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ABSTRACT

Epithelial and endothelial cell-cell contacts are established and maintained by several inter-
cellular junctional complexes. These structurally and biochemically differentiated regions on
the plasma membrane primarily include tight junctions (TJs), and anchoring junctions. While
the adherens junctions (AJs) provide essential adhesive and mechanical properties, TJs hold
the cells together and form a near leak-proof intercellular seal by the fusion of adjacent cell
membranes. AJs and TJs play essential roles in vascular permeability. Considering their
involvement in several key cellular functions such as barrier formation, proliferation, migration,
survival, and differentiation, further research is warranted on the composition and signaling
pathways regulating cell-cell junctions to develop novel therapeutics for diseases such as
organ injuries. The current review article presents our current state of knowledge on various
cell-cell junctions, their molecular composition, and mechanisms regulating their expression
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and function in endothelial and epithelial cells.

1. Introduction

Cells encompass the fluid matrix, and organelles
containing various chemical and biological com-
ponents wrapped in a limiting membrane." These
are the basic units of structure and function in
life.> Prokaryotes or eukaryotes are two kinds of
life forms on earth® composed of a single cell or
multiple cells, respectively.* The latter share
a common ancestor, which has evolved from the
former just once in four billion years. Eukaryotic
organisms, with much larger genomes and pro-
teomes, are generally larger and more highly orga-
nized than prokaryotic cells.” Cells make up
tissues, tissues comprise organs, organs form
organ systems, and organ systems work collec-
tively to generate an organism and keep it alive.®
The increased organization within the eukaryotic
cells has allowed the evolution of thousands of
different types of dedicated eukaryotic cells that
perform specialized functions such as protection,
movement, energy storage, or reproduction.4
Epithelium and mesenchyme are the most impor-
tant tissue types in the complex metazoan body
with epithelium arising first in embryonic devel-
opment and mesenchyme evolving from it by

a switch-off mechanism of differentiation and
maintenance of epithelial cells (EpCs). These tis-
sues produce all the organs of the body through
mutual inductions and interactions.” The differen-
tiation of blastomeres into an epithelial state is
essentially the first coordinated activity an animal
embryo undertakes. As in all sexually reproducing
metazoans, the entirety of human cell type diver-
sity begins from a single newly formed cell, the
totipotent zygote which undergoes a series of
repeated mitotic divisions - cleavage - dividing
into progressively smaller daughter cells or blas-
tomeres (numbering two, then four, eight, etc.).'
Furthermore, cells of the 8-cell embryo in mam-
mals and the blastula stage of animals, in general,
are composed entirely of epithelial cells that are
held together by cell-cell junctions.”

2, Epithelial and endothelial cell-cell junctions

EpCs form the epithelia, one of the fundamental
tissue units of the human body® whereas the
endothelial cells (ECs), derived from the
mesoderm’ are a thin layer of squamous cells'
that form the inner-most structures covering the
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interior walls of arteries, capillaries and veins.'' >
While the basal side of these cells is attached to the
basement membrane, the apical surface confronts
the lumen'* toward space or blood in EpCs and
ECs, respectively.”'" These cells can collectively
form the cellular sheets that act as a physical
barrier'>'® playing a protective role against the
external microorganisms in animal and human
life forms.'”" Cell-cell barriers are established
and maintained by the presence of several types of
intercellular junctions.'® Cell-cell junctions help
with the attachment and communication between
the cells,® separation of the intravascular and extra-
vascular compartments, and the maintenance of the
cell polarity.*® Experimental evidence has suggested
that protein-protein interactions in the cytosol of
such transmembrane junctional proteins modulate
the extracellular action of the protein, which
achieves homophilic or heterophilic binding to
extracellular domains of junctional proteins of
neighboring cells. In this way, a controllable inter-
cellular seal is created.’ The best and longest
known distinct junctional domains are adherens
junctions (AJs) and tight junctions (TJs).*>** Cell-
cell adhesion is especially important in maintaining
tissue integrity and resisting the mechanical chal-
lenges experienced by EpCs and ECs.** In addition
to cell-to-cell adhesion, another type of junction,
the gap junction (GJ), mediates cell-to-cell commu-
nication. EpCs, but not ECs, also form
desmosomes.*”

TJs are characterized as a set of continuous and
anastomosing strands at the apical-most regions of
the lateral cell membranes seal the paracellular
spaces.””> AJs play an important role in contact
inhibition of EC* and EpC growth,26
a phenomenon wherein cells stop growing further
when bordered by other cells thereby forming
a confluent ‘cobblestone’ monolayer of polygonal
cells.*” Contact inhibition in confluent cell cultures
is a dramatic decrease in cell mobility and mitotic
rate with increasing cell density. The stationary
post-confluent layer established is insensitive to
nutrient renewal.”® In EpCs, junctions are better
organized, with T] and AJ following a well-
defined spatial distribution along the intercellular
cleft. While the TJs (or zonula occludens) are con-
centrated at the apical side of the rim, the AJs (or
zonula adherens) are located below the TJ. Unlike

EpCs, ECs reveal a less defined junctional architec-
ture wherein AJs are intermixed with TJs along the
cleft.?> Moreover, TJs of endothelial sheets in vivo
are leaky in general, since a wide variety of sub-
stances must be exchanged between the blood and
organs through the paracellular as well as transcel-
lular routes.”> Even though ECs and EpCs share
numerous TJ] components, the same molecules
might be differentially assembled and regulated in
the two cell types. Further, there is a substantial
variability among different segments of the vascular
tree. Particularly, in large vessels, T]s are well devel-
oped in arteries and less sophisticated in veins.*
When it comes to small vessels, these junctions are
well organized in arterioles, but loosely organized
(even with some gaps) in venules, a preferential site
for the extravasation of plasma proteins and circu-
lating leukocytes. Finally, brain vessels that contri-
bute to the blood-brain barrier (BBB) have well
developed TJs compared to other organs character-
ized by high rate trafficking.**

Intercellular junctions are structurally and
biochemically differentiated regions of the
plasma membrane through which adjacent
cells interact in a specific manner. These struc-
tures were originally identified and named
according to their morphology and purported
function.”” To retain barrier function and to
prevent the invasion of pathogens and their
rapid systemic spread, cell junctions need to
be kept tight and repaired quickly after vessel
rupture.’® There are three functional categories
of cell junction: anchoring junctions; tight, or
occluding, junctions, and gap (GJ), or perme-
able, junctions Figure 1.'7°"3? The AJs and
desmosomes provide essential adhesive and
mechanical properties that contribute to barrier
function but do not seal the paracellular
space,” the TJs hold cells together and form
a near leakproof intercellular seal by fusion of
adjacent cell membranes® since interactions
between cells are important for the assembly
and  maintenance  of  three-dimensional
tissues.”> The latter is a selectively permeable
barrier that generally represents the rate-
limiting step of paracellular transport.’> Many
cell types also possess GJs, which allow small
molecules to pass from one cell to the next
through channels.**
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Figure 1. Types of cell junctions.

3. Anchoring junctions and proteins present
within

Epithelial and endothelial sheets are held together by
anchoring junctions present near the apical portion
of two adjacent cells, just behind the TJs** Figure 2.
AJs, the primary anchoring junction protein com-
plexes are formed by transmembrane adhesion pro-
teins, cadherins.”’ Cadherins are important in
mammalian embryogenesis®' in the direct anchoring
of the stem cells to niche cells, organizing the niche,
controlling cell division orientation, regulating sig-
naling pathways, and affecting the mechanics of the
cells.”” AJs are positioned at a site where the oppos-
ing membranes of adjacent cells are near to 20 nM
distance and they associate with the circumferential
belt of actin.® The extracellular regions of these pro-
teins mediate adhesion of cells to their neighbors
while the intracellular regions interact with an
array of proteins.” Interestingly, the formation of
AJs is a prerequisite for TJ assembly.’®?

AJs are primarily made up of cadherin-catenin
protein complexes, which are linked to the actin
cytoskeleton.*” While cadherins make the trans-
membrane protein part, plaque proteins are made
up of catenins, plakoglobin, p120, and others.”’
Over 170 proteins have been reported to colocalize
with cadherin or catenins in AJs, and either directly
interact with them or affect AJ dynamics.*

-
Plaque Proteins

Z0, cingulin,
symplekin, etc

Transmembrane
Proteins

Integrins

Plaque Proteins
Vinculin

Cadherins are transmembrane, calcium-dependent
membrane proteins®*'~** that have an ectodomain
consisting of five cadherin motifs and a cytoplasmic
domain with two conserved motifs.** They form
antiparallel homotypic adhesive complexes with

adjacent  cells  after  dimerization  and

clustering.***"** They are essential proteins for
. . :o 45

morphogenesis and  tissue = homeostasis.

Cadherins regulate the plasticity and control the
passage of solutes, water, and lymphoid cells across
the cell layer through epithelial and endothelial cell
junctions.*® The superfamily of transmembrane
cadherin proteins is comprised of more than 100
members in humans, including other classical cad-
herins, numerous proto-cadherins, and cadherin-
related proteins.*” Several tissue-specific cadherins
have been identified, including epithelial (E)-
cadherin, neuronal (N)-cadherin, placental (P)-
cadherin, vascular endothelial (VE)- cadherin, and
others.® Disruption in the expression or function of
such individual cadherins results in abnormal
development of the respective organs.*'
E-cadherin, also known as classical cadherin,® is
expressed primarily in epithelial cells,”>*° and is
associated with the AJs of the epithelial junctional
complex. These structures altogether help the cells
form a tight, polarized cell layer that can perform
barrier and transport functions.*® It promotes the
polarized epithelial phenotype which is essential to
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Figure 2. Connection of various tight and anchoring junctions to the cytoskeleton.

the stabilization of cell-to-cell adhesion. Loss of
E-cadherin function is associated with the gain of
invasiveness and metastatic potential of cells and,
consequently, malignant transformation.® VE-
cadherin, like E-cadherin, is associated with the
AJ junctions that help these cells to form transport
barriers.*® These are the major transmembrane
components of endothelial AJs,*"**** and are
expressed in vivo in any type of vessels, arterial,
venous and lymphatic. Its expression represents
an early step in the differentiation of the endothelial
phenotype.*® VE-cadherin has emerged as an adhe-
sion molecule that plays essential roles in micro-
vascular permeability and the morphogenic and
proliferative events associated with angiogenesis.*’
Therefore, the VE-cadherin knockout mouse died
during embryonic development in past studies.*’
N-cadherin and retinal (R)-cadherin are widely

expressed in the nervous system and are associated
with small adherens-type junctions at synapses, as
well as at growth cones and other parts of the
neuron.*®

With regards to cadherin structure, two domains
can be distinguished: the ectodomain and the cyto-
plasmic domain. Whereas the ectodomain mediates
both the homophilic binding and the adhesion
recognition, the highly conserved cytoplasmic
domain interacts with other proteins that mediate
the binding of cadherin to the actin cytoskeleton,
promoting signal transduction. When activated,
cadherin ectodomain dimerizes and clusters to pro-
mote the association between the cadherin cyto-
plasmic tail and the cytoskeletal network. This
association also involves the recruitment of a-
catenin and [P-catenin to stabilize the adhesion
junction. Subsequently, p-catenin recruits o-



catenin, which mediates the binding of cadherin-
catenin complex to the actin molecules via other
cytoplasmic proteins. At last, p120ctn binds to this
complex to regulate its function.>*** Catenins con-
tribute to the indirect association of cadherins with
the underlying actin cytoskeleton, as indicated for
B-catenin (and probably y-catenin/plakoglobin) at
AJs.***° All catenins, except for the three a-catenin
gene products [aE-catenin (epithelial), aN-catenin
(neuronal) and aT-catenin (testes and heart)] pos-
sess a central Armadillo domain consisting of
repeating coiled-coils of a-helices that allow varied
interactions in distinct intracellular
compartment.”’ B-catenin and plakoglobin (or y-
catenin) form the two-member B-catenin subfamily
and associate competitively with the distal cytoplas-
mic tails of classic cadherins, which are single-pass
transmembrane proteins that enable cell-cell adhe-
sion, motility, and communication at regions
including the AJs of epithelia. Interestingly, the
three members of the a-catenin family bind to
cadherins indirectly through [-catenin or
plakoglobin.”!

B-Catenin is also an intracellular signal transduc-
tion molecule that mediates signaling in the WNT
growth factor pathway.***®*! Generally, in the
absence of an extracellular Wnt ligand, the cytoso-
lic (non-cadherin bound) levels of B-catenin are
low since it is targeted for degradation by
a complex of proteins. Wnt signaling through its
Frizzled-LRP receptor inhibits the targeting of -
catenin for degradation thereby allowing it to accu-
mulate in the cytosol.*° It enters the nucleus, inter-
acts with the transcription factor T-cell factor
(TCF) or leukocyte enhancing factor (LEF), and
activates the expression of target genes.46’50 a-
Catenin is a cytoskeletal protein that generates
widespread flattening between neighboring cell sur-
faces. It binds to actin and several other actin-
binding proteins in addition to the N-terminal
region of P-catenin but does not interact directly
with cadherins. It binds to signaling proteins, such
as formin-1, which regulate the actin cytoskeleton.
It also seems to have a signaling role in the regula-
tion of cell proliferation.*® p120-Catenin is another
armadillo-repeat-containing protein that was ear-
lier discovered as a substrate for the Src protein
kinase. It binds to a different region of the cadherin
cytoplasmic domain from [-catenin, and both
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proteins can bind cadherin concurrently.*® In addi-
tion to cell-cell adhesion, it plays integral roles in
embryonic development, polarity, cell proliferation,
and tumor cell migration. However, recent reports
have generated an entirely new standpoint, suggest-
ing that pl20-catenin is involved in the anti-
inflammatory responses in the absence and pre-
sence of infection.”

Similar to AJs, desmosomes are adhesive inter-
cellular junctions that bind intermediate filaments
to the cytoskeleton. It plays a critical role in tissues
subjected to mechanical stress including the myo-
cardium, bladder, and skin.>®> When it comes to the
interaction of a cell with the extracellular matrix,
hemidesmosomes and focal adhesion come into
play. Although both junctions utilize the
integrins,”* hemidesmosomes deal with intermedi-
ate filaments®> whereas focal adhesions connect to
the actin.”®

3. Tight junctions (TJs) and proteins present
within

TJs (a.k.a. occluding junctions and zonula occlu-
dens) are multi-molecular composites found at the
apical side of the junctional complexes that connect
EpCs.””*® Their principal role is to generate cell
polarity (or fence function), control paracellular
transport, provide signaling input for a wide variety
of cellular events,” and maintain differences in the
lipid and protein composition between the apical
and basolateral domains of the plasma
membrane.®”®' The TJ is the site where the plasma
membranes of adjacent EpCs interact with one
another to form a paracellular pathway*”** that
plays a major role in transepithelial ionic flows.*
Studies of junction formation in early development
disclose the contribution of TJs to the early differ-
entiation course and are largely accompanied by
barrier formation.®> Cancer cells irreversibly and
progressively lose TJs with dedifferentiation
through genetic and epigenetic variations.”” TJs
are a significant barrier to micro-organisms since
these cross the mucosal epithelium, circulate
through the bloodstream, and spread to other
hosts.”*  Although vascular permeability (VP)
depends on both the paracellular pathway and the
transcellular pathway of endothelial sheets, edema
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develops mainly because of the dysfunction of T7Js
between cells.”

TJs are composed of the transmembrane pro-
teins called occludin, the claudins (CLDNs), and
the junctional adhesion molecules (JAMs) Figure
2.'0°%%° These proteins must be properly targeted
and positioned at the T] to provide a paracellular
seal. Assembly, scaffolding, and regulation of the
paracellular seal are attained by the cytosolic plaque
of proteins® that also integrates ‘outside-in’ and
‘inside-out’ signaling.'®®® These are comprised of
Z0O-1, ZO-2, and ZO-3 that form a scaffold for
transmembrane proteins, cingulin®**®"®® polarity
complex proteins, guanine nucleotide exchange
factors (GEFs), GTPase activating proteins
(GAPs),®®*  MUPP-1, MAGI-1, AF-6,'%%
symplekin,®® 7H6°® and MPDZ.”°

TJs differ in the degree of tightness in a tissue-
dependent manner. Their tightness can be directly
measured as transepithelial electrical resistance
(TER). The number of T] strands was found to
correlate well with the TER values of TJs in various
tissues.”' Two models have been proposed to elu-
cidate the chemical nature of TJ strands. In the
‘protein model’, tight-junction strands signify
units of integral membrane proteins that are poly-
merized linearly within lipid bilayers, whereas in

the ‘lipid model’, lipids organized in inverted
cylindrical micelles are proposed to constitute TJ
strands.”' TJs are not evident by light microscopy
and are inconspicuous when viewed by transmis-
sion electron microscopy. In contrast, freeze-
fracture electron microscopy displays an intricate
three-dimensional structure composed of paired
intramembranous strands within adjacent cells.”?

Two mechanisms have been proposed for the
paracellular transport of solutes or ions at TJs.
Whereas  these  molecules pass  through
a paracellular channel formed by the TJ strands in
the ‘pore’ pathway, they supposedly pass through
breaks in the TJ strands in the leak’ pathway. The
pore pathway can be sensed by the diffusion poten-
tial when it is selectively permeable to charged ions.
The pore pathway is also permeable to uncharged
solutes such as small polyethylene glycols, in a size-
selective manner. On the contrary, the leak pathway
is permeable to small and larger solutes with >8 A
diameter which includes both ions and uncharged
solutes, and is not very size-selective, although
there is a size limit for permeation. This mechanism
presumably relies on the breaking and reorganiza-
tion of the TJ strands.””

Occludin is the first transmembrane protein of
the TJ discovered in 1993* exclusively localized in

Extracellular space

Cytoplasm

NH,-terminal

COOH-terminal

PDZ-binding motif

Figure 3. Structure of a typical TJ claudin. ECL, extra-cellular loop; NH,, amino group; COOH, carboxyl group.



EpCs and ECs.** It has four transmembrane
domains, a long carboxy-terminal cytoplasmic
domain, and a short amino-terminal cytoplasmic
domain. Two isoforms of occludin are generated by
alternative splicing.”* While the occludin knockout
mice formed intact TJs, these animals presented
a variety of abnormal phenotypes including post-
natal growth retardation, thinning of compact
bone, calcification in the brain, loss of cytoplasmic
granules in salivary epithelial cells, testicular atro-
phy, male infertility, females not suckling their
young, and gastric inflammation and hyperplasia.*

Junctional adhesion molecules are a family of
adhesion molecules localized at the TJs of polarized
EpCs and ECs.'®*” JAMs are composed of single-
pass membrane proteins with two IgG-like motifs>
and are capable of forming homophilic and hetero-
philic interactions at the adhesion contact.'® They
are ~40kDa,’® composed of seven members that
include three classical JAMs (JAM-A, -B, -C) and
four related proteins (JAM-4, JAM-L, CAR,
ESAM).'® In contrast to CLDNS, the transfection
of JAMs into fibroblasts did not induce TJ strand
formation. However, in ECs, they interact with
polarity complex proteins through their PDZ

Barrier-forming claudin
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Figure 4. Types of CLDNs and their mechanisms.
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binding domains and are thought to regulate cell
polarity and leukocytes migration.'® Because of
their transmembrane topology, JAMs are poised
both for receiving inputs from the cell interior
and for translating extracellular adhesive events
into functional responses.””

Besides, to play a role in mediating barrier for-
mation and function, JAM-A is crucial for polarity,
perhaps through interactions with the polarity pro-
tein PAR-3. Further, JAM-A knockout mice exhibit
increased polymorphonuclear leukocyte infiltration
and, consistent with the in vitro study, increased
mucosal permeability.30 JAM-A and JAM-C are
highly homologous, and both are involved in the
regulation of VP. Despite these similarities, they
appear to have contrasting roles in regulating the
barrier function of ECs. Whilst genetic deletion
and/or blockade of JAM-A largely results in
increased EC permeability, knocking down JAM-
C decreases EC permeability in vitro.”*

The zona occludens (ZO) family includes ZO-1,
Z0-2, and ZO-3, which contain three PDZ
domains (PDZ1, PDZ2, PDZ3) belong to the mem-
brane-associated guanylate kinase (MAGUK)
family.”” ZO-1 was the first identified T] protein
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in the year 1986.> It is a scaffolding protein that
provides the structural basis for the assembly of
multiprotein complexes at the cytoplasmic surface
of intercellular junctions.”® Besides, it connects the
integral membrane proteins with the filamentous
cytoskeleton.”’ The knockout of ZO-1 was shown
to be lethal for mouse embryos around the mid-
gestation period.”"”® ZO-2 is another ZO protein
that is reported to be involved in cell growth and
proliferation.?' The indirect interaction of ZO pro-
teins with the cytoskeleton involves several actin-
binding proteins including cortactin, alpha-
catenin, protein 4.1 R, the Ras target AF6/afadin
as well as the actin- and myosin-binding proteins
cingulin and Shroom.”!

CLDNs are a family of transmembrane proteins
with at least 24 members in mouse and human.
CLDNs s are the most vital structural and functional
components of the TJs and the principal regulators
in defining the properties of paracellular ion per-
meability of the EpCs.”® They are found in epithelia
as well as endothelia and its expression correlates
with integrity, proliferation, or cell death.**>%””7®
They are localized in the apical lateral membranes
of EpCs and ECs, connect adjacent cells,”” and
compose size-, charge- and water-selective paracel-
lular channels.*

4. CLDN family of TJ proteins and their diverse
function

CLDNss appear to be major structural components
of the TJs”® and hence regarded as its backbone.*
These key proteins of TJs,*" on one hand, tighten
the paracellular cleft of epi- and endothelia against
the unwanted passage of solutes, but on the other
hand, also allow and regulate tissue-specific para-
cellular permeation.*® Different epithelial and
endothelial tissues express different CLDNs with
varying physicochemical properties.”” Twenty-
seven human CLDN genes have been recognized,
but it is not clear that all of these are expressed as
proteins. Mouse and human orthologs mostly clus-
tered together with an exception to CLDN13, which
is absent in humans.”»*® Interestingly, multiple
CLDN family members can co-exist in the same
TJ strand while other combinations of CLDNs fail
to do s0.”° As the EpCs within the segments of the
respiratory tree vary, the composition of CLDNs

found in these cells also differs. Among these dif-
ferences is CLDN18 which is uniquely expressed by
the alveolar epithelial cells whereas other CLDNS,
CLDN-4 and -7, are more ubiquitously expressed
throughout the respiratory epithelium. Another
CLDN which is expressed by both pulmonary
EpCs and ECs is CLDN5.%

4.1. Significance of CLDNs

TJs were developed in fibroblasts, which usually
lack these junctions when expressed with CLDNs
thereby reflecting the striking ability of these
proteins.”>”” The importance of CLDNs is becom-
ing apparent in the pathophysiology of several dis-
eases, including viral infections. Noteworthy is the
discovery of CLDNT1 as an essential host factor for
hepatitis C virus (HCV) entry, which led to the
detailed characterization of CLDN1 and its associa-
tion with tetraspanin CD81 for the initiation of
HCV infection. CLDN1 has also been shown to
facilitate dengue virus entry.** Moreover, its knock-
out in mice led to severe barrier defects’ and death
within 1 day of birth owing to massive trans-
epidermal water loss.”” The CLDN5 knockout
mouse has reportedly displayed severe brain
hemorrhage and died within 10 hours after
birth.*® The CLDN11 knockout is viable; however,
the mouse has hind limb weakness, slowed conduc-
tive velocities of the central nervous system, and
male sterility. Mutations in CLDN-16 and —-19 in
humans were found to be associated with
hypomagnesemia.’® CLDN-3 and —4 are receptors
for the enterotoxin of Clostridium perfringens
(CPE), which is a common cause of food
poisoning.>” Further, TNF and IL-13 were reported
to induce TJ barrier loss.>

4.2. Structure of CLDNs

CLDNI15 crystal structure enabled investigators to
construct a model that delineates development of
channels by CLDNs. The model states that two cells
partner to form CLDN channels: one cell contri-
butes two CLDN molecules, whose extracellular
portions join together to form one half of a barrel-
shaped pore, and the adjacent cell mirrors this
arrangement to contribute the other half.*
Human CLDNs possess between 207 and 305



amino acids and have calculated molecular masses
of 21-34 kDa. Hydropathy plots show four trans-
membrane helices (TM1-4) and the general struc-
ture of all CLDNs consists of an intracellular NH2
terminus that, with the possible exception of
CLDN-5, -16, and -25, is very short, together
with a longer intracellular COOH terminus, two
extracellular loops (ECL1, which is larger, and
a smaller ECL2), and one short intracellular loop
as represented in Figure 3. CLDN-5, —16, and -25
appear to be unusual, due to their long NH2 termi-
nus and, therefore, high molecular mass. However,
human mRNAs encoding these three CLDNs pos-
sess two start codons that potentially give rise to
a short and long protein version each. The varia-
tions lie exclusively within the intracellular NH2
termini of these proteins and it is still a subject of
debate which version is the physiologically related
form. Further typical features of the CLDN family
include a signature sequence within ECL1 and
a COOH-terminal PDZ-binding motif, through
which most of the human CLDNs except CLDN-
12, —19a, -21, and —24 to —27 can interact with
PDZ domains of TJ associated scaffolding/adapter
proteins. ZO-1, -2, and -3, MUPP1, and MAGI-1
to —3 are the T] associated PDZ domain proteins
that bind actin directly or indirectly to anchor the

TJ within the cytoskeleton.””
ECLI in CLDNs is made up of 42-56 residues

that lie between the first and second transmem-
brane helices and contains the highly conserved
signature motif of CLDNs. Reports suggest that it
likely has a well-defined structure and serves a vital
conserved function of CLDNGs. Further, it forms the
lining of the paracellular pore and contains
a specific ion-binding site.”” ECL2 has a highly
conserved amino acid sequence and a previous chi-
mera study suggests that ECL2 is not involved in
defining paracellular permeability. When the ECL2
of CLDNS5 was fused to maltose-binding protein
and expressed in bacteria, it was found to dimerize
suggesting that it mediates CLDN-CLDN interac-
tions. The COOH-terminal end of CLDN:Ss is long,
extremely divergent in sequence between various
CLDNSs, and is predicted to be intracellular and
mainly disordered. It plays a role in trafficking to
TJ], PDZ-binding domain, protein degradation,
phosphorylation, and palmitoylation.””
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4.3. Types of CLDNs and their tissue distribution

CLDNs determine the barrier properties of the TJs.
While many CLDNSs seal this barrier, others form
paracellular channels Figure 4.*® Based on perme-
ability properties, members of the CLDN family
can be categorized into sealing and channel-
forming proteins.”> CLDN-2, —10b, and —15 are
cationic pore-forming whereas CLDN-7, —10a and
~17 are anionic pore-forming.”””* CLDNS are also
grouped as classic and non-classic; the former have
high sequence similarities.** Further,
a phylogenetic tree sorts human CLDNs into eight
subgroups, which form four major clusters: cluster
I (subgroups A/B) CLDN-3, —4, -5, -6, -9/-8, -17;
cluster II (subgroups D/E) CLDN-1, -7, —19/-2,
—14, —20; cluster III (subgroups F) CLDN-10, —11,
-15, —-18; and cluster IV (subgroups C/G/H)
CLDN-21, 22, -24/-12, 16, -25/-23, =26, —27.”

In the EpCs, CLDNSs are expressed in all known
epithelial tissues with multiple types expressed
simultaneously.”” Vascular ECs also have TJs that
express multiple CLDNs. The most predominantly
found CLDN is CLDN5 but CLDN-1, -3, and -12
are also expressed in these tissues. CLDN-10 and
—22 were reportedly expressed at a significant level
in a purified preparation of brain capillary ECs
where CLDN5 expression was almost 600-fold
higher than CLDN-3. Overall, the number of
CLDN isoforms identified so far in endothelia is
far less than those in epithelia, suggesting that these
are possibly going to turn out to be several epithe-
lium-specific isoforms, including most of the pore-
forming CLDNs.”” In addition to epithelia and
endothelia, CLDNs are also found in a variety of
other cell types. CLDN-11 and —19 are known to be
expressed in interlamellar strands of myelin sheaths
in the central and peripheral nervous system,
respectively, to deal with insulation of myelinated
nerves and facilitate nerve conduction. Pancreatic
islet cells with TJ-like strands on their cell surface
reportedly express CLDN-4. In mouse, CLDN-13 is
expressed in hematopoietic tissues, including the
bone marrow, spleen, and thymus. CLDNs have
also been depicted in lymphocytes and monocytes,
thymocytes, dendritic cells, osteoblasts and osteo-
clasts, astrocytes, and even neurons under certain
conditions.”” CLDN-1, -3 to -5, -7, -8, and —18
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are expressed in human bronchi and bronchioles
but CLDN2 expression is debatable.*’

4.4. Properties of CLDNs

Masking is an important property of CLDNs. For
instance, incorporation of a pore-forming CLDN
into an originally permeable TJ, or of a barrier-
forming CLDN into an originally sealed T] may
prevent recognition of specific properties.”’
Overexpression of one CLDN may result in the
displacement of an endogenous CLDN from the
TJ.*” If the dislocated CLDN has a robust ion per-
meability effect, the observed alterations may be
(erroneously) believed to be a result of the over-
expressed CLDN.”” Recent evidence reveals that
certain CLDNs specifically need another (partner)
CLDN to translocate to and insert into the TJ to be
fully functional.”” These interactions within a single

TJ can be of several types: homo- and heteromeric
interactions that may occur in cis or trans.*® While
cis-interaction occurs when two CLDNs interact
from the same cell with their N-terminal extracel-
lular loops, trans-interaction results when CLDNs
from two adjacent cells interact through their
C-terminal extracellular loops.”” These cis- and
trans-interactions leads to the formation of
a “zipper’-like structure, thus describing the
CLDN-driven barrier.*

In addition to the aforesaid interactions, CLDN's
may interact with other transmembrane T] pro-
teins, such as members of the TJ-associated marvel
protein (TAMP) family.89 PDZ binding motifs at
the COOH terminus of CLDNs help them bind to
various scaffolding/adapter proteins which in turn
links them to the cytoskeleton. These include ZO-1,
-2, and -3; MAGI-1, -2, and -3; MUPP-1; Par3
and Par6; PALS1; and PATJ.”” Irrespective of the



barrier- or pore-forming type, CLDNs have the
potential to modulate the charge selectivity of the
paracellular conductance. This selectivity is
believed to be conferred by charged sites within
the paracellular pathway formed by the CLDN.”’
CLDN2 is the only CLDN that has been demon-
strated to enhance paracellular water permeability
when overexpressed in Madin-Darby Canine
Kidney (MDCK) C7 cells.” Neither overexpression
of CLDN-10 nor —17 altered water permeability in
this cell line. Intriguingly, not only were osmotic
gradients capable of driving water across CLDN2
transfected cell layers, but also NaCl gradients that
were osmotically compensated by the addition of
mannitol.”” T] permeability studies have found the
presence of two populations of pores based on the
size. Whereas small pore or restrictive pathway is
permeable to small ions and neutral solutes, larger
pore or nonrestrictive pathway (also referred to as
the  “leak” pathway) is permeable to
macromolecules.”””!

It is a fundamental property of transmembrane
channels at the molecular level. This establishes
a mechanism by which channel permeability can
be regulated by voltage, extracellular ligands, and
intracellular or intramembrane signals. It is still
unknown whether paracellular CLDN pores also
exhibit gating.”” The initial hypothesis is that TJ
strands seldom exhibit breaks through which
macromolecules can diffuse from TJ] mesh to TJ
mesh and then reseal, without the compulsion to
permanently open up a large gap across the entire
T] system. Another hypothesis is that the leak takes
place at the tricellular junction. This is centered on
the observation that moderate overexpression of
tricellulin specifically lowers paracellular perme-
ability to macromolecules, but not to small inor-
ganic ions. Under these conditions, tricellulin
exhibits a strictly tricellular distribution.””

5. Regulation of CLDNs

Regulation of CLDNs and thus of T] properties
occurs on various levels, such as transcription and
posttranslational modification. In addition to these,
the interaction of CLDNs with other CLDNs and
scaffolding proteins (discussed earlier in Sections 4.2
and 4.4) determine T] assembly, remodeling/mod-
ulation, and degradation.”” TNF-o/NF-KB and
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TGF-B-Smad/Snail pathways are the major regula-
tors of CLDN expression. Other pathways reported
to be involved in the regulation are related to
PPARy, SP1, HNF-1la, HNF-4a, CDX1, CDX2,
GATA-4, and Grhl2.”” Apart from these, FoxOl
and ELF-3 are reported to regulate CLDN5 and
CLDN7, respectively.” Endocytosis is another
essential regulator of CLDNs in paracellular bar-
riers and can follow different pathways, depending
on the CLDN subtype and stimulus.”> CLDNG5 is
removed from the TJ in a caveolin-dependent man-
ner in ECs of the blood-brain barrier during the
stroke, as well as in cultured ECs post cytokine CC-
chemokine ligand 2 treatment.”* IFNy causes
CLDNI1 to be dislocated from the plasma mem-
brane to early and recycling endosomes after 48 h,
a process similar to macropinocytosis. Calcium
depletion in epithelial T84 cells results in clathrin-
dependent internalization of CLDN-1 and —4 into
subapical ring-like organelles that are positive for
syntaxin-4, but not for markers of lysosomes, the
Golgi apparatus, or late or recycling endosomes.”

The abovementioned data suggest there may be
a weakly characterized compartment involved in the
internalization of CLDNSs. Although there is plenty
of information regarding stimuli leading to TJ dis-
ruption, there is only restricted knowledge on con-
stitutive internalization pathways of these proteins.
After internalization, CLDNs can either be targeted
for degradation or for recycling to the plasma mem-
brane. In MDCK-II, CLDN-1 and -2 are continu-
ously recycled, and this depends on a functioning
ESCRT complex (endosomal sorting complex
required for transport). Degradation of internalized
CLDNs has been shown to depend on both lysoso-
mal and proteasomal pathways. In MDCK-I cells,
CLDN1 is ubiquitinated and subsequently degraded
via the lysosome whereas human CLDNS5 is dis-
rupted by the proteasome after poly-ubiquitination
at K199, and also by a ubiquitin-independent lyso-
somal mechanism in ECs. Although the details of
this remodeling are unclear, this indicates the con-
tinuous turnover of TJs.”> Reports reveal that
CLDNs undergo posttranslational modifications
comprised of phosphorylation, ubiquitinylation,
and palmitoylation. Computational data also pre-
dicts O-linked N-acetylglucosamine modification
(O-glycosylation) sites, N-linked glycosylation sites,
and further phosphorylation sites.””
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6. CLDNs in human diseases

Disruption of the TJ] barrier increases the back
diffusion of ions, solutes, and water across trans-
porting epithelia thereby contributing to diseases.”
Mutations of CLDNs are known to cause four
Mendelian inherited disorders, neonatal sclerosing
cholangitis with ichthyosis (CLDN1), autosomal
recessive, nonsyndromic deafness (CLDN14),
familial hypomagnesemia with hypercalciuria and
nephrocalcinosis (FHHNC, due to CLDN16), and
FHHNC with ocular involvement (CLDN19).
Polymorphisms in CLDN genes are associated
with polygenic diseases, including CLDN1 with
atopic dermatitis, CLDN5 with schizophrenia, and
CLDN14 in kidney stone disease.”” CLDN dysre-
gulation is reportedly associated with enhanced
intestinal permeability, prolonged activation of
inflammation, epithelial-to-mesenchymal transi-
tion (EMT), and tumor progression in inflamma-
tory bowel disease as well as consequent colitis-
associated colorectal cancer.”® CLDN1 was demon-
strated to be overexpressed in colorectal cancer
(CRC) compared with the level in the normal
mucosa.’’ CLDN-3 and —4 are among the most
frequently deregulated CLDNSs in cancer and their
expression is typically found upregulated in cancers
of the ovaries, breast, prostate cancer, and
pancreas.”” Changes in the expression of several
CLDNs have also been reported in ocular diseases,
particularly in diabetic retinopathy.”®

CLDNs represent promising targets for detec-
tion, diagnosis, and therapy of various cancers.”
Reports from recent studies reveal a role for CLDNs
as key prognosis factors in cancers. Lechpammer
et al. demonstrated the potential of CLDNSs in renal
cell carcinoma as a diagnostic and prognostic
factor.'” While low expression of CLDN1 has
been linked with a poor prognosis in stage II
colon cancer, CLDNI10 expression is an indepen-
dent prognostic factor for hepatocellular carcinoma
recurrence after curative hepatectomy.” Further,
the distal nephron proteins CLDN-7 and -8 were
found to have the potential to be used as immuno-
histochemical biomarkers in the differential diag-
nosis of chromophobe renal cell carcinoma and
oncocytoma.'”!

Monoclonal antibodies against CLDNI1 was
found to be promising in preventing HCV entry.

These antibodies could prevent viral infection post-
liver transplantation, and virus spread in chroni-
cally infected patients. Offner et al. investigated
CLDNs as a potential target in antibody-based
therapies for carcinomas by generating antibodies
against the extracellular domains of CLDN-1, -3,
and —4. Fujiwara et al. targeted CLDN4 in color-
ectal cancer using an anti-CLDN-4 extracellular
domain antibody which was reported to be promis-
ing and observed to enhance the anti-tumorigenic
potential of 5-fluorouracil and anti-EGFR antibo-
dies. Some of the monoclonal antibodies such as
anti-CLDN18.2 (IMAB362-CLDN-18.2) and the
anti-CLDN6 (IMAB027-CLDN-6) have also found
their way into clinical trials."® Ideal monoclonal
antibody 362 (IMAB362), also referred to as
Claudiximab, is a first-in-class chimeric antibody
for the treatment of gastric cancer. These molecu-
larly targeted therapies bind to cancer-selective tar-
gets that are predominantly expressed in tumor
cells and show minimal or no expression in healthy
tissues. This unique cancer-cell selectivity of
IMABs permits for maximal anticancer potency
while reducing toxicity. They also have a broader
therapeutic window allowing optimal dosing.”

Another opportunity to utilize CLDNs lies in
their potential to behave as receptors for microbes.
Clostridium perfringens enterotoxin (CPE) has the
potential to bind with CLDN receptors leading to
the formation of a Calcium influx pore causing host
cell death. This interaction between CLDN and
CPE is gaining significance in receptor decoy ther-
apeutics for potential applications in gastrointest-
inal disease, cancer therapy/diagnoses, and drug
delivery. CLDN-3 and —4 have been widely demon-
strated to function as CPE receptors thereby raising
a great opportunity to target cancers with dysregu-
lated CLDN-3 and —4 cancers, especially breast,
ovarian, and pancreatic cancers.””'%

7. Cell-cell junctions and regulation of vascular
permeability

VP is a complex process by which molecules cross
the endothelial barrier'® through transcellular or
paracellular routes.'® Several mechanisms includ-
ing the breakdown of VE-cadherin junctional con-
tacts, activation of other Src-family protein-
tyrosine kinases, focal adhesion kinase (FAK), and



Akt pathway'%* """ contributing reductions in sev-

eral claudins, either zona occludens 1 and occludin
reportedly decreases TJs and AJs thereby causing
increased permeability.'"?

Aktl, a serine-threonine kinase'®* has
a substantial effect on the expression of the
CLDN family of TJ proteins Figure 5.'%
Intriguingly, VP inducing (VEGF) as well as
inhibiting (Ang-1) agents are reported to acti-
vate Akt. However, its activation by VEGF and
Ang-1 results in reciprocal regulation causing
disruption and strengthening of the barrier,
respectively.'® Stimulation of Akt by shear
stress or Ang-1 signaling induces endothelial
quiescence by phosphorylation of FoxO1 which
causes its nuclear exclusion to prevent FoxO1-f-
catenin interaction. On the contrary, FoxOl,
when interacts with B-catenin and TCF, activates
Ang-2 and other genes important for matrix
remodeling and migration. It also reportedly
results in the repression of CLDN5 expression.
Therefore, inhibition of FoxOl is vital for
restricting the expression of barrier destabilizing
proteins'"® and Aktl-FoxO signaling plays
role in the transcriptional up-
regulation of several CLDNs.'%%!1°

In addition to the regulation of TJs, Akt is also
involved in the modulation of AJ elements such as
VE-cadherin. Studies from our laboratory based on
HMECs reveal that long-term stimulation with
VEGF and Ang-1 increases Akt and normalizes
Src activities leading to endothelial-barrier
protection.''® Reports also indicate that VEGF-A
stimulates VEGF-R2 dimerization and disrupts the
endothelial barrier function through activation of
Src. The process involves phosphorylation of
a guanine-nucleotide-exchange factor (VAV2) for
the GTPase Rac which induces phosphorylation of
VE-cadherin followed by its recruitment to (-
arrestin-2 eventually causing its
internalization."'*'"> However, Ang-1 is believed
to avert the VEGF-A-induced barrier disruption
by activating RhoA which promotes interaction
between mDial and Src, thereby preventing the
binding of Src to VEGFR2 and the subsequent
phosphorylation and internalization of VE-
cadherin."'® Another study reveals the time-
variant effects of Src activation. While immediate

a crucial
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activation of Src causes activation of endothelial
barrier function via phosphorylation of VE-
cadherin at Y731, prolonged activation phosphor-
ylates the same AJ molecule at Y685 thereby enhan-
cing the permeability.'"”

Long-term treatment with TGFp1 was also asso-
ciated with an endothelial- and epithelial-barrier
breakdown due to inhibition of Akt and activation
of Src activities,'*®!07 1931018120 Byrther, direct
inhibition of Akt activity through pharmacological
(Triciribine) and genetic (shRNA for Aktl)
approaches caused Src activation in the long-term
suggesting that Akt and Src are reciprocally regu-
lated in the growth factor-induced long-term
endothelial-barrier regulation.'"’

Reports reveal the involvement of p38 MAP-
kinases in the regulation of dynamic changes related
to GJs and TJs during regeneration hepatocytes in
rats.'*! These were also found to regulate cavitation
and TJ function in the mouse blastocyst.'* PKC is
another pathway associated with the regulation of TJ
assembly in the pre-implantation mouse embryo.'*’
Interestingly, it was reportedly associated with
enhancement of the barrier function of human
nasal epithelial cells via transcriptional up-
regulation of TJ proteins.'**

8. Conclusions and future directions

Considering their involvement in several key func-
tions of the cells including barrier regulation, pro-
liferation, migration, survival, and differentiation,
cell-cell junctions need to be studied in more detail.
Their aberrant expressions are not only a cause of
several diseases but also reliable markers for diag-
nosing these illnesses. The current review portrays
the reciprocal regulation of Akt and Src in the
maintenance of AJs and TJs. However, these
mechanisms have been studied in isolation and,
therefore, it is not clear how distinct signaling
mechanisms cross-talk with one another. Much
work remains to define the contribution of indivi-
dual signaling molecules which can then be tar-
geted by pharmacological or genetic modulation
to treat VP-related diseases. Hence, further
research is warranted on the signaling pathways
involved in the regulation of cell-cell junction.
Finally, the engineering of monoclonal antibodies
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against substantial cell junction elements can pave
the way for targeted therapies.
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