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Targeting tight junction proteins-
significance for drug development
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The choice of drug target and the ability to deliver drug to those targets are pivotal in drug development.
Most druggable targets are membrane proteins, such as G-protein-coupled receptors, channels and
transporters. However, little attention has been paid to potential druggable targets in the membrane
proteins of tight junctions (TJs), through which adjacent cell membranes contact one another. Recent
progress in the cell biology of TJs provides new insights into the barrier and fence functions of TJs,
suggesting that TJ components are promising candidates for drug discovery. In this review, we
summarize the cell biology of TJs and discuss the TJ-based drug discovery.

Introduction

Of the ~30,000 genes in the human genome a subset encodes for
proteins that bind, and respond to, bind drug-like molecules [1]. A
consensus number of current drug targets for all classes of approved
therapeutic drugs are estimated to be 324 drug targets. At present,
the total number of proteins targeted by approved therapeutics
numbers 324; among these targets, 266 are human genome-derived
proteins, and the remainders are proteins of bacteria, viruses, fun-
guses, or other pathogenic organisms. Notably, 60% of drug targets
are located at the cell surface and include G-protein-coupled recep-
tors, ion channels, transporters and integrins [2].

The production of compounds with high target potency alone
will not lead to a candidate drug; optimization of the pharmaco-
kinetic properties of compounds is essential for successful devel-
opment. Drug transporters are expressed on the membranes in the
intestine, kidney and liver; some drug transporters are responsible
for drug transport into tissue and often determine the pharmaco-
kinetic characteristics of drugs, including intestinal absorption,
tissue distribution and elimination [3]. The passive targeting of
drugs by using a tissue-specific ligand on the membrane is also a
potent method to enhance the amount of drug at the disease sites,
such as tumors [4]. Thus, the targets for drug delivery are almost
always membranous proteins.

The junctional complex of epithelial cells is located at the apical
compartment of the lateral membrane and consists of three
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components: TJs, adherens junctions and desmosomes [5]. Adja-
cent cell membranes are 15-20 nm apart at adherens junctions and
desmosomes; however, the adjacent membranes contact each
other at TJs. The intercellular spaces, which are completely oblit-
erated at TJs, are called kissing points. In simple epithelial cell
sheets, adherens junctions and desmosomes play a role in mechan-
ical linkage between adjacent cells, and TJs are critical for inter-
cellular sealing [6].

TJs have two important roles, barrier and fence functions. The
barrier function is critical for compartmentalization of tissues,
indicating that its modulation may be useful for drug delivery
to a target tissue [7]. Cells have polarity (basal, apical and lateral
sides), and the localization of membranous molecules, such as
transporters and receptors, is controlled by TJs, which prevent free
movement on the membrane [8]. The cellular polarity is often
disrupted by dysfunction of the TJs in disease conditions, such as
cancers [9], indicating that TJ proteins may be a druggable target
molecule.

Components of TJ strands

Freeze-fracture replica electron microscopy analysis revealed that
TJs appear as a series of continuous, anastomotic and intramem-
branous particle strands or fibrils (Figure 1). The structure and
composition of TJs had been a long-standing controversy. In 1993,
Furuse et al. [10] found the first component of TJ strands, occludin;
their research indicated that T] strands consist of integral mem-
brane proteins polymerizing linearly within a lipid layer of the cell
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FIGURE 1

Structure of tight junctions. (A) Schematic drawing of tight junctions. Tight junctions (TJs; circled) are located at the apical part of lateral membranes. TJs comprise
an elaborate network of paired strands, which form the so-called ‘kissing points’ that eliminate the extracellular space. TJ strands also function as a fence between
apical and basolateral membrane domains. (B) Freeze-fracture replica image of glutaraldehyde-fixed mouse intestinal epithelial cells. Between apical microvilli
(Mv) and the lateral membrane (L), TJs appear as a set of continuous, anastomosing strands in the P-face (arrows), with complementary grooves in the E-face
(arrowheads). Bar, 0.2 um. Tsukita and Furuse [17]. Copyright (1999), with permission from Elsevier.

membrane. Occludin is a transmembrane protein with four trans-
membrane domains and a molecular mass of ~60 kDa, and it
incorporates into TJ strands. However, the formation of TJ strands
without occludin was observed in endothelial cells in non-neuro-
nal tissue and in Sertoli cells [11,12]. Moreover, genetic disruption
of occludin led to the formation of TJ strands [13].

In 1998, Furuse et al. [14] identified novel components of TJ
strands, claudin-1 and -2. These proteins, which have a molecular
mass of ~23 kDa and contain four transmembrane domains, were
localized in TJ strands [15]. The exogenous expression of claudin
led to the formation of TJ strands in fibroblast cells that lacked
claudin [16]. The claudin protein family contains more than 24
members, whose expression profiles and barrier function differs
among tissues [7]. For example, claudin-1 and claudin-5 are widely
expressed in a variety of tissues, and the expression of claudin-6 is

observed before birth [15,17]. Claudin-1 and Claudin-5 deficient
mice lose the barrier function of the epidermis and the blood-
brain barrier, respectively [18,19]. The blood-testis barrier was
eliminated in claudin-11 knockout mice [20,21]. Most cell types
express more than two members of the claudin family, and each TJ
strand contains several members of the claudin family. The clau-
din strands between adjacent cell membranes pair in heterotypic
and homotypic manners [22,23]. It has been proposed that the
complexity of TJ strands is controlled by the combination and
ratio of the 24 members of the claudin family [24]. Indeed,
exogenous expression of claudin-11 or -15 increased the barrier
function of TJs in MDCK II cells, but not in LLC-PK1 cells [25,26].

Thus, occludin and claudins are key components for regulating
the movement of substances across the bicellular junctions in
endothelial and epithelial cells (Figure 2).
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FIGURE 2

Composition of tight junction. Occludin and a family of claudins form cell-cell
bridging portions. ZO-1, ZO-2 and ZO-3 play a role as linkers to the
cytoskeleton, and protein kinase C (PKC) family, partitioning-defective
protein3 (Par3), a guanine nucleotide exchange factor (GEF-H1) and Rho-
associated kinase (ROCK) modify the TJ integrity. Activation of a Y-box
transcription factor (ZONAB) is regulated by TJ.

Barrier-function of TJs and drug development

TJ barrier function and drug delivery: first generation of TJ
modulators

The uptake of hydrophobic molecules occurs by passive transport
into the epithelial cells by simple diffusion through the apical cell
membrane. By contrast, hydrophilic molecules are impermeable
to the epithelial cell sheets. Modulating TJ barriers offers promise
for the delivery of drugs with low permeability. Indeed, T] mod-
ulators have been investigated as permeation enhancers since the
1960s. Initially, surfactants and chelators were used to enhance
the permeation of drugs [27]; later, bile salts and fatty acids were
also found to enhance drug permeation [28]. Research into the
mechanisms behind these permeation enhancers reveals that
some of them enhance the permeation of drugs through the
paracellular route. Depletion of extracellular calcium by EDTA
activates protein kinase C and modulates junctional integrity,
resulting in expansion of the paracellular route [29,30]. Sodium
caprate is currently used clinically as an absorption enhancer and
is thought to work through phospholipase C activation-induced
contraction of calmodulin-dependent actin-myosin filaments,
opening TJs [28]. Other enhancers that modulate TJs are nitric
oxide donors, steroidal detergents acyl carnitine and mucoadhe-
sive polymers [28,31]. Although these agents enhance drug per-
meation, there are problems associated with their use: the target
molecules have very low tissue-specificity, there is an influx of
toxic substances with the drug, and cell membrane damage may
occur.

Although absorption enhancers date back to the 1960s, occlu-
din and claudin were not identified until the 1990s, after
which there was gradual progress in the research that lead to
the understanding of the paracellular route/T] mechanism
(Table 1). Thus, when these drug delivery systems were developed,

TABLE 1
Progress in cell biology of TJ

Years Events

1993 Identification of occludin

1998 Identification of claudin

1999 onwards Clarification of TJ-barrier function of claudin
2005 Identification of tricellulin

the components of TJs, had not been identified. We propose that
drug delivery systems targeting TJs should be classified into two
categories: first-generation TJ] modulators (that do not target TJ-
specific components) and second-generation T] modulators, (that
target TJ-specific components) (Table 2).

TJ barrier function and drug delivery: the second-generation of
TJ modulators

Occludin modulators

The putative approach for modulating TJs by using occludin is
the prevention of interactions between adjacent occludin mole-
cules. Indeed, Wong and Gumbiner [32] showed that a synthetic
peptide, corresponding to the putative extracellular domain of
occludin, modulated T] permeability. A correlation between the
perturbation of TJ] permeability and a decrease in occludin levels
was observed, while other components of TJs, such as ZO-1, ZO-2
and cingulin, were not affected when cells were treated with the
occludin peptide [32]. Lancaz-Vieira et al. [33] found that pep-
tides consisting of 9 or 10 amino acids, homologous to segments
of the extracellular loop of occludin, impaired junction reseal-
ing. Another short peptide (14 amino acids) corresponding to the
extracellular loop region of occludin could be a prototype for a
new class of TJ modulators in intestinal and airway epithelial
cells [34,35]. Moreover, a testis-specific, ligand-fused occludin
peptide modulated the blood-testis barrier in a testis-specific and
reversible manner [36]. Although the molecular mechanisms of
these occludin peptides have never been fully clarified, the turn-
over of occludin, but not its synthesis, was affected by treating
cells with the occludin peptides [32,34]. Thus, the peptides may
act as antagonists of the occludin extracellular loop and perturb
interactions between adjacent occludin molecules in the lateral
membrane; the resulting increase in occludin turnover could
result in the modulation of TJs. Fusion of a targeting molecule
to an occludin modulator could represent a new strategy for
drug delivery.

TABLE 2
TJ-modulators

Categories TJ-modulators Target molecules
1st generation EDTA Ca**
TJ modulators Oleic acid Cell membrane
NO Unknown
Sodium caprate Phospholipase C
2nd generation Occludin peptide Occludin
TJ modulators C-CPE Claudin-4
FSH-fused occludin Occludin in BTB
peptide

EDTA: ethylenediaminetetraacetic acid; NO: nitric oxide; FSH: follicle-stimulating hormone;
BTB: blood-testis barrier.
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Claudin modulation

Claudin is a key molecule for T] properties such as barrier function
and selective ion transport [7]. Like occludin, claudin is also a four-
transmembrane domain protein with two extracellular domains;
however, there have been no reports that TJs can be modulated by
using synthetic peptides that correspond to the extracellular
region of claudin, although a study that used an enterotoxin
peptide has been reported. Clostridium perfringens enterotoxin
(CPE) has two functional domains: an N-terminal cytotoxic
domain and a C-terminal receptor-binding domain [37]. The
receptor for CPE was identified by Katahira et al. in 1997 [38].
In 1999, Morita et al. [15] found that claudin-4 is identical to the
receptor for CPE. Fujita et al. [39] found that CPE interacts with
claudin via the second claudin extracellular loop domain. Treat-
ment of cells with the C-terminal region of CPE (C-CPE) resulted in
decreased TJ integrity, accompanied by a decrease in claudin-4
levels [40]. We also found that the ability of C-CPE to enhance
jejunal absorption was 400-fold greater than that of sodium cap-
rate, a clinically used absorption enhancer [41]. Moreover, data on
claudin-1- and claudin-5-deficient mice suggest that claudin-1 and
claudin-5 modulation is effective for drug delivery in the epider-
mis and across the blood-brain barrier, respectively [18,19]. C-CPE
may be a useful prototype for the development of claudin mod-
ulators, and RNA interference is a promising method for modulat-
ing claudin function. Indeed, the knockdown of claudin by RNA
interference resulted in the dysfunction of claudin in cells [43].

Fence-function of TJs and drug development
Downregulation of claudin and tumors
Epithelium-mesenchyme transition (EMT), by which epithelial
cells lose their polarity, is speculated to cause acquisition of an
invasive and/or malignant phenotype of epithelial tumors [44].
Snail is a transcription repressor that plays a central role in the
EMT. The expression of snail reduced claudin/occludin protein
levels, followed by EMT [45]. Thus, a decrease in claudin levels may
be associated with dysregulation of polarity and malignant
tumors. Indeed, claudin-1 is reduced in breast cancer and colon
cancer [46-48]. Claudin-7 is downregulated in invasive breast
cancer and in head and neck cancer [49,50]. These reports of
decreased T] protein expression in cancer are consistent with
the generally accepted idea that tumorigenesis is accompanied
by a disruption of TJs, a process that may play an important role in
the loss of cohesion, invasiveness, and lack of differentiation
observed in cancer cells. Indeed, overexpression of claudin-4
was associated with a significant reduction in the invasive poten-
tial of pancreatic cells in vitro and in vivo [51]. Transfection of
oncogenic Raf-1 into a salivary gland epithelial cell line resulted in
downregulation of claudin-1 and the loss of T] function [52]. These
findings indicate that an activator of the claudin barrier that
maintains cellular polarity may be a novel anti-tumor agent that
prevents the progression of the malignancy. Very recently, Lit-
koubhi et al. [53] showed that hypomethylated claudin-4 allele is
consistent with overexpression of claudin-4 in ovarian cancer cell
lines, and moreover treatment of the cells with a demethylating
agent resulted in claudin-4-expression in claudin-4-negative ovar-
ian cancer cells. In addition to claudin, CpG island of the occludin
promoter is densely methylated in human hepatocellular carci-
noma and mouse melanoma. Epigenetic silencing of occludin may

be also, at least in part, involved in the tumor development
[54,55]. Taken together, epigenetic control of claudin and occlu-
din expression may be also a novel strategy for tumor therapy.

Upregulation of claudin and tumors
As discussed above, the loss of claudins has been interpreted as a
mechanism for the loss of cell adhesion and an important stepin the
progression of cancer to metastasis. However, many claudins, such
as claudin-3 and claudin-4, are typically upregulated in many
cancers, such as ovarian, prostate and breast cancers, suggesting
that claudins have a positive effect on tumorigenesis [56]. Claudin-1
and claudin-4 are expressed in squamous cell carcinoma [57]. The
expression of claudin-3 and claudin-4 was associated with an
increase in invasion, motility and cell survival in ovarian cancer
cells [58]. Considering that claudins play roles in T] barriers and the
maintenance of cellular polarity, upregulation of claudins seems to
be inconsistent with tumorigenesis. There are two explanations for
this discrepancy. First, the overexpression of claudins may result in
the dysfunction of TJ barriers. Claudin forms heterotypic and
homotypic strands in the lateral membrane, and the adjacent
strands associate with each other, resulting in the formation of
the TJ barrier [22,23]. The combination of the 24 claudin family
members in the strands is a critical determinant of the properties of
TJ barriers. An altered ratio of claudin family members can cause the
formation of leaky TJ barriers; indeed, the overexpression of clau-
din-2 reduced the TJ integrity in MDCK I cells, indicating that in
some physiological conditions claudin plays a dominant negative
rolein TJ barriers [23]. Thus, upregulated claudin may be adominant
negative factor for TJ integrity. Secondly, claudin may play a direct
role in the initial stage of metastasis. Overexpression of claudin
promoted the activation of matrix metalloproteinases (MMPs), a
pro-metastasis factor, mediated by membrane-type matrix metallo-
proteinases (MT-MMPs) [59]. Claudin-1 and claudin-3/claudin-4
enhanced the invasive activity by processing MMPs in oral squa-
mous cell carcinoma cells and ovarian epithelial cells, respectively
[58,60]. Claudin and MT-MMPs were not restricted to T] strands and
co-localized diffusely in cell membranes; so, claudin may be respon-
sible for anchoring MMPs and MT-MMPs, resulting in the formation
of invasion-machinery complex. Taken together, these results indi-
cate that some claudins can target drugs to tumors. Indeed, CPE, a
toxin sensitive to claudin-4-expressing cells, exhibited anti-tumor
activity in claudin-expressing tumors, such as breast, ovarian and
pancreatic cancer cells [61-63]. Severe side effects were not observed
after the administration of CPE. Cellular polarity is maintained in
normal tissues, and claudins are localized in TJs and incorporated
into TJ strands. Thus, it may be difficult that claudin extracellular
region-targeted agents access the claudin in TJs of normal tissues.
In summary, agents that target abnormalities in cellular polarity
are promising candidates for drug discovery. Molecules that target
abnormal cellular polarity cannot be detected by using standard
genomic drug discovery because the process focuses on whole cells
or tissues with no consideration of the different localization of a
molecule. In this respect, a claudin-based strategy can lead to the
development of a novel type of pharmaceutical agents.

Perspective of TJs-based drug discovery
TJs play pivotal roles in the barrier function and fence function.
The identification of functional T] components has revealed new
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insights into TJ-component-based drug discovery. Briefly, they are
classified into novel strategies for enhancement of drug permea-
tion through the paracellular route, for targeting to claudin-
expressing cells, and for gene therapy for diseases caused by
dysfunction of claudins.

Differences exist between the drug delivery systems designed for
transcellular and paracellular routes. Hydrophobic compounds
easily cross epithelial and endothelial cell sheets via simple diffu-
sion, in contrast to hydrophilic compounds. To deliver hydro-
philic drugs to a target tissue, drugs are often modified to be
recognized by a transporter or receptor in the target tissue. Claudin
is the only molecule known to form a variety of epithelial TJs-
barriers with different properties; the combination and mixing
ratios of over 24 members of the claudin family determine the
barrier properties of the epithelial TJs-barriers, suggesting that
modulation of claudin in a member-specific manner might allow
us to deliver drugs to a target tissue through the paracellular route
[22,23]. The three-dimensional structure of claudin remains to be
determined, and theoretical preparation of claudin modulator
from structure of claudin is impossible. For now, C-CPE is the
only claudin modulator, a claudin-4 modulator [40]. We are
attempting to prepare claudin modulators with narrow and broad
ranges of specificity to claudin members by preparation of C-CPE
library with changes of functional residues in a claudin-4 mod-
ulator, C-CPE [64-66]. Occludin is not always critical for TJs-
barrier, and occludin does not form a variety of TJs-barrier since
occludin is not a family protein like claudin. However, fusion of a
targeting ligand with occludin peptide, an occludin modulator
may be a potent method to modulate TJ-barrier. Very recently,
Wong et al. [42] showed that a testis-targeting, ligand-fused occlu-
din peptide modulated the blood-testis barrier. The combination
of claudin modulators with occludin modulators will be useful for
the modulation of the T] barrier. Nasal and epidermal route for
administration provides promising alternative for systemic deliv-
ery of drugs with potentially improved patient comfort, compli-
ance and convenience. Development of claudin modulator for
nasal mucosal barrier is a near future problem of pharmaceutical
therapy [67].

Itis true that strategies for T] modulation are extremely difficult
to apply for pharmaceutical therapy, because opening of TJs leads
to the influx of substances other than the drug of interest, poten-
tially resulting in global adverse drug reactions (ADRs), but lessons
from claudin-deficient mice have provided strategies to overcome
such side effects. Deletion of claudin-5 resulted in dysfunction of
blood-brain-barrier, but TJs consisting of at least claudin-12 and
morphologically normal vessels were observed in the blood-brain-
barrier [19]. Importantly, claudin-5-deficient mice showed no
bleeding and edema in the brain. If these findings are applied

References

1 Hopkins, A.L. and Groom, C.R. (2002) The druggable genome. Nat. Rev. Drug Discov.
1, 727-730

2 Overington, J.P. et al. (2006) How many drug targets are there? Nat. Rev. Drug Discov.
5, 993-996

3 Mizuno, N. et al. (2003) Impact of drug transporter studies on drug discovery and
development. Pharmacol. Rev. 55, 425-461

4 Allen, T.M. and Cullis, P.R. (2004) Drug delivery systems: entering the mainstream.
Science 303, 1818-1822

to other claudin members, a transient modulation of claudin
might be a drug delivery system free from serious ADRs.

TJs also play a vital role in the maintenance of cellular polarity
by their fence functions [6]. Polarized cells have an asymmetrical
distribution of cell-surface proteins, such as ion channels, trans-
porters and receptors [8,68]. Sixty percent of available druggable
targets are membrane proteins. Dysregulation of the fence func-
tion of TJs causes change in polar localization of membrane
proteins, indicating that claudin may be indirectly involved in
the druggable targets. The abnormal localization of claudin might
result in tumorigenesis and the increased malignancy of tumors.
Differences of claudin protein and mRNA levels between normal
tissue and tumor tissue does not reflect the abnormal claudin
localization. Unlike cell proliferation, disruption of cell polarity
is never observed under normal physiological conditions in adult
tissue and is unique to diseases states such as cancer and inflam-
mation [69]. Together, a concept of claudin in cellular polarity will
produce a novel strategy for tumor targeting.

The transmembrane proteins in TJs form the paracellular bar-
rier, and the cytoplasmic regions play a role in scaffolds of signal-
ing molecules that participate in the regulation of cell
proliferation, gene expression and differentiation [70]. Claudin
and occludin contain PDZ (PSD95/DIgA/Z0O-1 homology) binding
domains in the cytoplasmic region, which bind and recruit adap-
tor proteins containing PDZ motifs, such as ZO-1, ZO-2, ZO-3 and
MUPP1. Signaling molecules, such as small GTP binding proteins,
Rho family GTPases, phosphatases, and kinases are recruited to the
cytoplasmic region of TJs [71]. Thus, various signaling proteins
and transduction pathways are associated with TJs. A transcrip-
tional factor ZO-1l-associated nucleic acid-binding protein
(ZONAB) regulates expression of erbB-2 and several cell cycle
regulators thorough its localization to nucleus and TJs determined
by interaction between ZO-1 and ZONAB [72]. A receptor tyrosine
kinase erbB2 is a dominant oncogene in breast cancer, and ampli-
fying erbB2 signaling is common in aggressive breast tumors.
ErbB2 is also the target of the drug Herceptin [73]. ErbB2 enhances
activation of the transcription factors STAT3 and c-Jun, which
contributes to disruption of epithelial adhesion and hyperproli-
feration of the breast tumors, respectively [74]. Together, activa-
tion of ZONAB induced by dysfunction of TJs may cause
tumorigenesis. An inhibitor of ZONAB might be a candidate for
anti-tumor agents.

In summary, recent progress in the cell biology of TJs has
pioneered novel TJ-based strategies for drug delivery and drug
development. We strongly believe that progress in the biology of
TJs will provide further breakthroughs and that TJ-based drug
discovery will be useful for pharmaceutical therapy in the near
future.

5 Farquhar, M.G. and Palade, G.E. (1963) Junctional complexes in various epithelia. J.
Cell Biol. 17, 375-412

6 Scheneeberger, E.E. and Lynch, R.D. (1992) Structure, function, and regulation of
cellular tight junctions. Am. J. Physiol. 262, L647-L661

7 Furuse, M. and Tsukita, S. (2006) Claudins in occluding junctions of humans and
flies. Trends Cell Biol. 16, 181-188

8 Rodriguez-Boulan, E. and Nelson, W.J. (1989) Morphogenesis of the polarized
epithelial cell phenotype. Science 245, 718-725

184 www.drugdiscoverytoday.com



Drug Discovery Today * Volume 13, Numbers 3/4 + February 2008

REVIEWS

9 Vermeer, P.D. et al. (2003) Segregation of receptor and ligand regulates activation of

epithelial growth factor receptor. Nature 422, 322-326

10 Furuse, M. et al. (1993) Occludin: a novel integral membrane protein localizing at
tight junctions. J. Cell Biol. 123 (Pt 2), 1777-1788

11 Hirase, T. et al. (1997) Occludin as a possible determinant of tight junction
permeability in endothelial cells. J. Cell Sci. 110 (Pt 14), 1603-1613

12 Moroij, S. et al. (1998) Occludin is concentrated at tight junctions of mouse/rat but
not human/guinea pig Sertoli cells in testes. Am. J. Physiol. 274 (Pt 1), C1708-C1717

13 Saitou, M. et al. (1998) Occludin-deficient embryonic stem cells can differentiate
into polarized epithelial cells bearing tight junctions. J. Cell Biol. 141, 397-408

14 Furuse, M. et al. (1998) Claudin-1 and -2: novel integral membrane proteins
localizing at tight junctions with no sequence similarity to occludin. J. Cell Biol. 141,
1539-1550

15 Morita, K. et al. (1999) Claudin multigene family encoding four-transmembrane
domain protein components of tight junction strands. Proc. Natl Acad. Sci. U. S. A.
96, 511-516

16 Furuse, M. et al. (1998) A single gene product, claudin-1 or -2, reconstitutes tight
junction strands and recruits occludin in fibroblasts. J. Cell Biol. 143, 391-401

17 Tsukita, S. and Furuse, M. (1999) Occludin and claudins in tight-junction strands:
leading or supporting players? Trends Cell Biol. 9, 268-273

18 Furuse, M. et al. (2002) Claudin-based tight junctions are crucial for the mammalian
epidermal barrier: a lesson from claudin-1-deficient mice. J. Cell Biol. 156, 1099—
1111

19 Nitta, T. et al. (2003) Size-selective loosening of the blood-brain barrier in claudin-5-
deficient mice. J. Cell Biol. 161, 653-660

20 Gow, A. etal. (1999) CNS myelin and sertoli cell tight junction strands are absent in
Osp/claudin-11 null mice. Cell 99, 649-659

21 Morita, K. et al. (1999) Endothelial claudin: claudin-5/TMVCEF constitutes tight
junction strands in endothelial cells. . Cell Biol. 147, 185-194

22 Furuse, M. et al. (1999) Manner of interaction of heterogeneous claudin species
within and between tight junction strands. J. Cell Biol. 147, 891-903

23 Furuse, M. etal. (2001) Conversion of zonulae occludentes from tight to leaky strand
type by introducing claudin-2 into Madin-Darby canine kidney I cells. J. Cell Biol.
153, 263-272

24 Tsukita, S. and Furuse, M. (2000) Pores in the wall: claudins constitute tight junction
strands containing aqueous pores. J. Cell Biol. 149, 13-16

25 Van Itallie, C.M. et al. (2003) Reversal of charge selectivity in cation or anion-
selective epithelial lines by expression of different claudins. Am. J. Physiol. Renal
Physiol. 285, F1078-F1084

26 Anderson,]. (2001) Molecular structure of tight junctions and their role in epithelial
transport. News Physiol. Sci. 16, 126-130 Nephrol. 12, 1872-1881

27 Engel, R.H. and Riggi, S.J. (1969) Effect of sulfated and sulfonated surfactants on the
intestinal absorption of heparin. Proc. Soc. Exp. Biol. Med. 130, 879-884

28 Aungst, B.J. (2000) Intestinal permeation enhancers. J. Pharm. Sci. 89, 429-442

29 Citi, S. (1992) Protein kinase inhibitors prevent junction dissociation induced by
low extracellular calcium in MDCK epithelial cells. . Cell Biol. 117, 169-178

30 Tomita, M. et al. (1996) Absorption-enhancing mechanism of EDTA, caprate, and
decanoylcarnitine in Caco-2 cells. J. Pharm. Sci. 85, 608-611

31 Yamamoto, A. et al. (2001) Modulation of intestinal permeability by nitric oxide
donors: implications in intestinal delivery of poorly absorbable drugs. J. Pharmacol.
Exp. Ther. 296, 84-90

32 Wong, V. and Gumbiner, B. (1997) A synthetic peptide corresponding to the
extracellular domain of occludin perturbs the tight junction permeability barrier. J.
Cell Biol. 136, 399-409

33 Lacaz-Vieira, F. et al. (1999) Small synthetic peptides homologous to segments of the
first external loop of occludin impair tight junction resealing. J. Membr. Biol. 168,
289-297

34 Tavelin, S. et al. (2003) A new principle for tight junction modulation based on
occludin peptides. Mol. Pharmacol. 64, 1530-1540

35 Evert, R.S. et al. (2006) Specific modulation of airway epithelial tight junctions by
apical application of an occludin peptide. Mol. Pharmacol. 69, 492-500

36 Wong, C.H. et al. (2007) Targeted and reversible disruption of the blood-testis
barrier by an FSH mutant-occludin peptide conjugate. FASEB J. 21, 438-448

37 Hanna, P.C. et al. (1992) Mapping of functional regions of Clostridium perfringens
type A enterotoxin. Infect. Immun. 60, 2110-2114

38 Katahira, J. et al. (1997) Molecular cloning and functional characterization of the
receptor for Clostridium perfringens enterotoxin. J. Cell Biol. 136, 1239-1247

39 Fujita, K. et al. (2000) Clostridium perfringens enterotoxin binds to the second
extracellular loop of claudin-3, a tight junction integral membrane protein. FEBS
Lett. 476, 258-261

40 Sonoda, N. et al. (1999) Clostridium perfringens enterotoxin fragment removes
specific claudins from tight junction strands: Evidence for direct involvement of
claudins in tight junction barrier. J. Cell Biol. 147, 195-204

41 Kondoh, M. et al. (2005) A novel strategy for the enhancement of drug absorption
using a claudin modulator. Mol. Pharmacol. 67, 749-756

42 Tsukita, S. et al. (2001) Multifunctional strands in tight junctions. Nat. Rev. Mol. Cell
Biol. 2, 285-293

43 Hou, J. et al. (2006) Study of claudin function by RNA interference. J. Biol. Chem.
281, 36117-36123

44 Hay, E.D. (1995) An overview of epithelio-mesenchymal transformation. Acta. Anat.
(Basel) 154, 8-20

45 Ikenouchi, J. et al. (2003) Regulation of tight junctions during the epithelium-
mesenchyme transition: direct repression of the gene expression of claudins/
occludin by Snail. J. Cell Sci. 116 (Pt 10), 1959-1967

46 Kramer, F. et al. (2000) Genomic organization of claudin-1 and its assessment in
hereditary and sporadic breast cancer. Hum. Genet. 107, 249-256

47 Tokes, AM. et al. (2005) Claudin-1, -3 and -4 proteins and mRNA expression in
benign and malignant breast lesions: a research study. Breast Cancer Res. 7, R296—
R305

48 Resnick, M.B. et al. (2005) Claudin-1 is a strong prognostic indicator in stage II
colonic cancer: a tissue microarray study. Mod. Pathol. 18, 511-518

49 Kominsky, S.L. et al. (2003) Loss of the tight junction protein claudin-7 correlates
with histological grade in both ductal carcinoma in situ and invasive ductal
carcinoma of the breast. Oncogene 22, 2021-2033

50 Al Moustafa, A.E. et al. (2002) Identification of genes associated with head and neck
carcinogenesis by cDNA microarray comparison between matched primary normal
epithelial and squamous carcinoma cells. Oncogene 21, 2634-2640

51 Michl, P. et al. (2003) Claudin-4 expression decreases invasiveness and metastatic
potential of pancreatic cancer. Cancer Res. 63, 6265-6271

52 Li, D. and Mrsny, R.J. (2000) Oncogenic Raf-1 disrupts epithelial tight junctions via
downregulation of occludin. J. Cell Biol. 148, 791-800

53 Litkouhi, B. et al. (2007) Claudin-4 overexpression in epithelial ovarian cancer is
associated with hypomethylation and is a potential target for modulation of tight
junction barrier function using a C-terminal fragment of Clostridium perfringens
enterotoxin. Neoplasia. 9, 304-314

54 Ding, S. et al. (2004) Methylation profile of the promoter CpG islands of 14 drug-

resistance genes in hepatocellular carcinoma. World ]. Gastroenterol. 10, 3433-3440

Osanai, M. et al. (2006) Epigenetic silencing of occludin promotes tumorigenic and

metastasis properties of cancer cells via modulations of unique sets of apoptosis-

associated genes. Cancer Res. 66, 9125-9133

Morin, P.J. (2005) Claudin proteins in human cancer: promising new targets for

diagnosis and therapy. Cancer Res. 65, 9603-9606

Morita, K. et al. (2004) Tight junction-associated proteins (occludin, ZO-1, claudin-

1, claudin-4) in squamous cell carcinoma and Bowen's disease. Br. J. Dermatol. 151,

328-334

58 Agarwal, R. et al. (2005) Claudin-3 and claudin-4 expression in ovarian epithelial
cells enhances invasion and is associated with increased matrix metalloproteinase-2
activity. Cancer Res. 65, 7378-7385

59 Miyamori, H. et al. (2001) Claudin promotes activation of pro-matrix
metalloproteinase-2 mediated by membrane-type matrix metalloproteinases. J. Biol.
Chem. 276, 28204-28211

60 Oku, N. et al. (2006) Tight junction protein claudin-1 enhances the invasive activity
of oral squamous cell carcinoma cells by promoting cleavage of laminin-5 gamma2
chain via matrix metalloproteinase (MMP)-2 and membrane-type MMP-1. Cancer
Res. 66, 5251-5257

61 Kominsky, S.L. et al. (2004) Clostridium perfringens enterotoxin elicits rapid and
specific cytolysis of breast carcinoma cells mediated through tight junction proteins
claudin 3 and 4. Am. J. Pathol. 164, 1627-1633

62 Michl, P. et al. (2001) Claudin-4: a new target for pancreatic cancer treatment using
Clostridium perfringens enterotoxin. Gastroenterology 121, 678-684

63 Santin, A.D. et al. (2005) Treatment of chemotherapy-resistant human ovarian
cancer xenografts in C.B-17/SCID mice by intraperitoneal administration of
Clostridium perfringens enterotoxin. Cancer Res. 65, 4334-4342

64 Ebihara, C. ef al. (2006) Preparation of a claudin-targeting molecule using a C-
terminal fragment of Clostridium perfringens enterotoxin. J. Pharmacol. Exp. Ther.
316, 255-260

65 Ebihara, C. et al. (2007) Role of Tyr306 in the C-terminal fragment of Clostridium
perfringens enterotoxin for modulation of tight junction. Biochem. Pharmacol. 73,
824-830

66 Harada, M. et al. (2007) Role of tyrosine residues in modulaion of claudin-4 by the C-
terminal fragment of Clostridium perfringens enterotoxin. Biochem. Pharmacol. 73,
206-214

67 Johnson, P.H. and Quay, S.C. (2005) Advances in nasal drug delivery through tight
junction technology. Expert Opin. Drug Deliv. 2, 281-298

68 Chen, X. and Macara, I.G. (2006) RNA interference techniques to study epithelial
cell adhesion and polarity. Methods Enzymol. 406, 362-374

5

w

N

(=)}

5

~

www.drugdiscoverytoday.com 185

2
w
[T}
o
v
v
-
[%2]
=]
a

o

v

=
2

>

<)
oc




P
(]
=
(]
=
1%
o
pod
o
wn
-
w0
(o)
=
m
m
=2

REVIEWS

Drug Discovery Today * Volume 13, Numbers 3/4 « February 2008

69 Muthuswamy, S.K. (2006) ErbB2 makes 4 integrin an accomplice in tumorigenesis.

Cell 126, 443-445
70 Matter, K. and Balda, M.S. (2007) Epithelial tight junctions, gene expression and
nucleo-junctional interplay. J. Cell Sci. 120, 1505-1511

71 Matter, K. and Balda, M.S. (2003) Signaling to and from tight junctions. Nat. Rev.

Mol. Cell Biol. 4, 225-236

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

73 Citri, A. and Yarden, Y. (2006) EGF-ERBB signaling: towards the systems level. Nat.
Rev. Mol. Cell Biol. 7, 505-516

74 Guo, W. et al. (2006) B4 integrin amplifies ErbB2 signaling to promote mammary
tumorigenesis. Cell 126, 489-502 2006

186 www.drugdiscoverytoday.com



	Targeting tight junction proteins-significance™for drug development
	Introduction
	Components of TJ strands
	Barrier-function of TJs and drug development
	TJ barrier function and drug delivery: first generation of TJ modulators
	TJ barrier function and drug delivery: the second-generation of TJ modulators
	Occludin modulators
	Claudin modulation


	Fence-function of TJs and drug development
	Downregulation of claudin and tumors
	Upregulation of claudin and tumors

	Perspective of TJs-based drug discovery
	References


