. MAGI-1 binds actinin-4, the non-muscle isoform of the
actin-binding protein α-actinin. The interaction requires the fifth
PDZ domain of MAGI-1 and the cytoplasmic tail of actinin-4,
whose carboxyl terminus ends with a consensus motif (Ser-Asp-
Leu) for binding type I PDZ domains [98]. Interestingly, the
expression levels of actinin-4 are increased at the edge of cells that
migrate into a wound. In addition, it shuttles between cytoplasm
and nucleus, thus suggesting that actinin-4 (possibly in
association withMAGI-1) may regulate actin dynamics [99,100].

5.2. Interactions of MAGI proteins with signaling molecules

The three members of the MAGI family (MAGI-1, -2 and -3)
also interact with the lipid phosphatase PTEN. As PTEN
contains the carboxyl terminal PDZ-binding residues Thr-Lys-
Val, also the interactions of PTEN with the MAGI proteins are
likely PDZ-dependent. In general, the binding of the MAGI
proteins to PTEN enhances the enzymatic activity of PTEN.
Actually, PTEN converts the phosphatidyl-inositol PIP3 back to
PIP2. In this way, PTEN counteracts the effect of PI3K (which
catalyzes the production of PIP3) and indirectly inactivates the
effectors of PIP3, including protein kinase Akt. Thus, MAGI
proteins link the TJ with a major pathway that regulates growth
and survival in normal cells. PTEN, however, is also a tumor
suppressor. Some mutations in tumors (for instance, in glio-
blastoma and endometrial tumors) affect the carboxyl terminus
of PTEN. In particular, mutations that either insert a premature
stop codon or add residues after the stop codon alter the PDZ-
binding motif and predictably abolish the interactions of PTEN
with its PDZ partners, including theMAGI proteins. If the loss of
such interactions results in reduced PTEN activity (and thus in
enhanced Akt activity), then this cluster of junctional interac-
tions may acquire relevance to neoplastic transformation as well.
In this respect, it is noteworthy that the MAGI proteins are
targets for viral oncoproteins.

More specifically, the isoform MAGI-1b interacts directly
with PTEN via the carboxyl terminus of PTEN and the second
PDZ domain of MAGI-1b [101]. Similarly, MAGI-2 localizes to
the epithelial TJ and binds the carboxyl terminus of PTEN via
the second PDZ domain. Expression of MAGI-2 reduces Akt
activation, thus indicating that also MAGI-2 favors the activity
of PTEN. Conversely, PTEN mutants that fail to bind MAGI-2
are impaired in their ability to prevent Akt activation.
Nevertheless, these mutants only exert a partial effect, thus
suggesting that these adapters merely optimize the activity of the
associated enzyme [102]. In addition, also MAGI-3 localizes to
the epithelial TJ and binds PTEN. Again, PTEN depho-
sphorylates PIP3 more efficiently when it is associated with
MAGI-3 [102]. Finally, in addition to PTEN, MAGI-3 interacts
with another phosphatase, the receptor tyrosine phosphatase
PTPRB, which is involved in the control of cell–cell and cell–
matrix adhesion. The interaction of PTPRB with MAGI-3
requires the carboxyl terminus of PTPRB and the third or fourth
PDZ domain of MAGI-3. In this way,MAGI-3 may link PTPRB
with its substrates at the plasma membrane [103]. Lastly, outside
the TJ, PTEN interacts indirectly with β-catenin by binding
MAGI-1b. In this way, PTEN is also recruited to the adherens
junctions. As β-catenin also binds PI3K, the adherens junctions
may thus function as a central point for regulating the PIP3 pool
and its effectors. Thus, although devoid of enzymatic activity,
MAGI proteins likely play a general role in organizing signaling
complexes that control cell growth and differentiation [101].

5.3. Interactions of MAGI-1 with a system for the recycling of
junctional proteins

Like other membrane proteins, also the cell surface
components of the TJ undergo constitutive recycling from the
membrane to the early endosomes and back to the membrane. It
appears that the activation state of Cdc42 is critical for deter-
mining the fate of the endocytosed proteins. In particular, when
Cdc-42 is inactive (i.e., GDP-bound), the endocytosed mole-
cules remain in the early endosomes and are recycled to the
membrane. In contrast, when Cdc42 is active (i.e., GTP-bound),
the endocytosed molecules are transferred to the late endosomes
and targeted to lysosomes for degradation. The molecule that
negatively regulates the activation state of Cdc42 in the
endosomes (and thus the fate of the endocytosed junctional
molecules) is Rich-1, a GTPase-activating protein (GAP) for
Cdc42 [104]. The importance of Rich-1 for TJ integrity is
supported by the observation that silencing Rich-1 expression
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disrupts TJ. Also, overexpressing a GAP-deficient mutant of
Rich-1 induces a similar phenotype, thus stressing that the TJ-
stabilizing effect of Rich-1 is attributable to the inactivation of
Cdc42 [104].

Rich-1 comes in close contact with the TJ by virtue of its
association with the scaffolding protein angiomotin. The BAR/
coiled-coil regions of Rich-1 and angiomotin are necessary for
such heterotypic binding. The BAR (an acronym for Bin/
Amphiphysin/Rvs) domain is a widely conserved interaction
domain [105]. In turn, angiomotin associates with three junctional
proteins, MAGI-1, PATJ and MUPP1. First, the p130 isoform of
angiomotin binds MAGI-1b. The interaction requires the amino
terminal motif Pro-Pro-X-Tyr of angiomotin and theWWdomain
of MAGI-1 [106]. Second, angiomotin interacts with PATJ. The
PDZ-binding motif at the carboxyl terminus of angiomotin (Asp-
Tyr-Leu-Ile) binds PATJ. Third, it has been recently discovered
that angiomotin also interacts withMUPP1. The interaction again
requires the PDZ-binding motif of angiomotin and the PDZ-2 and
-3 domains of MUPP1. Surprisingly, however, the absence of the
PDZ-binding motif does not alter the subcellular distribution of
angiomotin. Thus, it is likely that PATJ and MUPP1 may have
redundant roles (with respect to MAGI-1) in determining the
localization of angiomotin to the TJ [107]. Finally, it is worth
mentioning that CD2AP and SH3K1 are two molecules that
associate with Rich-1. CD2AP and SH3K1 bind each other
directly and target cell surface molecules (e.g., growth factor
receptors) for endocytosis. The ability of angiomotin to recruit
Rich-1 may thus impact on the trafficking of TJ components via
the association of Rich-1 with CD2AP and SH3K1.

6. Concluding remarks

The TJ exert two major functions, which are traditionally
designated as ‘barrier’ and ‘fence’. While the term barrier refers
to the control of paracellular permeability across lateral
intercellular spaces, the term fence describes the emergence
and maintenance of apico-basal polarity within the plasma
membrane. Predictably, the individual features of the TJ
molecules and their mutual interactions (that have been outlined
in this review) represent the molecular basis for a mechanistic
explanation of these complex functions.

Although our understanding is far from being complete, we
have attempted here at drawing correlations between the different
clusters of protein interactions and their possible role in TJ
function. In general, the interactions that involve the adhesive
surface molecules of the TJ (as described in Section 2) are
primarily instrumental in building the paracellular barrier, as they
seal the lateral intercellular spaces between adjacent cells. At
variance, the interactions that involve the evolutionary conserved
polarity complexes (as described in Section 3) are instrumental in
setting up the polarity fence, as they determine the correct
localization of the TJ at the apico-basal boundary and the ability of
the TJ to maintain such polarization of the membrane. In addition
to these two major protein clusters, emerging evidence indicates
that, like other junctional systems of the cells (e.g., adherens
junctions, desmosomes and focal adhesions), the actin-based
cytoskeleton (as described in Section 4) plays a key role in
reinforcing the adhesive complexes of the barrier and in
translating polarity determinants of the fence into spatially
defined responses. Finally, far from being a static system, the
TJ undergo dynamic changes in response to various signaling
pathways (as described in Section 5 and throughout the text).

Once the complete map of protein interactions will be avail-
able, we can expect to gain deeper understanding of TJ in all the
steps of their lifespan, from the assembly (in response to
coordinated polarity cues), to the stabilization (via dynamic
linkages to adapter and cytoskeletal proteins), to the maintenance
(via regulated membrane trafficking) and finally to the disassem-
bly (for instance, via ubiquitination events). An additional major
challenge will consist in defining how the molecular interactions
among the TJ components translate stimuli from signaling
mediators (for instance, phosphorylation events) into functional
responses. In the end, when the TJ cartography will be complete,
we foresee that the TJ, no matter how tight they may be, will no
longer hold their molecular secrets so tightly.

Acknowledgements

This work was supported by Grant 04-095 from Association
International for Cancer Research (AICR, St. Andrews, UK).
We gratefully acknowledge the generous contribution of the
Fondazione Musarra (for a Fellowship to L.P.) and the Banca
Popolare di Todi (for a Fellowship to C.V.).

References

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

[2] M. Cereijido, R.G. Contreras, L. Shoshani, Cell adhesion, polarity,
and epithelia in the dawn of metazoans, Physiol. Rev. 84 (2004)
1229–1262.

[3] F. D'Atri, S. Citi, Molecular complexity of vertebrate tight junctions
(Review), Mol. Membr. Biol. 19 (2002) 103–112.

[4] C.M. Van Itallie, J.M. Anderson, The molecular physiology of tight
junction pores, Physiology (Bethesda) 19 (2004) 331–338.

[5] S. Aijaz, M.S. Balda, K. Matter, Tight junctions: molecular architecture
and function, Int. Rev. Cyt. 248 (2006) 261–298.

[6] M. Furuse, S. Tsukita, Claudins in occluding junctions of humans and
flies, Trends Cell Biol. 16 (2006) 181–188.

[7] E.E. Schneeberger, R.D. Lynch, The tight junction: a multifunctional
complex, Am. J. Physiol., Cell Physiol. 286 (2004) C1213–C1228.

[8] H. Chiba, et al., Transmembrane proteins of tight junctions, Biochim.
Biophys. Acta 1778 (2008) 588–600.

[9] L. Guillemot, et al., The cytoplasmic plaque of tight junctions: a
scaffolding and signalling center, Biochim. Biophys. Acta 1778 (2008)
601–613.

[10] G. Bazzoni, Endothelial tight junctions: permeable barriers of the vessel
wall, Thromb. Haemost. 95 (2006) 36–42.

[11] I. Blasig, Claudins: Structure and function of the extracellular domains,
Biochim. Biophys. Acta, submitted for publication.

[12] D. Yu, J.R. Turner, Stimulus-induced reorganization of tight junction
structure: The role of membrane traffic, Biochim. Biophys. Acta 1778
(2008) 709–716.

[13] M. Furuse, T. Hirase, M. Itoh, A. Nagafuchi, S. Yonemura, S. Tsukita,
Occludin: a novel integral membrane protein localizing at tight junctions,
J. Cell Biol. 123 (1993) 1777–1788.

[14] M. Furuse, M. Itoh, T. Hirase, A. Nagafuchi, S. Yonemura, S. Tsukita,
Direct association of occludin with ZO-1 and its possible involvement in



657L. Paris et al. / Biochimica et Biophysica Acta 1778 (2008) 646–659
the localization of occludin at tight junctions, J. Cell Biol. 127 (1994)
1617–1626.

[15] M. Itoh, K. Morita, S. Tsukita, Characterization of ZO-2 as a MAGUK
family member associated with tight as well as adherens junctions with a
binding affinity to occludin and alpha catenin, J. Biol. Chem. 274 (1999)
5981–5986.

[16] J. Haskins, L. Gu, E.S. Wittchen, J. Hibbard, B.R. Stevenson, ZO-3, a
novel member of the MAGUK protein family found at the tight junction,
interacts with ZO-1 and occludin, J. Cell Biol. 141 (1998) 199–208.

[17] A.S. Fanning, B.J. Jameson, L.A. Jesaitis, J.M. Anderson, The tight
junction protein ZO-1 establishes a link between the transmembrane
protein occludin and the actin cytoskeleton, J. Biol. Chem. 273 (1998)
29745–29753.

[18] M. Cordenonsi, F. Turco, F. D'Atri, E. Hammar, G. Martinucci, F.
Meggio, S. Citi, Xenopus laevis occludin. Identification of in vitro
phosphorylation sites by protein kinase CK2 and association with
cingulin, Eur. J. Biochem. 264 (1999) 374–384.

[19] E.S.Wittchen, J. Haskins, B.R. Stevenson, Protein interactions at the tight
junction. Actin has multiple binding partners, and ZO-1 forms
independent complexes with ZO-2 and ZO-3, J. Biol. Chem. 274 (1999)
35179–35185.

[20] A. Sakakibara, M. Furuse, M. Saitou, Y. Ando-Akatsuka, S. Tsukita,
Possible involvement of phosphorylation of occludin in tight junction
formation, J. Cell Biol. 137 (1997) 1393–1401.

[21] Y.H. Chen, Q. Lu, D.A. Goodenough, B. Jeansonne, Nonreceptor tyrosine
kinase c-Yes interacts with occludin during tight junction formation in
canine kidney epithelial cells, Mol. Biol. Cell 13 (2002) 1227–1237.

[22] C. Smales, M. Ellis, R. Baumber, N. Hussain, H. Desmond, J.M. Staddon,
Occludin phosphorylation: identification of an occludin kinase in brain
and cell extracts as CK2, FEBS Lett. 545 (2003) 161–166.

[23] A.Y. Andreeva, E. Krause, E.C. Muller, I.E. Blasig, D.I. Utepbergenov,
Protein kinase C regulates the phosphorylation and cellular localization of
occludin, J. Biol. Chem. 276 (2001) 38480–38486.

[24] A. Nusrat, J.A. Chen, C.S. Foley, T.W. Liang, J. Tom, M. Cromwell, C.
Quan, R.J. Mrsny, The coiled-coil domain of occludin can act to organize
structural and functional elements of the epithelial tight junction, J. Biol.
Chem. 275 (2000) 29816–29822.

[25] V. Nunbhakdi-Craig, T. Machleidt, E. Ogris, D. Bellotto, C.L. White III,
E. Sontag, Protein phosphatase 2A associates with and regulates atypical
PKC and the epithelial tight junction complex, J. Cell Biol. 158 (2002)
967–978.

[26] P. Sheth, S. Basuroy, C. Li, A.P. Naren, R.K. Rao, Role of phos-
phatidylinositol 3-kinase in oxidative stress-induced disruption of tight
junctions, J. Biol. Chem. 278 (2003) 49239–49245.

[27] M. Barrios-Rodiles, K.R. Brown, B. Ozdamar, R. Bose, Z. Liu, R.S.
Donovan, F. Shinjo, Y. Liu, J. Dembowy, I.W. Taylor, V. Luga, N. Przulj,
M. Robinson, H. Suzuki, Y. Hayashizaki, I. Jurisica, J.L. Wrana, High-
throughput mapping of a dynamic signaling network in mammalian cells,
Science 307 (2005) 1621–1625.

[28] A. Traweger, D. Fang, Y.C. Liu, W. Stelzhammer, I.A. Krizbai, F. Fresser,
H.C. Bauer, H. Bauer, The tight junction-specific protein occludin is a
functional target of the E3 ubiquitin-protein ligase itch, J. Biol. Chem.
277 (2002) 10201–10208.

[29] W.Y. Lui, W.M. Lee, cAMP perturbs inter-Sertoli tight junction
permeability barrier in vitro via its effect on proteasome-sensitive
ubiquitination of occludin, J. Cell. Physiol. 203 (2005) 564–572.

[30] J.C. Herve, N. Bourmeyster, D. Sarrouilhe, Diversity in protein-protein
interactions of connexins: emerging roles, Biochim. Biophys. Acta. 1662
(2004) 22–41.

[31] J. Ikenouchi, M. Furuse, K. Furuse, H. Sasaki, S. Tsukita, Tricellulin
constitutes a novel barrier at tricellular contacts of epithelial cells, J. Cell
Biol. 171 (2005) 939–945.

[32] M. Furuse, K. Fujita, T. Hiiragi, K. Fujimoto, S. Tsukita, Claudin-1
and -2: novel integral membrane proteins localizing at tight junctions
with no sequence similarity to occludin, J. Cell Biol. 141 (1998)
1539–1550.

[33] M. Itoh, M. Furuse, K. Morita, K. Kubota, M. Saitou, S. Tsukita, Direct
binding of three tight junction-associated MAGUKs, ZO-1, ZO-2, and
ZO-3, with the COOH termini of claudins, J. Cell Biol. 147 (1999)
1351–1363.

[34] M.H. Roh, C.J. Liu, S. Laurinec, B. Margolis, The carboxyl terminus of
zona occludens-3 binds and recruits a mammalian homologue of discs
lost to tight junctions, J. Biol. Chem. 277 (2002) 27501–27509.

[35] Y. Hamazaki, M. Itoh, H. Sasaki, M. Furuse, S. Tsukita, Multi-PDZ
domain protein 1 (MUPP1) is concentrated at tight junctions through its
possible interaction with claudin-1 and junctional adhesion molecule,
J. Biol. Chem. 277 (2002) 455–461.

[36] K. Umeda, J. Ikenouchi, S. Katahira-Tayama, K. Furuse, H. Sasaki, M.
Nakayama, T. Matsui, S. Tsukita, M. Furuse, ZO-1 and ZO-2 inde-
pendently determine where claudins are polymerized in tight-junction
strand formation, Cell 126 (2006) 741–754.

[37] K. Yamauchi, T. Rai, K. Kobayashi, E. Sohara, T. Suzuki, T. Itoh, S.
Suda, A. Hayama, S. Sasaki, S. Uchida, Disease-causing mutant WNK4
increases paracellular chloride permeability and phosphorylates claudins,
Proc. Natl. Acad. Sci. U. S. A. 101 (2004) 4690–4694.

[38] H. Miyamori, T. Takino, Y. Kobayashi, H. Tokai, Y. Itoh, M. Seiki, H.
Sato, Claudin promotes activation of pro-matrix metalloproteinase-2
mediated by membrane-type matrix metalloproteinases, J. Biol. Chem.
276 (2001) 28204–28211.

[39] G. Bazzoni, O.M.Martinez-Estrada, F. Orsenigo, M. Cordenonsi, S. Citi, E.
Dejana, Interaction of junctional adhesion molecule with the tight junction
components ZO-1, cingulin, and occludin, J. Biol. Chem. 275 (2000)
20520–20526.

[40] K. Ebnet, C.U. Schulz, M.K. Meyer Zu Brickwedde, G.G. Pendl, D.
Vestweber, Junctional adhesion molecule interacts with the PDZ domain-
containing proteins AF-6 and ZO-1, J. Biol. Chem. 275 (2000)
27979–27988.

[41] O.M. Martinez-Estrada, A. Villa, F. Breviario, F. Orsenigo, E. Dejana, G.
Bazzoni, Association of junctional adhesion molecule with calcium/
calmodulin-dependent serine protein kinase (CASK/LIN-2) in human
epithelial caco-2 cells, J. Biol. Chem. 276 (2001) 9291–9296.

[42] N. Reymond, S. Garrido-Urbani, J.P. Borg, P. Dubreuil, M. Lopez, PICK-1:
a scaffold protein that interacts with Nectins and JAMs at cell junctions,
FEBS Lett. 579 (2005) 2243–2249.

[43] K. Ebnet, A. Suzuki, Y.Horikoshi, T.Hirose,M.K.Meyer ZuBrickwedde, S.
Ohno, D. Vestweber, The cell polarity protein ASIP/PAR-3 directly asso-
ciates with junctional adhesion molecule (JAM), EMBO J. 20 (2001)
3738–3748.

[44] G. Bazzoni, O.M. Martinez-Estrada, F. Mueller, P. Nelboeck, G. Schmid,
T. Bartfai, E. Dejana, M. Brockhaus, Homophilic interaction of junctional
adhesion molecule, J. Biol. Chem. 275 (2000) 30970–30976.

[45] S. Tsukita, M. Furuse, M. Itoh, Multifunctional strands in tight junctions,
Nat. Rev., Mol. Cell Biol. 2 (2001) 285–293.

[46] K. Shin, V.C. Fogg, B. Margolis, Tight junctions and cell polarity, Annu.
Rev. Cell Dev. Biol. 22 (2006) 207–235.

[47] G. Joberty, C. Petersen, L. Gao, I.G.Macara, The cell-polarity protein Par6
links Par3 and atypical protein kinase C to Cdc42, Nat. Cell Biol. 2 (2000)
531–539.

[48] D. Lin, A.S. Edwards, J.P. Fawcett, G. Mbamalu, J.D. Scott, T. Pawson,
A mammalian PAR-3-PAR-6 complex implicated in Cdc42/Rac1 and
aPKC signalling and cell polarity, Nat. Cell Biol. 2 (2000) 540–547.

[49] Y. Noda, R. Takeya, S. Ohno, S. Naito, T. Ito, H. Sumimoto, Human
homologues of the Caenorhabditis elegans cell polarity protein PAR6 as
an adaptor that links the small GTPases Rac and Cdc42 to atypical protein
kinase C, Genes Cells 6 (2001) 107–119.

[50] T. Hirose, Y. Izumi, Y. Nagashima, Y. Tamai-Nagai, H. Kurihara, T.
Sakai, Y. Suzuki, T. Yamanaka, A. Suzuki, K. Mizuno, S. Ohno,
Involvement of ASIP/PAR-3 in the promotion of epithelial tight junction
formation, J. Cell Sci. 115 (2002) 2485–2495.

[51] M.P. Coghlan, M.M. Chou, C.L. Carpenter, Atypical protein kinases
Clambda and -zeta associate with the GTP-binding protein Cdc42 and
mediate stress fiber loss, Mol. Cell. Biol. 20 (2000) 2880–2889.

[52] X.F. Liu, H. Ishida, R. Raziuddin, T. Miki, Nucleotide exchange factor
ECT2 interacts with the polarity protein complex Par6/Par3/protein
kinase Czeta (PKCzeta) and regulates PKCzeta activity, Mol. Cell. Biol.
24 (2004) 6665–6675.



658 L. Paris et al. / Biochimica et Biophysica Acta 1778 (2008) 646–659
[53] M. Itoh, H. Sasaki, M. Furuse, H. Ozaki, T. Kita, S. Tsukita, Junctional
adhesion molecule (JAM) binds to PAR-3: a possible mechanism for the
recruitment of PAR-3 to tight junctions, J. Cell Biol. 154 (2001)
491–497.

[54] C. Lemmers, D. Michel, L. Lane-Guermonprez, M.H. Delgrossi, E.
Medina, J.P. Arsanto, A. Le Bivic, CRB3 binds directly to Par6 and
regulates the morphogenesis of the tight junctions in mammalian
epithelial cells, Mol. Biol. Cell 15 (2004) 1324–1333.

[55] T.W. Hurd, L. Gao, M.H. Roh, I.G. Macara, B. Margolis, Direct
interaction of two polarity complexes implicated in epithelial tight
junction assembly, Nat. Cell Biol. 5 (2003) 137–142.

[56] P.J. Plant, J.P. Fawcett, D.C. Lin, A.D. Holdorf, K. Binns, S. Kulkarni, T.
Pawson, A polarity complex of mPar-6 and atypical PKC binds,
phosphorylates and regulates mammalian Lgl, Nat. Cell Biol. 5 (2003)
301–308.

[57] D. Strand, S. Unger, R. Corvi, K. Hartenstein, H. Schenkel, A. Kalmes,
G. Merdes, B. Neumann, F. Krieg-Schneider, J.F. Coy, et al., A human
homologue of the Drosophila tumour suppressor gene l(2)gl maps to
17p11.2-12 and codes for a cytoskeletal protein that associates with
nonmuscle myosin II heavy chain, Oncogene 11 (1995) 291–301.

[58] R. Benton, D. St Johnston, Drosophila PAR-1 and 14-3-3 inhibit
Bazooka/PAR-3 to establish complementary cortical domains in
polarized cells, Cell 115 (2003) 691–704.

[59] T.W. Hurd, S. Fan, C.J. Liu, H.K. Kweon, K. Hakansson, B. Margolis,
Phosphorylation-dependent binding of 14-3-3 to the polarity protein Par3
regulates cell polarity in mammalian epithelia, Curr. Biol. 13 (2003)
2082–2090.

[60] J.B. Hurov, J.L.Watkins, H. Piwnica-Worms, Atypical PKCphosphorylates
PAR-1 kinases to regulate localization and activity, Curr. Biol. 14 (2004)
736–741.

[61] A. Suzuki, M. Hirata, K. Kamimura, R. Maniwa, T. Yamanaka, K. Mizuno,
M. Kishikawa, H. Hirose, Y. Amano, N. Izumi, Y. Miwa, S. Ohno, aPKC
acts upstream of PAR-1b in both the establishment and maintenance of
mammalian epithelial polarity, Curr. Biol. 14 (2004) 1425–1435.

[62] X. Chen, I.G. Macara, Par-3 mediates the inhibition of LIM kinase 2 to
regulate cofilin phosphorylation and tight junction assembly, J. Cell Biol.
172 (2006) 671–678.

[63] E. Nishida, S. Maekawa, H. Sakai, Cofilin, a protein in porcine brain that
binds to actin filaments and inhibits their interactions with myosin and
tropomyosin, Biochemistry 23 (1984) 5307–5313.

[64] X. Chen, I.G. Macara, Par-3 controls tight junction assembly through the
Rac exchange factor Tiam1, Nat. Cell Biol. 7 (2005) 262–269.

[65] D.K. Worthylake, K.L. Rossman, J. Sondek, Crystal structure of Rac1 in
complex with the guanine nucleotide exchange region of Tiam1, Nature
408 (2000) 682–688.

[66] B. Ozdamar, R. Bose, M. Barrios-Rodiles, H.R. Wang, Y. Zhang, J.L.
Wrana, Regulation of the polarity protein Par6 by TGFbeta receptors
controls epithelial cell plasticity, Science 307 (2005) 1603–1609.

[67] H.R.Wang, Y. Zhang, B. Ozdamar, A.A. Ogunjimi, E. Alexandrova, G.H.
Thomsen, J.L.Wrana, Regulation of cell polarity and protrusion formation
by targeting RhoA for degradation, Science 302 (2003) 1775–1779.

[68] A.S. Fanning, T.Y. Ma, J.M. Anderson, Isolation and functional
characterization of the actin binding region in the tight junction protein
ZO-1, FASEB J. 16 (2002) 1835–1837.

[69] S.A.Weed, A.V. Karginov, D.A. Schafer, A.M.Weaver, A.W. Kinley, J.A.
Cooper, J.T. Parsons, Cortactin localization to sites of actin assembly in
lamellipodia requires interactions with F-actin and the Arp2/3 complex,
J. Cell Biol. 151 (2000) 29–40.

[70] M. Itoh, A. Nagafuchi, S. Moroi, S. Tsukita, Involvement of ZO-1 in
cadherin-based cell adhesion through its direct binding to alpha catenin
and actin filaments, J. Cell Biol. 138 (1997) 181–192.

[71] S. Pokutta, F. Drees, Y. Takai, W.J. Nelson, W.I. Weis, Biochemical and
structural definition of the l-afadin- and actin-binding sites of alpha-
catenin, J. Biol. Chem. 277 (2002) 18868–18874.

[72] S.N. Mattagajasingh, S.C. Huang, J.S. Hartenstein, E.J. Benz Jr.,
Characterization of the interaction between protein 4.1R and ZO-2. A
possible link between the tight junction and the actin cytoskeleton,
J. Biol. Chem. 275 (2000) 30573–30585.
[73] J.A. Gimm, X. An, W. Nunomura, N. Mohandas, Functional character-
ization of spectrin-actin-binding domains in 4.1 family of proteins,
Biochemistry 41 (2002) 7275–7282.

[74] F. D'Atri, F. Nadalutti, S. Citi, Evidence for a functional interaction
between cingulin and ZO-1 in cultured cells, J. Biol. Chem. 277 (2002)
27757–27764.

[75] M. Cordenonsi, F. D'Atri, E. Hammar, D.A. Parry, J. Kendrick-Jones, D.
Shore, S. Citi, Cingulin contains globular and coiled-coil domains and
interacts with ZO-1, ZO-2, ZO-3, and myosin, J. Cell Biol. 147 (1999)
1569–1582.

[76] F. D'Atri, S. Citi, Cingulin interacts with F-actin in vitro, FEBS Lett.
507 (2001) 21–24.

[77] G. Benais-Pont, A. Punn, C. Flores-Maldonado, J. Eckert, G. Raposo, T.P.
Fleming, M. Cereijido, M.S. Balda, K. Matter, Identification of a tight
junction-associated guanine nucleotide exchange factor that activates Rho
and regulates paracellular permeability, J. Cell Biol. 160 (2003) 729–740.

[78] S. Aijaz, F. D'Atri, S. Citi, M.S. Balda, K. Matter, Binding of GEF-H1 to
the tight junction-associated adaptor cingulin results in inhibition of Rho
signaling and G1/S phase transition, Dev. Cell 8 (2005) 777–786.

[79] T. Yamamoto, N. Harada, K. Kano, S. Taya, E. Canaani, Y. Matsuura, A.
Mizoguchi, C. Ide, K. Kaibuchi, The Ras target AF-6 interacts with ZO-1
and serves as a peripheral component of tight junctions in epithelial cells,
J. Cell Biol. 139 (1997) 785–795.

[80] E.S. Wittchen, J. Haskins, B.R. Stevenson, NZO-3 expression causes
global changes to actin cytoskeleton inMadin–Darby canine kidney cells:
linking a tight junction protein to Rho GTPases, Mol. Biol. Cell 14 (2003)
1757–1768.

[81] M. Kuriyama, N. Harada, S. Kuroda, T. Yamamoto, M. Nakafuku, A.
Iwamatsu, D. Yamamoto, R. Prasad, C. Croce, E. Canaani, K. Kaibuchi,
Identification of AF-6 and canoe as putative targets for Ras, J. Biol.
Chem. 271 (1996) 607–610.

[82] S. Kahn, F. Yamamoto, C. Almoguera, E. Winter, K. Forrester, J. Jordano,
M. Perucho, The c-K-ras gene and human cancer (Review), Anticancer
Res. 7 (1987) 639–652.

[83] K. Matter, S. Aijaz, A. Tsapara, M.S. Balda, Mammalian tight junctions
in the regulation of epithelial differentiation and proliferation, Curr. Opin.
Cell Biol. 17 (2005) 453–458.

[84] M.S. Balda, K. Matter, The tight junction protein ZO-1 and an interacting
transcription factor regulate ErbB-2 expression, EMBO J. 19 (2000)
2024–2033.

[85] M.S. Balda, M.D. Garrett, K. Matter, The ZO-1-associated Y-box factor
ZONAB regulates epithelial cell proliferation and cell density, J. Cell
Biol. 160 (2003) 423–432.

[86] P. Frankel, A.Aronheim, E.Kavanagh,M.S. Balda,K.Matter, T.D. Bunney,
C.J. Marshall, RalA interacts with ZONAB in a cell density-dependent
manner and regulates its transcriptional activity, EMBO J. 24 (2005) 54–62.

[87] A. Tsapara, K. Matter, M.S. Balda, The heat-shock protein Apg-2 binds to
the tight junction protein ZO-1 and regulates transcriptional activity of
ZONAB, Mol. Biol. Cell 17 (2006) 1322–1330.

[88] A. Betanzos, M. Huerta, E. Lopez-Bayghen, E. Azuara, J. Amerena, L.
Gonzalez-Mariscal, The tight junction protein ZO-2 associateswith Jun, Fos
andC/EBP transcription factors in epithelial cells, Exp.Cell Res. 292 (2004)
51–66.

[89] A. Traweger, R. Fuchs, I.A. Krizbai, T.M. Weiger, H.C. Bauer, H. Bauer,
The tight junction protein ZO-2 localizes to the nucleus and interacts with
the heterogeneous nuclear ribonucleoprotein scaffold attachment factor-B,
J. Biol. Chem. 278 (2003) 2692–2700.

[90] P.J. Kausalya, D.C. Phua, W. Hunziker, Association of ARVCF with
zonula occludens (ZO)-1 and ZO-2: binding to PDZ-domain proteins and
cell–cell adhesion regulate plasma membrane and nuclear localization of
ARVCF, Mol. Biol. Cell 15 (2004) 5503–5515.

[91] M.S. Balda, J.M. Anderson, K. Matter, The SH3 domain of the tight
junction protein ZO-1 binds to a serine protein kinase that phosphor-
ylates a region C-terminal to this domain, FEBS Lett. 399 (1996)
326–332.

[92] B.N. Giepmans, W.H. Moolenaar, The gap junction protein connexin43
interacts with the second PDZ domain of the zona occludens-1 protein,
Curr. Biol. 8 (1998) 931–934.



659L. Paris et al. / Biochimica et Biophysica Acta 1778 (2008) 646–659
[93] P.J. Kausalya, M. Reichert, W. Hunziker, Connexin45 directly binds to
ZO-1 and localizes to the tight junction region in epithelial MDCK cells,
FEBS Lett. 505 (2001) 92–96.

[94] S. Hirabayashi, M. Tajima, I. Yao, W. Nishimura, H. Mori, Y. Hata,
JAM4, a junctional cell adhesion molecule interacting with a tight
junction protein, MAGI-1, Mol. Cell. Biol. 23 (2003) 4267–4282.

[95] I.Y. Dobrosotskaya, Identification of mNET1 as a candidate ligand for the
first PDZdomain ofMAGI-1, Biochem.Biophys. Res. Commun. 283 (2001)
969–975.

[96] F. Wegmann, K. Ebnet, L. Du Pasquier, D. Vestweber, S. Butz,
Endothelial adhesion molecule ESAM binds directly to the multidomain
adaptor MAGI-1 and recruits it to cell contacts, Exp. Cell Res. 300 (2004)
121–133.

[97] K.J. Excoffon, A. Hruska-Hageman, M. Klotz, G.L. Traver, J. Zabner, A
role for the PDZ-binding domain of the coxsackie B virus and adenovirus
receptor (CAR) in cell adhesion and growth, J. Cell Sci. 117 (2004)
4401–4409.

[98] K.M. Patrie, A.J. Drescher, A. Welihinda, P. Mundel, B. Margolis,
Interaction of two actin-binding proteins, synaptopodin and alpha-actinin-
4, with the tight junction protein MAGI-1, J. Biol. Chem. 277 (2002)
30183–30190.

[99] C.G. dos Remedios, D. Chhabra, M. Kekic, I.V. Dedova, M. Tsubakihara,
D.A. Berry, N.J. Nosworthy, Actin binding proteins: regulation of
cytoskeletal microfilaments, Physiol. Rev. 83 (2003) 433–473.

[100] K. Honda, T. Yamada, R. Endo, Y. Ino, M. Gotoh, H. Tsuda, Y. Yamada,
H. Chiba, S. Hirohashi, Actinin-4, a novel actin-bundling protein
associated with cell motility and cancer invasion, J. Cell Biol. 140
(1998) 1383–1393.
[101] L. Kotelevets, J. van Hengel, E. Bruyneel, M. Mareel, F. van Roy, E.
Chastre, Implication of the MAGI-1b/PTEN signalosome in stabilization of
adherens junctions and suppression of invasiveness, FASEB J. 19 (2005)
115–117.

[102] X. Wu, K. Hepner, S. Castelino-Prabhu, D. Do, M.B. Kaye, X.J. Yuan, J.
Wood, C. Ross, C.L. Sawyers, Y.E. Whang, Evidence for regulation of
the PTEN tumor suppressor by a membrane-localized multi-PDZ do-
main containing scaffold protein MAGI-2, Proc. Natl. Acad. Sci. U. S. A.
97 (2000) 4233–4238.

[103] K. Adamsky, K. Arnold, H. Sabanay, E. Peles, Junctional protein
MAGI-3 interacts with receptor tyrosine phosphatase beta (RPTP
beta) and tyrosine-phosphorylated proteins, J. Cell Sci. 116 (2003)
1279–1289.

[104] C.D. Wells, J.P. Fawcett, A. Traweger, Y. Yamanaka, M. Goudreault, K.
Elder, S. Kulkarni, G. Gish, C. Virag, C. Lim, K. Colwill, A. Starostine, P.
Metalnikov, T. Pawson, A Rich1/Amot complex regulates the Cdc42
GTPase and apical-polarity proteins in epithelial cells, Cell 125 (2006)
535–548.

[105] B.J. Peter, H.M. Kent, I.G. Mills, Y. Vallis, P.J. Butler, P.R. Evans, H.T.
McMahon, BAR domains as sensors of membrane curvature: the
amphiphysin BAR structure, Science 303 (2004) 495–499.

[106] A. Bratt, O. Birot, I. Sinha, N. Veitonmaki, K. Aase, M. Ernkvist, L.
Holmgren, Angiomotin regulates endothelial cell–cell junctions and cell
motility, J. Biol. Chem. 280 (2005) 34859–34869.

[107] Y. Sugihara-Mizuno, M. Adachi, Y. Kobayashi, Y. Hamazaki, M.
Nishimura, T. Imai, M. Furuse, S. Tsukita, Molecular characterization of
angiomotin/JEAP family proteins: interaction with MUPP1/Patj and their
endogenous properties, Genes Cells 12 (2007) 473–486.


	Structural organization of the tight junctions
	Introduction
	Cell surface molecules
	Interactions of occludin
	Interactions of claudins
	Interactions of junctional adhesion molecules

	The polarity system
	The core complex
	Interactions of the core complex with small G proteins
	Interactions of the core complex with membrane proteins
	The core complex interacts with apical and basolateral polarity complexes
	Interactions of the core complex with signaling molecules
	Interactions of the core complex with actin regulators
	Protein interactions in the disassembly of the TJ

	Adapters and the cytoskeleton
	Interactions of the zonula occludens proteins
	Interactions of cingulin and afadin
	Interactions of ZO-1 and ZO-2 with transcription factors and cell cycle regulators
	Other interactions of the ZO proteins

	Other adapters and signaling systems
	Interactions of MAGI-1 with cell surface molecules and the actin cytoskeleton
	Interactions of MAGI proteins with signaling molecules
	Interactions of MAGI-1 with a system for the recycling of junctional proteins

	Concluding remarks
	Acknowledgements
	References


