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PREFACE 

Tight junctions (TJs) are cell-ceil adhesion belts that encircle epithelial 
and endothelial cells at the limit between the apical and the lateral 
membrane. These junctions are crucial for the establishment of separate 

compartments in multicellular organisms and for the exchange of substances 
between the internal milieu and the external environment. The perception of 
TJs has changed over the years. From being regarded as static paracellular seals, 
they have come to be perceived as dynamic structures that adjust their morphol­
ogy and function in response to physiological, pharmacological and pathologi­
cal challenges. The roles that TJs play in epithelial and endothelial cells has also 
widened, and nowadays this structure is regarded not only as a fence that limits 
within the membrane, the movement of proteins and lipids between the apical 
and basolateral membranes, or as a gate that regulates in a size and charge selec­
tive manner the transit of ion and molecules through the paracellular pathway, 
but also as a structure integrated by molecules that participate in the control of 
cell proliferation. These observations highlight the importance of understand­
ing TJ physiology in order to develop effective strategies for the treatment of 
pathological conditions such as cancer and autoimmune diseases. 

This broader perception of TJs is reflected in all the chapters of the book 
and has been attained thanks to the identification in recent years of a wide array 
of proteins that constitute TJs in epithelial and endothelial cells as well as in 
central nervous system myelin. 

The first chapter of this book describes the evolution of the transporting 
epithelium from primitive metazoans to mammalian epithelia. Then, Chapters 
2, 3, 4, 5, 6 and 7 review the characteristics and functionality of difî erent pro­
teins of theTJ studied in cell culture models, natural epithelia, mutant mice and 
heritable human diseases. Chapters 7, 8 and 9 analyze the presence of TJ pro­
teins at the nucleus, as well as their association with nuclear proteins and their 
role in the regulation of cell proliferation and cancer. The interaction and regu­
lation of TJs by the actin cytoskeleton is described in Chapter 10, while the 
regulatory role that lipids and some proteins exert on TJs is described in Chapter 
11. Chapter 12 reviews the biogenesis of TJs during development in the mouse 
embryo and includes emerging data from other mammalian species. The par­
ticular characteristics of endothelial TJs are discussed in Chapter 13, giving par­
ticular emphasis to those found in the blood brain barrier. The structure and 
molecular composition of TJs present in central nervous system myelin is dis­
cussed in Chapter 14. The book ends with a chapter dedicated to the novel and 
promising strategy of enhancing drug delivery via modulation of TJs. 

All these topics have been addressed by a group of leading experts from 
around the world. I thank them for their effort and hope that this book will be 
helpfiil to a broad audience of readers interested in the biology of epithelial and 
endothelial cells. 

Lorenza Gonzalez-Mariscal, Ph.D. 



CHAPTER 1 

Evolution of the Transporting 
EpitheUum Phenotype 
Marcelino Cereijido, Marfa del Refugio Garcfa-Villegas, Liora Shoshani 
and Ruben Gerardo Contreras 

Abstract 

M etazoans and transporting epithelia (TE) kept a strict correlation throughout 
evolution because a cell lodged in an intimate tissue and surrounded by an 
extracellular space less than a micron thick would quickly perish were it not for 

the intense and highly selective exchange of substances across TE. The main cellular features 
of TE are tight junctions and apical/basolateral polarity involving close to a hundred mo-
lecidar species exquisitely assembled. Even when at the dawn of metazoan, junctions and 
polarity must have been much simpler, it is hard to imagine how the molecules that are 
involved might have coincided in the same organism and within a few minutes. The present 
chapter attempts to solve this conundrum by discussing several clues. 

1. Polarity, as well as certain molecules involved in its generation and maintenance, are even 
present in unicellulars. 

2. Molecular species belonging to septate and occluding junctions can be found in unicellulars, 
albeit fulfilling diiferent roles.̂  Primitive metazoan might have had very simple epithelia of a 
transient nature, that helped to retain nutrients and signal molecules for short periods, then 
opened to allow the whole mass of cells to be flushed by the environment (^ Thrifty sponge"). 

4. Early metazoan might have compensated the inefficiency of their primitive epithelia with a 
large surface-to-volume ratio. 

5. Finally, the possibility exists that cells might have proliferated without completely 
detaching from each other, and preserving the orientation of their mitotic spindle, thereby 
generating an ample overall polarized epithelium that would create an internal 
environment even before an internal body of somatic cells would grow inside i^the mare 
nostrum metazoan''). 

Introduction 
A unicellular organism in the sea exchanges substances with its environment, and this 

environment behaves as an infinite and constant reservoir that is not exhausted by the removal 
of nutrients nor spoiled by the excreted wastes. On the contrary, when a cell is lodged in a 
recondite fold of the brain, the liver or any other organ of a mammal, its surrounding is 
reduced to an extremely thin film, that nevertheless behaves as an infmite and constant reservoir as 
if it were an immense ocean. This is due to the fact that this milieu is in quick equilibrium with 
blood, which is carried to ample areas of transporting epithelia (intestinal, renal, gills, etc.) 
(Fig. 1) that act as interfaces with the external environment that extrudes metabolic wastes and 
takes up nutrients. Therefore, the life of higher metazoan is unavoidably dependent on 
transporting epithelia. 

Tight JunctionSy edited by Lorenza Gonzalez-Mariscal. ©2006 Landes Bioscience 
and Springer Science+Business Media. 
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Figure 1. Regardless of how recondite its position in the body of a metazoan, cells always exchange with 
an environment that behaves as an infinite reservoir. Top left) A single cell in the sea exchanges substances 
freely, without exhausting nor contaminating its milieu. A cell lodged in a tissue of a metazoan instead 
(bottom left) exchanges with a thin layer of extracellular fluid (bottom center: red) that would be quickly 
spoiled, were it not for a circulatory apparatus that takes substances and nutrients to and from enormous 
areas of epithelia. Therefore, the existence of metazoan is possible because of their exchange of substances 
with the environment across huge epithelial layers whose cells have two basic properties: tight junctions 
and polarity. To give a visual idea of the size of these epithelia, we compare (right) the area of some of the 
main ones with a human figure. A color version of this figure is available online at www.Eurekah.com. 

We will not discuss in this chapter metazoan like the sponge, where the environment can 
circulate through the body of the animal, and thus does not depend on the exchange through 
epithelia. For the same reason, we would not deal with "multicellulars" like Dictiostelium 
discoideum, where in a given moment cells clump together and form a transient slug that 
enables the cells to migrate. Metazoan somewhat more elaborated than sponges, like Cnidaria, 
whose most well known representative is perhaps the hydra, have an enormous surface-to-volume 
ratio, and this large area compensates for the fact that the properties of their epithelium might 
not be as elaborated as, say, the intestinal mucosa or the renal tube of mammals. It should be 
pointed out though, that epithelia of Cnidaria and other lower metazoan present today may 
not be "primitive" as they had the opportunity to adapt through hundreds of million 
years, and are in fact highly elaborated and efficiently adapted. 

The so called "transporting epithelia phenotype" is constituted by cells that form continuous 
layers whose outermost cell layer is siu*roimded by occluding jimctions (TJs) that transform the 
epithelium into an effective permeability barrier, and are polarized: their apical domain has struc­
tural, biochemical and physiological properties different from those of the basolateral region. 
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Since the multitude of molecules that constitute the TJ and other cell-cell and cell-substrate 
junctions, the large number of membrane molecules that have a polarized distribution, as well as 
the highly complex mechanisms responsible for junctions and polarization, were perfected along 
ages of evolution, we face a conundrum for explaining the relationship between transporting 
epithelia and multicellularity. Thus, it is obvious that this large nmnber and variety of molecular 
species involved, that required millions of years of evolution, might not have coincided within 
minutes in the same midticellular organism. This very short period ranging in minutes was re­
quired by the faa that the cellular mass of primitive metazoan would perish, miless its internal 
milieu was restored by exchange with the external surrounding. We have discussed elsewhere^ 
how this enigma might have been solved, and Figiu-e 2 depicts some plausible alternatives, that 
might have participated in the dawn of transporting epithelia and metazoans. 

Figure 2. Hypothetical steps towards the emergence of metazoan surrounded by a transporting epithelium. 
Top: "thrifty sponge": A) In a given moment, cells are surrounded by a primitive epithelial layer of 
non-polarized cells, and secret a valuable substance (a nutrient? a signal?). Surrounding cells not only lack 
polarity, but do not have a selective permeability either. B) Although cells profit from the valuable substance 
that they secrete, the internal milieu is exhausted of nutrients and polluted by wastes. C) As a consequence 
of intoxication, or because of an increase in osmolarity of the internal milieu, the "thrifty sponge" bursts, 
and the organism is flushed by the outer solution. D) A conglomerate of cells adopts a very flat structure, 
and is surrounded by a primitive epithelium without specific permeability, yet the area-to-volume ratio is 
large enough to insure a satisfaaory exchange with the environment. Peristaltic movements (arrow) might 
help stir the internal milieu. E) "Mare nostrum". A polarized cell divides, its descendants stay attached to 
each other, generate an internal milieu and, because of the orientation of the mitotic spindle, all descendant 
cells have the same polarization. F) Perpendicular orientation of the mitotic spindle provokes the development 
of an internal body of cells. Taken with kind permission from Cereijido et al, Physiol Revs 2004; in press. ̂  
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Experimental Approaches 
After several decades of characterizing junctions and polarity in mature tissues, attempts 

were made for understanding how are these established. To the best of our knowledge, Oxender 
and Christensen^ were the first to attempt to assemble an artificial epithelium by sandwiching 
single Ehrlich ascites cells between Millipore filters separating two chambers. Yet these cells 
lacked an intrinsic asynmietry, remained oriented at random, did not attach, and no asymme­
try of the whole preparation was detected. Further attempts used epithelial cells dislodged from 
epithelia through treatment with Ca^^ chelants and hydrolyzing enzymes. A crucial step was 
given when the epithelium of a frog skin^ was separated and it proved to preserve the overall 
properties of a transporting epithelia. Therefore, the second step was to mince the epithelium, 
dislodge the cells, and investigate whether these maintained a satisfactory ionic steady state, 
responded to ouabain, amiloride, changes in temperature, and displayed other basic properties 
of natural epithelia." '̂̂  Finally, the strategy was to seed the cells on glass or Millipore filters to 
form a sort of artificial epithelium. Unfortunately, cells performed poorly in culture, detached 
easily, died soon, and prompted us to resort to established cell lines. We chose the MDCK line 
derived by Madin and Darby^ from canine kidney, which was generally used to grow viruses, 
because it retained sufficient differentiation as to secrete fluid.^ We cidtured these cells on 
translucent supports (a nylon cloth coated with collagen) on which cells can easily be ob­
served ' or nitrocellulose filters. A similar preparation was developed by Misfeldt et al. This 
approach gave us an opportunity to study the development of the transporting epithelia phe-
notype. Thus we used it to study the svnthesis, assembly and sealing of TJs,^' '̂  ^̂  as well as 
the polarity of Na^,K^-ATPase; 5̂.18-21 g^rique Rodriguez-Boulan introduced the use of vi­
ruses that bud either apically (e.g.. Flu) or basolateraly (e.g., vesicular stomatitis) to track the 
fate of specific proteins during apical or basolateral polarity,^ '̂̂ ^ and Carlos A. Rabito analyzed 
the onset of polarized co-transporters.^^'^^ Mary Taub perfected the approach by developing 
totally defined culture media, and complementary procedures were refined to open and 
reseal the TJs by removing and restoring Ca^ ,̂̂ '̂̂  '̂  follow the cascades of phosphorylation 
involved,^^"^ the role of the cytoskeleton,^^'^^ the participation of protein synthesis and sort-
ing,̂ '̂'̂ '̂'̂ '̂̂  the polarized distribution of ion channels,"^^'^ the involvement of E-cadherin,^ '̂̂ ^ 
the effect of agents that induce differentiation,^"^ and the vectorial movement of receptors.^^ A 
distinct advantage of cultured monolayers is derived from the possibility of labeling before­
hand a given cell type, and mixing them with other type from different epithelia and even 
different animal species,^ and other characteristics illustrated below, and reviewed in 
Cereijido,^^ Cereijido and Anderson (2001)^^ 

Besides of the preparation just described, the information discussed in this review was ob­
tained with suspended clumps and cysts of epithelial cells,̂ ^ yeasts, Caenorhabditis ele^ans and 
DrosophilOy ^ fertilized eggs, and the first stages of development from egg to embryo. ^ 

The Development of Tight Junctions 
Most of the cellular mechanisms and steps involved in the making of aTJ started by cidti-

vating adult cells that had lost junctions and polarity through harvesting with trypsin and 
EDTA. The process was usually triggered by Ca that activates a cascade of reactions detailed 
in Shoshani and Contreras. It must be taken into account that this synthesis of junctions and 
polarity takes place in cells that already have all the mechanisms and molecules involved, or can 
synthesize them de novo if these were destroyed by trypsin. However it is taken for granted that 
the processes would mimic the normal synthesis and assembly, an assumption justified by a 
host of studies on natural preparations, such as the synthesis of TJs in the villi of the intestinal 
mucosa, and other instances where cells migrate from the depth of a crypt to the apex of the 
villum, or that can be observed in the steps from morula to embryo. 

* For a vignette on the development of this model system see Current Contents 1989; 32(46): 1; and The 
Physiologist 2003; 46:114-115. 
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The Development of Polarity: The Role of the ^-Subunit 
oftheNa%K^-ATPase 

Until recently there was a great deal of misunderstanding about the relationship between 
TJs and polarity: (1) TJs were regarded as responsible for the apical/basolateral polarization 
because polarization coincides with the assembly and sealing of the TJ. Furthermore, when TJs 
are opened by the use of chelants such as EGTA or EDTA, apical and basolateral markers mix 
and polarization vanishes. It was soon realized that chelants affect both TJs and polarity, and 
the development of the transporting epithelium phenotype seems to be an all-or-nothing pro­
cess. In fact, it was recendy shown that it depends on the activation of a single gene, LKBl, an 
homologous of PAR-4 gene in C elegans and D. melanogaster. Interestingly, the activation of 
gene LKBl can trigger the development of the transporting epithelium phenotype even in the 
absence of cell-cell contacts. (2) Secondly, it was gradually realized that it may be the other way 
around, because the TJ itself results from a delicate mechanism of polarization, reflected not 
only in its precise position at the apical/basolateral boundary, but in the fact that the TJ is not 
a conglomerate of static molecides, but a vertiginous steady state assembly of molecides that 
arrive and depart from other organelles, notably the nucleus (see the chapter by Lx)pez-Bayguen 
et al). (3) In keeping with this dynamic picture, Mauchamp et al have shown that pig thyroid 
cells in suspensions tend to form clumps with the apical side outwards and the junction toward 
the outermost end of the intercellular space, yet the addition of serum causes a reversal of both, 
polarity and TJs- (4) Contreras et al̂ ^ have shown that MDCK cells maintained in monolayers 
in absence or sufficiendy low Ca"̂ ^ have no TJs, and Na^,K^-ATPase is distributed at random 
all over the plasma membrane. In this situation, the addition of 1.8 mM Ca^^ tri^ers junction 
formation so fast, that a large number of enzymes are trapped in the "wrong", apical side. Yet 
these misplaced Na^,K^-ATPases are subsequendy removed in spite of the presence of the TJ, 
and new enzyme is inserted correcdy in the basolateral domain. 

But the main purpose of the present chapter is not to review the current status of the 
relationship of junctions and polarity in manunalian epithelial cells, but to imagine how they 
may have occurred in ancestral epithelia at the dawn of metazoan. In this respect we have been 
investigating the polarized distribution of Na^,K'̂ -ATPase, an enzyme that is not only recog­
nized as the star of veaorial transport across epithelia from the seminal model of BCoefoed-Johnson 
and Ussing ^ model, that was the blueprint for further models for almost all epithelia ' ' 
but, due to the particular balance of ions it produces, is the driving force for other vectorial 
transports, such as sugars, aminoacids, phosphate, K ,̂ H^, Ca^^, Mn ,̂ Cu^^, Fe^^ and Zn, etc. 
Na'̂ jK'̂ -ATPase is polarizedly distributed in MDCK cells. ̂ "̂̂ '̂̂ '̂'̂ ^ It occupies the lateral plasma 
membrane, a position that favors the transport of ions towards the intercellular space, and may 
therefore drive the net movement of solutes towards the inner bathing solution, as this space is 
opened toward this solution and closed on the outer end by the TJ.̂ '̂ ^ 

The Na^,K^-ATPase is a member of the family of P-type ATPases. ATP hydrolysis by these 
ATPases includes a step of transfer of the terminal phosphoryl group of ATP onto the carboxyl 
group of an aspartic acid residue that is located in the active site of the enzyme."̂ ^ The forma­
tion of a phosphorylated intermediate during the catalytic cycle is a characteristic of P-type 
ATPases, that distinguishes them from V-ATPases and F-ATPases.'̂ '̂̂ ^ The Na^,K^-ATPase is a 
heteromultimeric membrane enzyme constituted by a, P, and y subunits. The 112 kDa 
a-subunit, often called the catalytic subunit, bears the site for ATP hydrolysis, and the binding 
sites for Na^, K̂  and cardiac glycosides. The P-subimit is part of the Na^,K^- and H^,K^-ATPases 
but is not included in other P-type ATPases, for example Ca^^-ATPase of both plasma mem­
brane and sarcoplasmic reticulum do not have it. It is composed of about 370 amino acids, 
with the first 30 ones exposed to the cytosol, and 300 fold to form the extracellular portion, 
that has 3 disulphide bonds. There are 3 N-glycosylation consensus sequences (>DCS or NXT) 
in the extracellular domain.^^'^^ The polypeptide chain of the p-subunit weights 32-35 kDa, 
and when fully glycosylated can reach an overall apparent molecular mass of 55-60 kDa. Analysis 
of P-subunits in which the disulphide bonds were removed through substitution in 
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baculovirus-infected insect cells, reveals that the S-S bridges are not important for assembling 
the heterodimer, yet they are required for membrane targeting.^'^^ The P-subunit has been 
identified as a factor responsible for cell adhesion in nervous tissue.^ ^ The activity of 
Na^,K^-ATPase can be influenced by leains, in particidar, concanavalin AP and galeains 
(various lectins of animal origin), some of which affect cell adhesion and provide in this way 
signal transmission to the catalytic subunit. Three p-isoforms can be attributed to Na^,K^-ATPase 
in mammals (pi, P2 and P3). Significandy, for the nongastric H^,K^-ATPase, no specific p-subunit 
has been identified. X,K-ATPase P isoforms exhibit only about 20-30% overaU sequence iden­
tity, but share several structural features, p-isoforms exhibit a tissue specific distribution with 
Pi of Na^,K^-ATPase being expressed ubiquitously, P2 mainly in the heart, skeletal muscles, 
and glial cells, and P3 in many tissues. 

Based on the evidence that the polarized distribution of membrane molecides results from 
an addressed targeting plus a selective retention in submembrane scaffolds '̂''̂  we have 
investigated the role of the P-subunit. 

a/p-Subunit Interactions 
The subunits of Na^,K^-ATPase are synthesized independendy in the endoplasmic reticu­

lum and assembled in this organelle. The expression of a and p-subunit isoforms follows a 
tissue-specific pattern.^^'^^ Newly synthesized Na^,K^-ATPase is directly addressed to the 
basolateral membrane domain in MDCK cells.^ This targeting seems to be determined by 
the impossibility of this enzyme to board the glycosphingolipid (GSL)-rich rafts that assemble 
in the Golgi complex, and form vesicles that carry proteins towards the apical domain. This 
exclusion may be overcome by endowing the Na'̂ ,K^-ATPase with a sequence signal from the 
4th transmembrane segment of the a-subunit of H^,K^-ATPase (TM4 signal) that suffices to 
readdress the Na^,K^-ATPase towards the apical domain.^^'^^ 

Role of the cytoskeleton. The activity and polarized distribution of renal Na'̂ ,K^-ATPase 
appears to depend on a connection of ankyrin to the spearin-based membrane cytoskeleton, as 
well as on association with actin filaments. Na^,K^-ATPase not only co-purifies with ankyrin, 
spectrin and actin, but also with three further peripheral membrane proteins, pasin 1 and pasin 
2,^^ and moesin.^^ A specific binding site for ankyrin has been localized on the a-subunit.^^ 
Interestingly, the Drosophila Na^,K^-ATPase a-subunit conserves an ankyrin binding site,^^ 
and co-distributes with ankyrin and spectrin in polarized fly cells.^ ^̂  Yet, its polarized distri­
bution was not altered in spectrin-nuU mutants. Furthermore, Dubreuil et al using mu­
tations in the Drosophila p-spectrin gene, provided the first direct evidence that P-spectrin 
determines the subcellular distribution of the Na^, K^-ATPase and that this role is independent 
of a-spectrin. 

Unlike most epithelia, the retinal pigment epitheUum (RPE) distributes the Na ,̂K'̂ -AT-
Pase to the apical membrane. ̂ ^̂ '̂ ^̂  Early studies on rat RPE monolayers Gundersen et al̂ ^^ 
suggest that an entire membrane-cytoskeleton complex is assembled with opposite polarity. 
Recent studies have shown that other polarized membrane proteins such as viral envelope 
membrane proteins do preserve their polarity in RPE cells. '̂ "̂̂  Furthermore, Rizzolo and 
Zhou^°^ used the RPE of chicken embryos, and observed that the Na^,K^-ATPase and a-spectrin 
segregate into different regions of the cell. 

Na*,K*-ATPase, Cell Attachment and the Position of the TJ 
The complex mechanisms described above are the produa of a long evolution, and might 

not have been present in primeval metazoans of pre-Cambrian times, more than 600 millions 
years ago. The first metazoans exchanging through epithelia must have had much simpler 
mechanisms. One of the simplest occurring in an epithelium, would be a membrane molecule 
with the capacity to attach to a similar one in the neighboring cell, so the pair would get stuck 
at the contacting border (Fig. 3). The Na^,K^-ATPase might constitute a case in point. Axelsen 
and Palmgren propose that the third subunit of bacterial K'̂ -ATPase (KdpC) may be the 
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Figure 3. Evolution of transepithelial transport. Hypothetical molecular and cellular events that may have 
intervened in the generation of a primeval transporting epithelimn. Two neighboring epithelial cells have 
their apical domain toward the left. 1) The a-subunit of Na*,K -̂ATPase is represented as a membrane 
protein with several transmembrane domains, and a P one with the charaaeristics of a cell-attaching 
molecule: a short cytoplasmic domain, a single transmembrane domain, and a long extracellular fragment 
with S'S links (red) and glycosylation (green). Although both subunits are intimately associated, they are 
represented as separated from each other to avoid crowding. For the same reason the y-subunit is omitted. 
2) The complex of a plus p-subunits becomes stabilized at the lateral border of the cell, because it is the only 
position in the plasma membrane where the p subunits of the two neighboring cell can interaa. 3) Inter­
acting Na ,̂K -̂ATPases from neighboring cells are represented in a much simplified way. Because of theTJ, 
ions pumped into the intercellular space can only diffuse inward. 4) the polarized expression of co- and 
countertransporters of sugars, aminoacids, and a host of other ions driven by the asymmetries built up 
through the work of the Na ,̂K -̂ATPase, originate a veaorial transport across the whole epithelium. In 
principle, the TJ may occupy any position between the two cells. However, selective pressure must have 
pushed the TJ toward the outermost end of the intercellular space, because in this configuration the 
intercellular space is open towards the inner side of the body, and none of the absorbed nutrients would leak 
back toward the outer solution (5). As discussed in the text, the p-subunit of the Na ,̂K -̂ATPases confers 
some attaching capability to the cell.̂ ^ Yet the main attaching molecule triggering the synthesis and assembly 
ofTJs and Na ,̂K -̂ATPase polarization seems to be the E-cadherin, which is not represented in the drawing. 
A color version of this figure is available online at www.Eurekah.com. 

ancestor of the X,K^-ATPase P-subunit, due to the similar assembly functions they both per­
form. As discussed above, in higher species the P-subunit is tightly and specifically bound to 
the a-subunit,''^ and the association begins as soon as they are synthesized in the endoplasmic 
reticulum^ '̂ ^ so that both reach the plasma membrane forming already a hard-to-dissociate 
dimer, in which p helps a to trap K^ in a pocket during the pumping cycle. ̂ ^̂  Yet it is not 
expected that they would be firmly bound in early organisms like Caenorhabditis eleganSy be­
cause sequence analyses show no association domains.^ '̂ ^̂  Therefore it is conceivable that the 
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a-subunit became a stable resident of the lateral space of transporting epithelia by virtue of 
being bound to a p-one, which in turn has the ability to dwell in this position because of a 
linkage it makes with another p-subunit placed in the plasma membrane of a neighboring cell 
(Fig. 3). 

However, a Na'̂ jK'̂ -ATPase located in a primitive epithelium as depiaed in Figure 3 would be 
inefficient, as roughly one half of the pumping fluid would leak back to the outer environment. 
Combinations of Nâ ,K -̂ATPase at the cell-cell border with TJs woidd probably select epithelia 
in which TJs would be pushed toward the outermost end of the intercellular space, because it 
woidd insure a maximal yield of fluid transported veaorialy towards the inside (Fig. 3). 

Evolution of the Epithelial Vectorially Transporting Phenotype 
Evidence that mollusks can absorb ions from dilute media was already presented by August 

Krogĥ ^̂  (see also re£ 111). Water, ions, lipids, aminoacids, and sugars were found to be trans­
ported by similar mechanisms in the intestine inAscariSy earthworms, fresh water clams, insects 
as well as in the mammalian intestine. ̂ ^̂ '̂  

Evolutionists refer to homology when two organs have the same role and evolution­
ary origin, but reserve analogy (an anatomical term) and homoplasy (its molecular counter­
part) for organs that, in spite of playing the same physiological role, result from different phy-
logenetic processes. A familiar example of the latter are the wings of the butterfly and those of 
the bat. In this respea, the relationship between different occluding junctions (e.g., T] and septate 
junaion) is still debatable. Thus they play the role of occluding junctions, ^̂ '̂ ^̂  and share 
considerable homology between some of their molecules, such as daudins, ZO-1 and dlg.̂ ^̂ '̂ ^̂  
Nevertheless these types of junctions do show considerable differences in composition as well as 
in their evolution.^ '̂ ^̂  

The next step in Evolution is constituted by Cnidarin, whose most conspicuous representative 
is the hydra, a fresh water coelenterate first described by Abraham Tembley in 1744 (as cited by 
Gierer and Meinhardt,̂ "̂̂ ). It reproduces through stem cells, and although its cells are not 
known to have apical/basolateral polarity, the organism does show regional differentiation, 
attributed to gradients of substances secreted by some of its cells (Gierer and Meinhardt). 
Fei et al̂ ^̂  have found that Hydra vulgaris has an homologue of ZO-1, termed HZO-1, that is 
a MAGUK protein, a family with members such as ZO-2, dlg-A and TamA, which are 
involved in a wide variety of cellular functions such as TJ formation, cell proliferation, 
differentiation, and synapse formation. 

Studies on the in vivo distribution, stability and function of p-catenin in embryos of the sea 
anemone Nematostella vectensis (Cnidaria, Anthozoa) have shown that in Â . vectensis P-catenin 
is differentially stabilized along the oral-aboral axis. Thus, this molecule is accumulated and 
translocated into nuclei in cells at the site of gastrulation and used to specify entoderm. ̂ ^ 
Wikramanayake et al̂ ^̂  results suggest a key role for the Wnt/p-catenin pathway in the 
evolution of axial asymmetries and entoderm formation in an ancestor that existed before the 
evolution of the mesodermal germ layer. Until recendy, it was assumed that polarity and axis 
formation have evolved only in metazoan phyla higher than Cnidaria. One key molecule 
involved in the signal transduction causing tissue polarity is Frizzled, a seven-transmembrane 
receptor that is activated by the Wnt secreted glycoproteins. Adell et al̂ ^̂  reported the isolation 
of the Frizzled gene from the demosponge Suberites domuncula {Sd'F£), expressed in cells close 
to the surface of the sponges and in the pinacocytes of some canals, and its mRNA is upregidated 
during the formation of three-dimensional sponge cell aggregates in culture. These results 
provide the first experimental evidence of expression of genes probably involved in polarity 
already in the lowest metazoan phylum (Porifera), 

Evolution of the Na*,K*-ATPase 
Okamura et al̂ ^̂ '̂ °̂  correlated the molecular evolution of the 11 subfamilies of the P-type 

ATPases within the establishment of different kingdoms. Interestingly, heavy metal transporters 
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(Type IB) and intracellular Ca-ATPases (type 2A) are probably the most fundamental for life 
since these two types are found in every kingdom. They appeared very early in evolution, and 
played critical roles in ion homeostasis. On the other hand, ancestral animals probably found 
the Na ĵK'̂ -ATPase and H^,K^-ATPase (type 2C) and got rid of the proton pump (type 3A) 
present in the lineage of Plants and Fungi. While the divergence of substrate-specificity (e.g., 
ion selectivity) occurred early in the evolution of P-type ATPases and has been conserved ever 
since, ̂ ^ the divergence of the P-type ATPase isoforms occurred after vertebrates and inverte­
brates separated. The study of evolution of P-type ATPases has been recendy enriched with 
new information from the database for the nematode Caenorhabditis elegans and the fly Droso-
phila melanogaster. Focusing on key domains of both a- and p-subunits, such as the ouabain 
binding site and the a/p assembly site, a set of novel isoforms that retain an ancestral 
characteristic of the Na^K"- and H^K"-ATPase have been identified.^^^'^^^'^^^ In the 
phylogenetic analysis, the P-subunits of C elegans and D. melanogaster form a unique single 
cluster. Interestingly, D. melanogaster possesses two distinct types of p-subunits, one type closer 
to the vertebrate p-subunits, and the other sharing more homology with the C elegans P-subunits. 
As mentioned before, the ftinctional expression of the Na^,K^-ATPase requires the assembly of 
the a- and p-subunits. In this regard, the newly identified invertebrate subunit isoforms (Ce2C3 
and Ce2C4 and Dmp4-6) are of particular interest because they lack the characteristic 
domains that have been demonstrated to be critical for a/p assembly. Therefore, Takeyasu 
et al̂ "̂ ^ and Okamura et al̂ ^ '̂̂ ^^ suggested that these non-assembling subunits may exist as 
lonely subunits and may play not-yet identified fimction(s) other than in ATP-driven ion trans­
port. Taken together, their studies suggest that the P-type ancestor first lacked the inhibitor 
binding site and the assembly domain in the a-subunit, and therefore existed as a single 
subunit in lower invertebrate organisms. In its evolution, this ancestral form of a-subunit 
acquired the abilities to bind ouabain and to assemble with p-subunit, becoming the immediate 
ancestor of the currendy known Nâ jK"̂ - and H ,̂K'̂ -ATPase family. Although the information 
on the molecular evolution of the p-subunit is comparatively scarce, it has been suggested that 
it derives from the third subunit of bacterial K^-ATPase (KdpC). Alternatively, the Pm protein 
of sarcoplasmic reticulum could also represent a primitive form of the p-subunit family of the 
X^K^-ATPases. 

Evolution of Junction Proteins 
When Dictyostelium cells run out of nutrients, they polarize and adhere to form a multicellular 

structure that supports the spore head.̂ ^^ During this process, the cells at the top of the stalk 
tube form a constriction with rings of cells that express adherent junctions with the P-catenin 
analogue aardvark associated to the actin cytoskeleton. aardvark is also independendy required 
for cell signaling, ̂ ^ and shares significant homology with Saccharomyces cereviseae protein Vac8, 
Saccharomyces pombe SPBC354, and plant Arabidopsis thaliana ABO 16888 sequences. This 
demonstrates that in spite of lacking stable junctions, protozoa appear to have molecules that 
coordinate cytoskeletal dynamics, the position of the mitotic spindle and cell polarity, and that 
may have been precursors of molecules that make AJs and TJs in metazoans.^^ '̂̂ ^^ p-catenin 
that has a dual role in cell-cell adhesion and cell signaling, is present in the non-metazoan 
amoeba Dictyostelium discoideum, indicating that it evolved before the origins of metazoan. 
It seems plausible that P-catenin may have been a requisite for all multicellular development.^^ 
In this sense, Dictyostelium has p-catenin that plays signaling and adhesion roles as in vertebrate. 
C elegans instead diverged, because it has two catenins: HMP-2 for adhesion, and Bar-1 for 
signaling to the nucleus. ̂ ^̂  It has been reported that P-catenin is involved in vital biological 
processes beyond cell adhesion and Wnt signaling. Thus, Kaplan et al̂ ^^ demonstrated 
that p-catenin is a component of the mammalian mitotic spindle that 
functions to ensure the proper centrosome separation, as well as a subsequent establishment of 
a bipolar spindle. This role of p-catenin might have been a ftinction required in unicellulars, 
before the molecule became involved in adhesion processes. 
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Apical junctions in Caenorhabditis elegans have tetraspan VAB-9, that is a claudin-like mem­
brane protein, that colocaiizes with E-cadherin (HMR-1), and whose localization depends on 
HMR-1, a (HMP-1) and p-catenin {\IUV-2)P^ 

Hua et al,̂ ^^ analyzed the phylogenetic trees of connexins, claudins and occludins, and 
found no sequence or motif similarity between the different families studied, indicating that, if 
they did evolve from a conmion ancestral gene, they have diverged considerably to fulfill sepa­
rate and novel functions. 

It has been recendy demonstrated that Sinuous, an homolog of claudin in Drosophila, not 
only localizes to the septate junctions, but also confers to this structure its barrier function.^^^ 
Kollmar et al,^^ only found a single claudin gene in the urochordate Halocynthia roretzi, and 
concluded that claudins emerged when TJs replaced septate junctions. However, Asano et al, 
found that Caenorhabditis elegans has no less than 4 different forms of claudins participating in 
the epithelial barrier. 

Cadherins form a superfamily with at least six distina subfamilies: classical or type-I cadherins, 
atypical or type-II cadherins, desmocoUins, desmogleins, protocadherins, and Flamingo 
cadherins. In addition, several cadherins clearly occupy isolated positions in the cadherin su­
perfamily^ "̂ '̂̂ "̂  suggesting a different evolutionary origin of the protocadherin and Flamingo 
cadherin genes versus the genes encoding desmogleins, desmocollins, classical cadherins, and 
atypical cadherins. In contrast to classic cadherins, that bind catenins by the cytoplasmic do­
mains and have genes with as much as 12 introns, nonclassic cadherins do not interact with 
catenins, and genes have fewer introns. Phylogenetic analyses suggest that there are four 
paralogous subfamilies (E-, N-, P-, and R-cadherins) of vertebrate classic cadherin proteins^^ 
and that these genes duplicated early in evolution. ̂ ^ 

Amphioxus cadherin BbC, localizes to adherens junctions in the ectodermal epithelia of 
embryos and confer homotypic adhesive properties. It has a cytoplasmic domain whose se­
quence is highly related to the cytoplasmic sequences of all known classic cadherins, but its 
extracellular domain lacks the classical five extracellular cadherin repeats and is similar to the 
extracellular domain of nonchordate cadherins. 

Choanoflagellates, a group of unicellular and colonial flagellates that resemble cells found 
only in metazoan, express sequences of proteins that encode cadherin repeats. Phylogenetic 
analyses reveal that choanoflagellate cadherins are most similar to protocadherins and to the 
Flamingo class of cadherins, demonstrating that these proteins evolved before the origin of 
animals and were later co-opted for development.^ 

In seven different species of ascidians, including Ciona intestinalis, tight junctions have 
been observed by electron microscopy. Correspondingly the C intestinalis genome contain 
genes that code for all the essential protein components of tight junctions: 3 claudin genes 
(Ci-Claudin-a,-b and -c), a single JAM gene (Ci-JAM) orthologe to human JAM3, one ZO 
gene (Ci-ZO) with a ZU5 domain (a domain analogous to human ZO-1 and to protein 
UNC-5-like netrin receptor) su^esting that the last conmion ancestor of ascidians and verte­
brates had a single ZO gene and that human ZO-2 and ZO-3 but not ZO-1 appear to have lost 
a ZU5 domain after ascidians and vertebrates diverged.̂ "̂ ^ Although an occludin gene coidd 
not be identified and may not be present in the Ciona genome, it has been demonstrated that 
occludin is not actually essential for the formation of a tight junaion. ' 

The genome of the ascidian Ciona intestinalis contains genes that encode protein compo­
nents of tight junctions, hemidesmosomes and connexin-based gap junctions, as well as of 
adherent junctions and focal adhesions, but it does not have those for desmosomes.^ In addi­
tion, extracellular matrix proteins genes like p-netrin that have been regarded as 
vertebrate-specific, were also found in the Ciona genome. Its orthologes have not been found 
in either fly or nematode genomes. These results surest that the last common ancestor of 
ascidian and vertebrates (i.e, the ancestor of the entire chordate clade), had essentially the same 
system of cell junctions as those in extant vertebrates. However, the number of genes for each 
family in the Ciona genome is far smaller than that in vertebrate genomes. In vertebrates these 
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ancestral cell junctions then appear to have evolved into more diverse and more complex forms, 
compared with those in their urocordate sibUngs.̂ ^^ 

The Dawn of Metazoans and Transporting Epithelia 
The co-relationship between multicellularity and transporting epithelia is stronger than the 

considerable variety of adaptative structures known to exist in many organisms. But a mere 
accumulation of cells might not qualify as metazoan. Thus, when nutrients are exhausted or 
wastes accumulate, cells may temporarily shut off their living processes, or form a transient 
multicellular structure (e.g., Dyaiostelium discoideurn) and migrate somewhere else. Likewise, 
organisms such as Porifera, without real tissues nor organs, have no internal milieu because the 
environment can circulate through the body, all cells can exchange direcdy with the environ­
ment, and should not concern us here. We refer instead to stable metazoans that survive thanks 
to an internal milieu whose stable composition depends on transporting epithelia. Although 
the fossil record starts some 560-600 million years ago, there is evidence that they were already 
existing as early as 800-1000 million years ago.̂ ^^^^^ Ideas about metazoan phylogeny are 
numerous and somewhat conflicting. ̂ "̂̂ '̂ ^ Furthermore, our search for an ancestor of meta­
zoans with true epithelia may start with a plausible idea of how such organism should have 
been, regardless of whether it is still surviving or has been long extinct. 

Some ^^Theoretically** Plausible Organisms 
The elaboration on a priori possible organisms might at least afford a useful working hy­

pothesis to solve the conundrum mentioned at the Introduction on the origins of metazoans 
and transporting epithelia. Let us depict a few suggested elsewhere.^ 

The "Thrifty Sponge" 
It is conceivable that in a given moment a group of cells became surrounded by a primitive 

epithelium, i.e. one whose cells did not exhibit vectorial transport, but that attach and become 
an impermeable barrier (Fig. 2, top). Secreted molecules such as nutrients or cAMP may thereby 
be momentarily conserved and used as food stuff or signals. Yet the entrapped milieu would 
gradually spoil, and force a transient breakage of the epithelium, thus allowing the external 
medium to gain access to the cells and flush the organism. One may even conceive a certain 
synchrony between periods of secretion and epithelial tightness. In this respect. Green and 
Bergquist̂ ^ '̂̂ ^^ have found that in sponges, cell junctions are apparently formed only when 
required for a specific purpose. 

Very Flat Organisms 
Another possibility woidd be a very flat organism with large surface-to-volume ratio, suffi­

cient to allow exchange with the surroundings (Fig. 2, middle). Although these putative organ­
isms might not have had circidatory apparatuses, peristaltic movements might have helped to 
stir the internal milieu and favor exchange. Actually, Nature seems to have resorted to large 
surface-to-volume body plans to ease the survival of primitive metazoans. Thus Cnidariay just 
one evolutionary step above sponges, have wide and flat structures. 

The ^̂ Mare Nostrum" Metazoans 
Up to this point we have been asking how did primeval metazoans develop their first epi­

thelium. We cannot discard the opposite situation though. Since polarization is already ob­
served in unicellulars, the possibility exists that an already polarized cell would proliferate with­
out completing the separation of its descendants, and somehow profit from preserving an 
internal milieu (Fig. 2, bottom). Furthermore, proliferating epithelial cells usually have their 
mitotic spindle parallel to the surface of the epithelium, so that proliferation expands the area 
of the organ. ̂ ^̂  Yet when the spindle is perpendicular to the epithelium, it provokes the forma­
tion of an outgrowth similar in many respects to the body mass of a higher organism. 
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Figure 4. Patterns in the expression of Na'̂ jK -̂ATPase in epithelial cells. Left) In MDCK cells cultured as 
monolayers, Na ,̂K -̂ATPase is expressed at the lateral borders (green), forming a chicken fence pattern. 
Center) Monolayer prepared with a mixed population of MDCK cells (derived from dog kidney) and CHO 
cells (from Chinese Hamster Ovary), which were previously stained with the red dye CMTMR, were treated 
with a first antibody raised against the P-subunit of the dog that, therefore, only deteas the p-subunit of 
MDCK but not the one in CHO cells. The piaure shows that this subunit occupies the cellular border of 
an MDCK cell provided the neighboring cell is another MDCK one (green), but not when it contaas CHO 
cells. Right) Monolayer prepared with MDCK cells and CHO cells transfeaed with p-subunit from the dog. 
Green staining reveals that CHO cells now express dog p-subunit in their plasnu membrane (arrows) and, 
in keeping with drawings 3 and 4 in Figure 3, MDCK cells now do express their Na ,̂K*-ATPases in 
homotypic as well as heterotypic MDCK/CHO borders.̂ ^ A color version of this figure is available online 
at www.Eurekah.com. 

Na%K*-ATPase and Cell Adhesion: Role of the p-Subunit 
in Cell Attachment 

Na^,K^-ATPase arrives to the lateral membrane, interacts with ankvrin, and becomes 
anchored to the cytoskeleton that stabilizes the enzyme in this position. ̂ ^ Yet we still ignore 
why this enzyme binds to the cytoskeleton at the lateral borders, but does not bind to this 
structure when expressed at other cell borders. Furthermore Na^,K^-ATPase in Drosophila epi-
thelia does not bind to ankyrin but is nevertheless polarized. ̂ ^ In order to develop a more 
plausible explanation we took as hints that: 

i. When a monolayer of cultured MDCK cells is treated with EGTA, the chicken fence image 
of Na^,K+-ATPase splits into two moieties and each neighboring cell retrieves its own, indi­
cating that each cell contributes the pumps, and opening the possibility that these interact 
across the intercellular space, 

ii. In keeping with such conjunction, MDCK cells express Na*,K^-ATPase at the lateral but 
not at the basal borders, as if only at the intercellular space the enzyme would find an 
attaching parmer on an opposite cell.̂ '̂̂ ^ 

iii. When co-cultured with other epithelial or fibroblastic cell, an MDCK cell only expresses 
Na^,K+-ATPase in a given border provided its neighbor is another MDCK cell (Fig. 4C), 
suggesting that the putative Na*,K+-ATPase/Na*,K^-ATPase interaction is a specific one.̂ ^ 

iv. As mentioned above, Gloor et al,̂ ^^ have shown that the p2-subunit of glial cells acts as a 
cell adhesion molecule and has the corresponding structure: a short cytoplasmic tail, a 
single transmembrane domain, as well as long and glycosylated extracellular fragment. 
MDCK cells have instead the pi isoform, but its structure is almost identical to that of 
p2- This suggests that the p-subunit of Na^,K*-ATPase may estabUsh a cell-cell contact as 
suggested in Figure 4. (v) Furthermore, this subunit is required for the formation of the 
septate junction of Drosophila.^^^ 

vi. The p-subunit of Na'̂ ,K+-ATPase does participate in cell attachment. 
On this basis, we have proposed that the polarized position of Na^,K^-ATPase at the lateral 

borders of epithelial cells depends upon the binding ability of its P-subunit. The expression of 
this enzyme at the plasma membrane facing the intercellidar space would be the only place 
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where the p-subunits of neighboring cells can interact. ' This view has recently received 
experimental support from the studies illustrated in Figure 4 D , E 7 ^ Briefly, it is observed that 
MDCK cells only express their p-subunits at the point of contact with another MDCK cell, 
but not in contacts with CHO (Chinese Hamster Ovary). However, when CHO cells are 
transfected beforehand with P-subunit from dog (i.e. same species as MDCK cells), MDCK 
cells now do express their p-subunits in heterotypic MDCK/CHO contacts. This model had 
recendy been subject to experimental tests by Shoshani et al,̂ ^ who have found that, in fact, 
transfection of p-subunits obtained from dog aaually confers to CHO cells ("CHO-P") the 
ability to form mixed monolayers with MDCK (dog), and express not only these subunit at 
heterotypic (MDCK/CHO-P) borders, but force CHO-p cells to express their endogenous a 
subunit, in keeping with the idea that the machinery of the cell can only send to the membrane 
the previously associated a/p complex. 

Suminaiy 
We cannot provide an answer to the question raised in the Introduction about the origin of 

transporting epithelia and metazoans. However, after systematizing the information obtained 
from widely heterogeneous fields, it seems that ancestral unicellulars already possessed most of 
the precursor molecules to build up transporting epithelia, and form a perhaps transient meta-
zoan that evolution might subjea to selective pressures. Attachment, both at the molecidar and 
the cellidar level, seems to have played a paramount role. 

Acknowledgements 
We thank Dr. Catalina Flores-Maldonado, and Lie. Isabel Larre for helpftil discussion. We 

also acknowledge the efficient and pleasant help of Elizabeth del Oso, and the economic 
support of the National Research Council of Mexico (CONACYT). 

References 
1. Cereijido M, Contreras RG, Shoshani L. Cell adhesion, polarity, and epithelia in the dawn of 

metazoan. Physiol Revs 2004; in press. 
2. Oxender DL, Christensen HN. Transcellular concentration as a consequence of intracellular accu­

mulation. J Biol Chem 1959; 234:2321-2324. 
3. Rotunno CA, Zylber EA, Cereijido M. Ion and water balance in the epithelium of the abdominal 

skin of the frog Leptodactylus ocellatus. J Membr Biol 1973; 13:217-232. 
4. Zylber EA, Rotunno CA, Cereijido M. Ion and water balance in isolated epitheUal cells of the 

abdominal skin of the frog Leptodactylus ocellatus. J Membr Biol 1973; 13:199-216. 
5. Zylber EA, Rotunno CA, Cereijido M. Ionic fluxes in isolated epithelial cells of the abdominal 

skin of the frog Leptodactylus ocellatus. J Membr Biol 1975; 22:265-284. 
6. Madin SH, Darby NB. As cataloged in the American Type Culture Collection Catalog of Strains. 

1958. 
7. Leighton J, Brada Z, Estes LW et al. Secretory activity and oncogenicity of a cell line (MDCK) 

derived from canine kidney. Science 1969; 163:472-473. 
8. Cereijido M, Robbins ES, Dolan DF et al. Membrane properties of cell of renal origin (MDCK) 

cultured in monolayers on a permeable and translucent support. Proc Int Union Physiol 1977; 12:250a. 
9. Cereijido M, Rotunno CA, Robbins ES et al. In vitro formation of cell layers with properties of 

epithelial membranes. Biophys J 1977; 17:22a. 
10. Cereijido M, Robbins ES, Dolan WJ et al. Polarized monolayers formed by epithelial cells on a 

permeable and translucent support. J Cell Biol 1978; 77:853-880. 
11. Cereijido M, Rotunno CA, Robbins ES et al. Polarized epitheUal membranes produced in vitro. 

In: Hoffman JF, ed. Membrane Transport Processes. New York: Raven Press, 1978:433-43. 
12. Cereijido M, Rotunno CA. Introduction to the Study of Biological Membranes. New York, NY: 

Gordon and Breach, Science Publishers; 1971. 
13. Misfeldt DS, Hamamoto ST, Pitelka DR. Transepithelial transport in cell culture. Proc Natl Acad 

Sci USA 1976; 73:1212-1216. 
14. Fernandez-Castelo S, Bolivar JJ, Lopez-Vancell R et al. Ion transport in MDCK cells. In: Taub M, 

ed. Tissue Culture of EpitheUal Cells. New York: Plenum Press, 1985:37-50. 
15. Cereijido M, Ehrenfeld J, Meza I et al. Structural and functional membrane polarity in cultured 

monolayers of MDCK cells. J Membr Biol 1980; 52:147-159. 



14 Tight Junctions 

16. Gonzalez-Mariscal L, Chavez DR, Cereijido M. Effect of temperature on the occluding junctions 
of monolayers of epithelioid cells (MDCK). J Membr Biol 1984; 79:175-184. 

17. Martinez-Palomo A, Meza I, Beaty G et al. Experimental modulation of occluding junctions in a 
cultured transporting epitheUum. J Cell Biol 1980; 87:736-745. 

18. Cereijido M, Stefani E, Palomo AM. Occluding junctions in a cultured transporting epitheUum: 
structural and functional heterogeneity. J Membr Biol 1980; 53:19-32. 

19. Cereijido M, Ehrenfeld J, Fernandez-Castelo S et al. Fluxes, junctions, and blisters in cultured 
monolayers of epithelioid cells (MDCK). Ann N Y Acad Sci 1981; 372:422-441. 

20. Contreras RG, Avila G, Gutierrez C et al. Repolarization of Na+-K+ pumps during estabUshment 
of epithelial monolayers. Am J Physiol 1989; 257:C896-C905. 

21. Contreras RG, Shoshani L, Flores-Maldonado C et al. Relationship between Na(+),K(+)-ATPase 
and cell attachment. J Cell Sci 1999; 112 ( Pt 23):4223-4232. 

22. Lisanti MP, Sargiacomo M, Graeve L et al. Polarized apical distribution of glycosyl-phosphatidylinositol-
anchored proteins in a renal epitheUal cell line. Proc Nad Acad Sci USA 1988; 85:9557-9561. 

23. Lisanti MP, Caras IW, Davitz MA et al. A glycophospholipid membrane anchor acts as an apical 
targeting signal in polarized epithelial cells. J Cell Biol 1989; 109:2145-2156. 

24. Rodriguez-Boulan E, Paskiet KT, Sabatini DD. Assembly of enveloped viruses in Madin-Darby 
canine kidney cells: polarized budding from single attached cells and from clusters of cells in sus­
pension. J Cell Biol 1983; 96:866-874. 

25. Rodriguez-Boulan E, Paskiet KT, Salas PJ et al. Intracellular transport of influenza virus hemagglu­
tinin to the apical surface of Madin-Darby canine kidney cells. J Cell Biol 1984; 98:308-319. 

26. Rodriguez-Boulan E, Pendergast M, Polarized distribution of viral envelope proteins in the plasma 
membrane of infected epithelial cells. Cell 1980; 20:45-54. 

27. Rodriguez-Boulan E, Sabatini DD. Asymmetric budding of viruses in epithehal monlayers: a model 
system for study of epithelial polarity. Proc Nati Acad Sci USA 1978; 75:5071-5075. 

28. Rabito CA, Karish MV. Polarized amino acid transport by an epithelial cell line of renal origin 
(LLC-PKl). The apical systems. J Biol Chem 1983; 258:2543-2547. 

29. Rabito CA, Tchao R. [3 H] ouabain binding during the monolayer organization and cell cycle in 
MDCK cells. Am J Physiol 1980; 238:C43-C48. 

30. Rabito CA, Tchao R, Valentich J et al. Effect of cell-substratum interaction on hemicyst formation 
by MDCK cells. In Vitro 1980; 16:461-468. 

31. Taub M. Tissue Cultured in Epitiielial Cells. New York, NY: Plenum Press; 1985. 
32. Taub M, Saier MH, Jr. Regulation of 22Na+ transport by calcium in an estabUshed kidney epithe­

lial cell line. J Biol Chem 1979; 254:11440-11444. 
33. Taub M, UB Chuman L et al. Alterations in growth requirements of kidney epitheUal cells in 

defined medium associated with malignant transformation. J Supramol Struct Cell Biochem 1981; 
15:63-72. 

34. Contreras RG, Gonzalez-Mariscal L, Balda MS et al. The role of calcium in the making of a 
transporting epitheUum. NIPS 1992; 7:105-108. 

35. Contreras RG, Ponce A, Bolivar JJ. Calcium and tight junctions. In: Cereijido M, ed. Tight Junc­
tions. 1st ed. Boca Raton: CRC Press, 1992:139-49. 

36. Gonzalez-Mariscal L, Chavez DR, Cereijido M. Tight junction formation in cultured epitheUal 
cells (MDCK). J Membr Biol 1985; 86:113-125. 

37. Gonzalez-Mariscal L, Contreras RG, Bolivar JJ et al. Role of calcium in tight junction formation 
between epitiielial cells. Am J Physiol 1990; 259:C978-C986. 

38. Balda MS, Gonzalez-Mariscal L, Contreras RG et al. Assembly and sealing of tight junctions: pos­
sible participation of G-proteins, phospholipase C, protein kinase C and calmodulin. J Membr 
Biol 1991; 122:193-202. 

39. Balda MS, Gonzalez-Mariscal L, Matter K et al. Assembly of the tight junction: the role of 
diacylglycerol. J CeU Biol 1993; 123:293-302. 

40. Citi S. Protein kinase inhibitors prevent junction dissociation induced by low extracellular calcium 
in MDCK epitiielial cells. J CeU Biol 1992; 117:169-178. 

41. Meza I, Ibarra G, Sabanero M et al. Occluding junctions and cytoskeletal components in a cul­
tured transporting epitheUum. J Cell Biol 1980; 87:746-754. 

42. Meza I, Sabanero M, Stefani E et al. Occluding junctions in MDCK cells: modulation of 
transepithelial permeabiUty by the cytoskeleton. J CeU Biochem 1982; 18:407-421. 

43. Griepp EB, Dolan WJ, Robbins ES et al. Participation of plasma membrane proteins in the forma­
tion of tight junctions by cultured epithelial cells. J CeU Biol 1983; 96:693-702. 

44. Rindler MJ, Ivanov IE, Plesken H et al. Viral glycoproteins destined for apical or basolateral plasma 
membrane domains traverse the same Golgi apparatus during their intracellular transport in doubly 
infected Madin-Darby canine kidney cells. J CeU Biol 1984; 98:1304-1319. 



Evolution of the Transporting Epithelium Phenotype 15 

45. Moreno J, Cruz-Vera LR, Garcia-Villegas MR et al. Polarized expression of Shaker channels in 
epithelial cells. J Membr Biol 2002; 190:175-187. 

46. Ponce A, Cereijido M. Polarized distribution of cation channels in epitheUal cells. Cell Physiol 
Biochem 1991; 1:13-23. 

47. Ponce A, Bolivar JJ, Vega J et al. Synthesis of plasma membrane and potassium channels in epithe-
lia. Cell Physiol Biochem 1991; 1:195-204. 

48. Ponce A, Contreras RG, Cereijido M. Polarized distribution of chloride channels in epitheUal cells. 
Cell Physiol Biochem 1991; 1:160-169. 

49. Stefani E, Cereijido M. Electrical properties of cultured epithelioid cells (MDCK). J Membr Biol 
1983; 73:177-184. 

50. Talavera D, Ponce A, Fiorentino R et al. Expression of potassium channels in epithelial cells de­
pends on calcium-activated cell-cell contacts. J Membr Biol 1995; 143:219-226. 

51 . Gumbiner B, Simons K. A functional assay for proteins involved in establishing an epithelial oc­
cluding barrier: identification of a uvomoruHn-Uke polypeptide. J Cell Biol 1986; 102:457-468. 

52. Gumbiner B, Simons K. The role of uvomorulin in the formation of epithelial occluding junc­
tions. Ciba Found Symp 1987; 125:168-186. 

53. Gumbiner B, Stevenson B, Grimaldi A. The role of the cell adhesion molecule uvomorulin in the 
formation and maintenance of the epithelial junctional complex. J Cell Biol 1988; 107:1575-1587. 

54. Lever JE. Inducers of mammalian cell differentiation stimulate dome formation in a differentiated 
kidney epithelial cell line (MDCK). Proc Natl Acad Sci USA 1979; 76:1323-1327. 

55. Matter K, Mellman I. Mechanisms of cell polarity: sorting and transport in epithelial cells. Curr 
Opin Cell Biol 1994; 6:545-554. 

56. Contreras RG, Lazaro A, Bolivar JJ et al. A novel type of cell-cell cooperation between epithelial 
cells. J Membr Biol 1995; 145:305-310. 

57. Contreras RG, Shoshani L, Flores-Maldonado C et al. E-Cadherin and tight junctions between 
epithelial cells of different animal species. Pflugers Arch 2002; 444:467-475. 

58. Gonzalez-Mariscal L, Chavez DR, Lazaro A et al. Establishment of tight junctions between cells 
from different animal species and different sealing capacities. J Membr Biol 1989; 107:43-56. 

59. Cereijido M. Tight Junctions. In: Cereijido M, ed. Boca Raton: CRC Press, 1992. 
60. Cereijido M. Tight Junctions. In: Cereijido M, ed. Tight Junctions. 2nd ed. Boca Raton: CRC 

Press, 2001. 
61 . Wang AZ, Wang JC, Ojakian GK et al. Determinants of apical membrane formation and distribu­

tion in multicellular epithelial M D C K cysts. Am J Physiol 1994; 267:C473-C481. 
62. Wodarz A. Establishing cell polarity in development. Nat Cell Biol 2002; 4:E39-E44. 
63. Fleming TP, Ghassemifar MR, Sheth B. Junctional complexes in the early mammalian embryo. 

Semin Reprod Med 2000; 18:185-193. 
64. Shoshani L, Contreras RG. Biogenesis of epithelial polarity and tight junctions. In: Cereijido M, 

ed. Tight Junctions. 2nd ed. Boca Raton: CRC Press, 2001:165-197. 
65. Baas AF, Kuipers J, van der Wei N N et al. Complete polarization of single intestinal epithelial 

cells upon activation of LKBl by STRAD. Cell 2004; 116:457-466. 
66. Mauchamp J, Chambard M, Gabrion J et al. Polarized multicellular structures designed for the in 

vitro study of thyroid cell function and polarization. Methods Enzymol 1983; 98:477-486. 
G7. Koefoed-Johnsen V, Ussing H H . The nature of the frog skin potential. Acta Physiol Scand 1958; 

42:298-308. 
68. Cereijido M, Ehrenfeld J, Meza I et al. Structural and functional membrane polarity in cultured 

monolayers of M D C K cells. J Membr Biol 1980; 52:147-159. 
69. Cereijido M, Shoshani L, Contreras RG. The polarized distribution of Na+, K+-ATPase and active 

transport across epithelia. J Membr Biol 2001; 184:299-304. 
70. Louvard D. Apical membrane aminopeptidase appears at site of cell-cell contact in cultured kidney 

epithelial cells. Proc Nad Acad Sci USA 1980; 77:4132-4136. 
7 1 . Shoshani L Contreras RG, Roldan ML et al. The polarized expression of Na^,K^-ATPase in epithe­

lia depends on the association between p-subunits located in neighboring cells. Mol Biol Cell 2005; 
16:1071-1081. 

72. Blanco G, Mercer RW. Isozymes of the Na-K-ATPase: Heterogeneity in structure, diversity in 
function. Am J Physiol 1998; 275:F633-F650. 

73. Pedersen PL, CarafoH E. Ion Motive ATPases I. Ubiquity, properties and significance to cell func­
tion. TIBS1987; 12:146-150. 

7A. Pedersen PL, Carafoli E. Ion motive ATPases: Energy coupling and work output. TIBS 1987; 
12:186-189. 

75. Kirley TL. Determination of three disulfide bonds and one free sulfhydryl in the beta sub unit of 
(Na,K)-ATPase. J Biol Chem 1989; 264:7185-7192. 



16 Tight Junctions 

7G. Schmalzing G, Ruhl K, Gloor SM. Isoform-specific interactions of Na,K-ATPase subunits are me­
diated via extracellular domains and carbohydrates. Proc Natl Acad Sci USA 1997; 94:1136-1141. 

77. Gatto C, McLoud SM, Kaplan JH. Heterologous expression of Na(+)-K(+)-ATPase in insect cells: 
intracellular distribution of pump subunits. Am J Physiol Cell Physiol 2001; 281:C982-C992. 

78. Laughery MD, Todd ML, Kaplan JH. Mutational analysis of alpha-beta sub unit interactions 
in the deHvery of Na,K-ATPase heterodimers to the plasma membrane. J Biol Chem 2003; 
278:34794-34803. 

79. Swann AC, Daniel A, Albers RW et al. Interactions of lectins with (Na+ + K+)-ATPase of eel 
electric organ. Biochim Biophys Acta. 1975; 401:299-306. 

80. Ochieng J, Warfield P, Green-Jarvis B et al. Galectin-3 regulates the adhesive interaction between 
breast carcinoma cells and elastin. J Cell Biochem 1999; 75:505-514. 

81. MaUk N, Canfield VA, Beckers MC et al. Identification of the mammalian Na,K-ATPase 3 sub-
unit. J Biol Chem 1996; 271:22754-22758. 

82. Martin-Vasallo P, Dackowski W, Emanuel JR et al. Identification of a putative isoform of the 
Na,K-ATPase beta subunit. Primary structure and tissue-specific expression. J Biol Chem 1989; 
264:4613-4618. 

83. Schneider JW, Mercer RW, Gilmore-Hebert M et al. Tissue specificity, localization in brain, and 
cell-free translation of mRNA encoding the A3 isoform of Na+,K+-ATPase. Proc Natl Acad Sci 
USA 1988; 85:284-288. 

84. Caplan MJ, Anderson HC, Palade GE et al. Intracellular sorting and polarized cell surface delivery 
of (Na+,K+)ATPase, an endogenous component of MDCK cell basolateral plasma membranes. Cell 
1986; 46:623-631. 

85. Caplan MJ, Palade GE, Jamieson JD. Newly synthesized Na,K-ATPasc alpha-subunit has no cyto-
solic intermediate in MDCK cells. J Biol Chem 1986; 261:2860-2865. 

86. Gottardi CJ, Caplan MJ. Molecular requirements for the cell-surface expression of multisubunit 
ion-transporting ATPases. Identification of protein domains that participate in Na,K-ATPase and 
H,K-ATPase subunit assembly. J Biol Chem 1993; 268:14342-14347. 

87. Gottardi CJ, Caplan MJ. Delivery of Na+,K(+)-ATPase in polarized epitheUal cells. Science 1993; 
260:552-554. 

88. Dunbar LA, Caplan MJ. The cell biology of ion pumps: sorting and regulation. Eur J Cell Biol 
2000; 79:557-563. 

89. Dunbar LA, Aronson P, Caplan MJ. A transmembrane segment determines the steady-state local­
ization of an ion-transporting adenosine triphosphatase. J Cell Biol 2000; 148:769-778. 

90. Kraemer D, Koob R, Friedrichs B et al. Two novel peripheral membrane proteins, pasin 1 and pasin 
2, associated with Na+,K(+)-ATPase in various cells and tissues. J Cell Biol 1990; 111:2375-2383. 

91. Kraemer DM, Strizek B, Meyer HE et al. Kidney Na+,K(+)-ATPase is associated with moesin. Eur 
J Cell Biol 2003; 82:87-92. 

92. Devarajan P, Scaramuzzino DA, Morrow JS. Ankyrin binds to two distinct cytoplasmic domains of 
Na,K-ATPase alpha subunit. Proc Nad Acad Sci USA 1994; 91:2965-2969. 

93. Zhang Z, Devarajan P, Dorfman AL et al. Structure of the ankyrin-binding domain of 
alpha-Na,K-ATPase. J Biol Chem 1998; 273:18681-18684. 

94. Baumann O, Lautenschlager B, Takeyasu K. Immunolocalization of Na,K-ATPase in blowfly pho­
toreceptor cells. Cell Tissue Res 1994; 275:225-234. 

95. Baumann O. Biogenesis of surface domains in fly photoreceptor cells: fine-structural analysis of the 
plasma membrane and immunolocalization of Na+, K+ ATPase and alpha-spectrin during cell dif­
ferentiation. J Comp Neurol 1997; 382:429-442. 

96. Dubreuil RR, Maddux PB, Grushko TA et al. Segregation of two spectrin isoforms: polarized mem­
brane-binding sites direa pokrized membrane skeleton assembly. Mol Biol Cell 1997; 8:1933-1942. 

97. Dubreuil RR, Wang P, Dahl S et al. Drosophila beta spectrin fimctions independently of alpha 
spectrin to polarize the Na,K ATPase in epitheUal cells. J Cell Biol 2000; 149:647-656. 

98. Lee JK, Coyne RS, Dubreuil RR et al. Cell shape and interaction defects in alpha-spectrin mutants 
of Drosophila melanogaster. J Cell Biol 1993; 123:1797-1809. 

99. Lee JK, Brandin E, Branton D et al. alpha-Spectrin is required for ovarian follicle monolayer 
integrity in Drosophila melanogaster. Development 1997; 124:353-362. 

100. Bok D, O'Day W, Rodriguez-Boulan E. Polarized budding of vesicular stomatitis and influenza 
virus fi-om cultured human and bovine retinal pigment epithelium. Exp Eye Res. 1992; 55:853-860. 

101. Caldwell RB, McLaughlin BJ. Redistribution of Na-K-ATPase in the dystrophic rat retinal pig­
ment epitheUum. J Neurocytol 1984; 13:895-910. 

102. Gundersen D, Orlowski J, Rodriguez-Boulan E. Apical polarity of Na,K-ATPase in retinal pigment 
epithelium is linked to a reversal of the ankyrin-fodrin submembrane cytoskeleton. J Cell Biol 
1991; 112:863-872. 



Evolution of the Transporting Epithelium Phenotype 17 

103. Steinberg RH, Miller SS. Transport and membrane properties of the retinal pigment epithelium. 
In: Zinn KM, Marmor MF, eds. The Retinal Pigment EpitheUum. Cambridge: Harvard University 
Press, 1979:205-225. 

104. Bok D. Autoradiographic studies on the polarity of plasma membrane receptors in retinal pigment 
epithelial cells. In: J.G.HoUyfield, ed. The Structure of the Eye. New York: Elsevier Biomedical, 
1982:245-256. 

105. Rizzolo LJ, Zhou S. The distribution of Na+,K(+)-ATPase and 5A11 antigen in apical microvilli of 
the retinal pigment epitheUum is unrelated to alpha-spectrin. J Cell Sci 1995; 108 ( Pt ll):3623-3633. 

106. Axelsen KB, Palmgren MG. Evolution of substrate specificities in the P-type ATPase superfamily. J 
Mol Evol 1998; 46:84-101. 

107. Vilsen B, Andersen JP, Petersen J et al. Occlusion of 22Na+ and 86Rb+ in membrane-bound and 
soluble protomeric alpha beta-units of Na,K-ATPase. J Biol Chem 1987; 262:10511-10517. 

108. Okamura H, Denawa M, Ohniwa R et al. P-type ATPase superfamily: evidence for critical roles 
for kingdom evolution. Ann NY Acad Sci 2003; 986:219-223. 

109. Okamura H, Yasuhara JC, Fambrough DM et al. P-type ATPases in Caenorhabditis and Droso-
phila: implications for evolution of the P-type ATPase subunit families with special reference to 
the Na,K-ATPase and H,K-ATPase subgroup. J Membr Biol 2003; 191:13-24. 

110. Krogh A. Osmotic Regulation in Aquatic Animals. Cambridge: University Cambridge Press; 1939. 
111. Diamond JM. Transport mechanisms in the gallbladder. American Physiological Society Hand­

book 5. The Alimentary Canal 1968:2451. 
112. Ahearn GA, Duerr JM, Zhuang Z et al. Ion transport processes of crustacean epithelial cells. Physiol 

Biochem Zool 1999; 72:1-18. 
113. Cornell JC. Sodium and chloride transport in the isolated intestine of the earthworm, Lumbricus 

terrestris (L.). J Exp Biol 1982; 97:197-216. 
114. Hudson RL. Ion transport by the isolated mantle epitheUum of the freshwater clam, Unio 

complanatus. Am J Physiol 1992; 263:R76-R83. 
115. Jungreis AM, Hoges TK, Kleinzeller A et al. Water Relations in Membrane Transport in Plants 

and Animals. New York, N.Y.: Academic Press; 2004. 
116. Prusch R, Otter T. Annelid transepithelial ion transport. Comp Biochem Physiol 1977; 57A:87-92. 
117. Filshie BK, Flower NE. Junctional structures in hydra. J Cell Sci 1977; 23:151-172. 
118. McNutt NS. A thin-section and freeze-fracture study of microfilament-membrane attachments in 

choroid plexus and intestinal microviUi. J Cell Biol 1978; 79:774-787. 
119. Staehelin LA. Structure and function of intercellular junctions. Int Rev Cytol 1974; 39:191-283. 
120. Asano A, Asano K, Sasaki H et al. Claudins in Caenorhabditis elegans: their distribution and 

barrier function in the epitheUum. Curr Biol 2003; 13:1042-1046. 
121. Wu VM, Paul S, Schutle J et al. A cl-audin and specific isoforms of Na,K-ATPase are required for 

Drosophila epithelial tube-size control and septate junction organization. 43rd Annual Meeting of 
the American Society for Cell Biology, L308. 2003. 

122. Matter K, Balda MS. SignalUng to and from tight junctions. Nat Rev Mol Cell Biol 2003; 
4:225-236. 

123. Tepass U, Tanentzapf G, Ward R et al. EpitheUal cell polarity and cell junctions in Drosophila. 
Annu Rev Genet 2001; 35:747-784. 

124. Gierer A, Meinhardt H. A theory of biological pattern formation. Kybernetik 1972; 12:30-39. 
125. Fei K, Yan L, Zhang J et al. Molecular and biological characterization of a zonula occludens-1 

homologue in Hydra vulgaris, named HZO-1. Dev Genes Evol 2000; 210:611-616. 
126. Wikramanayake AH, Hong M, Lee PN et al. An ancient role for nuclear beta-catenin in the evo­

lution of axial polarity and germ layer segregation. Nature 2003; 426:446-450. 
127. AdeU T, Nefkens I, MuUer WE. Polarity factor 'Frizzled' in the demosponge Suberites domuncula: 

identification, expression and localization of the receptor in the epithelium/pinacoderm(l). FEBS 
Lett 2003; 554:363-368. 

128. Takeyasu K, Lemas V, Fambrough DM. StabiUty of Na(+)-K(+)-ATPase alpha-subunit isoforms in 
evolution. Am J Physiol 1990; 259:C619-C630. 

129. Takeyasu K, Okamura H, Yasuhara JC et al. P-type ATPase diversity and evolution: the origins of 
ouabain sensitivity and subunit assembly. Cell Mol Biol (Noisy -le-grand) 2001; 47:325-333. 

130. Fambrough DM, Lemas MV, Hamrick M et al. Analysis of subunit assembly of the Na-K-ATPase. 
Am J Physiol 1994; 266:C579-C589. 

131. Lemas MV, Hamrick M, Takeyasu K et al. 26 amino acids of an extracellular domain of the 
Na,K-ATPase alpha-subunit are sufficient for assembly with the Na,K-ATPase beta-subunit. J Biol 
Chem 1994; 269:8255-8259. 

132. Wang SG, Farley RA. Valine 904, tyrosine 898, and cysteine 908 in Na,K-ATPase alpha subunits 
are important for assembly with beta subunits. J Biol Chem 1998; 273:29400-29405. 



18 Tight Junctions 

133. Kriebel PW, Barr VA, Parent CA. Adenylyl qrclase localization regulates streaming during chemo-
taxis. Cell 2003; 112:549-560. 

134. Crimson MJ, Coates JC, Reynolds JP et al. Adherens junctions and beta-catenin-mediated cell 
signalling in a non-metazoan organism. Nature 2000; 408:727-731. 

135. Perez-Moreno M, Jamora C, Fuchs E. Sticky business: orchestrating cellular signals at adherens 
junctions. Cell 2003; 112:535-548. 

136. Korswagen HC, Herman MA, Clevers HC. Distinct beta-catenins mediate adhesion and signalUng 
functions in C. elegans. Nature 2000; 406:527-532. 

137. Kaplan DD, Meigs TE, Kelly P et al. Identification of a role for beta-catenin in the estabUshment 
of a bipolar mitotic spindle. J Biol Chem 2004; 279:10829-10832. 

138. Simske JS, Koppen M, Sims P et al. The cell junction protein VAB-9 regulates adhesion and 
epidermal morphology in C. elegans. Nat Cell Biol 2003; 5:619-625. 

139. Hua VB, Chang AB, Tchieu JH et al. Sequence and phylogenetic analyses of 4 TMS junctional 
proteins of animals: connexins, innexins, claudins and occludins. J Membr Biol 2003; 194:59-76. 

140. KoUmar R, Nakamura SK, Kappler JA et al. Expression and phylogeny of claudins in vertebrate 
primordia. Proc Nad Acad Sci USA 2001; 98:10196-10201. 

141. Uemura T. The cadherin superiamily at the synapse: more members, more missions. Cell. 1998; 
93:1095-1098. 

142. NoUet F, Kools P, van Roy F. Phylogenetic analysis of the cadherin superfamily allows identifica­
tion of six major subfamiUes besides several soUtary members. J Mol Biol 2000; 299:551-572. 

143. Wu Q, Maniatis T. Large exons encoding multiple ectodomains are a characteristic feature of 
protocadherin genes. Proc Nad Acad Sci USA. 2000; 97:3124-3129. 

144. Gallin WJ. Evolution of the "classical" cadherin family of cell adhesion molecules in vertebrates. J 
Mol Biol Evol 1998; 15:1099-1107. 

145. Pouliot Y. Phylogenetic analysis of the cadherin superfamily. Bioessays. 1992; 14:743-748. 
146. Oda H, Wada H, Tagawa K et al. A novel amphioxus cadherin that localizes to epitheUal adherens 

junctions has an unusual domain organization with implications for chordate phylogeny. Evol Dev 
2002; 4:426-434. 

147. King N, Hittinger CT, Carroll SB. Evolution of key cell signaling and adhesion protein families 
predates animal origins. Science 2003; 301:361-363. 

148. Lane NJ, Dallai R, Burighel P et al. Tight and gap junctions in the intestinal tract of tunicates 
(Urochordata): a freeze-fracture study. J Cell Sci 1986; 84:1-17. 

149. Sasakura Y, Shoguchi E, Takatori N et al. A genomewide survey of developmentally relevant genes 
in Ciona intestinalis. X. Genes for cell junctions and extracellular matrix. Dev Genes Evol 2003; 
213:303-313. 

150. Moroi S, Saitou M, Fujimoto K et al. Occludin is concentrated at tight junctions of mouse/rat but 
not human/guinea pig SertoU cells in testes. Am J Physiol 1998; 274:C1708-C1717. 

151. Saitou M, Fujimoto K, Doi Y et al. Occludin-deficient embryonic stem cells can differentiate into 
polarized epithelial cells bearing tight junctions. J Cell Biol 1998; 141:397-408. 

152. Conway Morris S. The fossil record and the early evolution of metazoa. Nature 1993; 361:219-225. 
153. Runnegar B. Collagen gene construction and evolution. J Mol Evol. 1985; 22:141-149. 
154. Ax P. The Hierarchy of life, molecules and morphology in Phyligenetic Analisis. In: B.B.K.a 

J.H.Fernholm, ed. Amsterdam Excepta Medica, 1989:229-45. 
155. Muller WE. Review: How was metazoan threshold crossed? The hypothetical Urmetazoa. Comp 

Biochem Physiol A Mol Integr Physiol 2001; 129:433-460. 
156. Muller WE, Schroder HC, Skorokhod A et al. Contribution of sponge genes to unravel the ge­

nome of the hypothetical ancestor of Metazoa (Urmetazoa). Gene 2001; 276:161-173. 
157. Schram FR. The Early Evolution of Metazoa and the Significance of Problematic Taxa. Cambridge 

University Press; 1991. 
158. Wilimer P. Invertebrate Relationships Patterns in Animal Evolution XIII. Cambridge, MA.: Cam­

bridge University Press; 1990. 
159. Green RC. A clarification of the two types of invertebrate pleated septate junction. Tissue Cell 

1981; 13:173-188. 
160. Green RC, Bergquist PR. Cell membrane specializations in the Porifera. Biologie des Spongiaires. 

Paris: Colloques Internationaux du Centre National de la Recherche Scientific; 1978:153-8. 
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CHAPTER 2 

Occludin, a Constituent of Tight Junctions 
Yan-Hua Chen, Daniel A. Goodenough and Qun Lu 

Abstract 

O ccludin was the first tight junction (TJ) integral membrane protein identified. This 
"65 kDa protein specifically localizes at TJs of epithelial and endothelial cells and is 
incorporated into the network of TJ strands. Occludin has a predicted tetraspan 

membrane topology with two extracellular loops and a large COOH-terminal cytoplasmic 
domain. Both extracellular domains are enriched with tyrosine residues, and in the first 
domain, more than half of the residues are tyrosines and glycines. Multiple domains of occludin 
are responsible for its localization and functions. Occludin interacts with many structural as 
well as signaling molecules and participates in the regulation of TJ functions. Although 
occludin-deficient mice show various phenotypes such as significant postnatal growth 
retardation, chronic inflammation, hyperplasia of the gastric epithelium, and calcification in 
the brain, the roles of occludin in vivo remain unclear since many epithelia in occludin null 
mice seem unaffected. 

Identification of Occludin from DifiPerent Species 
The first TJ integral membrane protein was identified in 1993 byTsukitas laboratory. Furuse 

et al̂  used the membrane fraction of adherens junctions isolated from the chick liver as antigen 
and obtained monoclonal antibodies (mAb) against a -65 kDa protein named occludin. 
Immunofluorescence and immunoelectron microscopy revealed that occludin was exclusively 
localized at TJs between both epithelial and endothelial cells. Subsemiendy, Tsukitas group 
cloned occludin cDNAs from human, mouse, dog, and rat-kangaroo. By sequence analysis, 
the three mammalian (human, murine, and canine) occludins are highly homologous to each 
other, but diverge considerably from those of chicken and rat-kangaroo. Three years later, 
Cordenonsi et al̂  obtained Xenopus laevis occludin cDNA, which showed -58% sequence 
identity to mammalian occludins and - 4 1 % identity to chicken and rat-kangaroo. Table 1 
compares the occludin sequence homology from different species to human occludin at the 
amino acid level. 

Several occludin splice variants have been reported. Muresan et al isolated a transcript 
encoding an alternatively spliced form of occludin (occludin IB) from MDCK cells. Occludin 
IB transcript contains a 193 base pair (bp) insertion encoding a unique amino terminal 
sequence of 56 amino acids. Occludin 1B is co-expressed with occludin in cultured MDCK 
and T84 cells as well as in various mouse tissues by indirect immunofluorescence method. 
Another alternative spliced isoform of occludin has been reported.^ This occludin variant 
(occludin TM4') lacks the fourth transmembrane domain containing 162 bp, which coincides 
precisely with occludin exon 4. Therefore, occludin TM4' could be generated by the exon 4 
deletion with the reading in frame with the downstream exon 5. Occludin TM4' is present at 
low levels in human Caco-2 cells, monkey BSCl cells, canine MDCK cells, murine CMT64/ 
61 cells and lung tissue by immunoblot analysis.^ Mankertz et al found by PCR using human 
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Table 1. Comparison ofoccludin sequence identity from different species 
to human occludin 

Species 

Human 
Dog 
Mouse 
Rat 
Xenopus 
Chicken 
Rat-kangaroo 

Amino Acids in ORF 
(Open Reading Frame) 

522 
521 
521 
523 
493 
504 
489 

Sequence identity 
(%) 

100 
91.9 
91.5 
88 
58 

45.6 
45 

Accession Number 

U49184 
U49221 
U49185 

NM_031329 
AF170275 

D21837 
U49183 

colon cDNA that there are three additional forms ofoccludin mRNAs with different in frame 
deletions in addition to the original full-length occludin mRNA. These products show altered 
subcellular distribution when expressed in human intestinal HT-29/B6 cells. The functions 
of these occludin variants are unknown. 

The identification ofoccludin presents the first experimental evidence supporting the model 
that TJ strands contain integral membrane proteins. This has opened the door for studying TJ 
structure and function at the molecular level and led to the discovery of the claudin family (see 
Chapter 3). 

Localization of Occludin at TJs 
Immunoelectron microscopy, freeze-fracture immunoreplica electron microscopy and indi­

rect immunofluorescence microscopy have been applied to visualize the location ofoccludin at 
TJs. Using a monoclonal antibody specific for occludin, Furuse et al̂  showed that occludin was 
precisely localized at the TJ region between chick intestinal epithelial cells as revealed by 
inmiunogold labeling (Fig. lA). On the freeze-fracture image, the inmiunogold particles were 
clustered along the TJ fibrils in chick hepatocytes (Fig. IB)^ and in MDCK cells (Fig. IC), 
indicating that occludin is a structural component of the TJ network. Figure 2 shows the 
immunofluorescence staining of occludin in cidtured cells as well as in tissues. Occludin is 
localized at the cell-cell junction of LLC-RKl cells (Fig. 2A), at the apical surface of blas-
tomeres of eaj^ly Xenopus embryo (Fig. 2B), in the epithelial cells lining the kidney tubules (Fig. 
2C), and in the blood vessels of adidt mouse brain (Fig. 2D). Besides its expression in brain 
endotheUal cells, occludin is also present at cell-cell contacts of cidtured endothelial cells '̂  
and localized at TJs of retinal pigment epithelial cells (RPE) in chick and mouse. ̂ '̂̂ ^ 

The staining pattern of occludin in tissues and the mechanism of occludin incorporation 
into TJs can be quite different in different tissues and cell types. Gonzalez-Mariscal et al 
observed very different immunostaining patterns of occludin in proximal and collecting 
tubules of rabbit kidney. In proximal tubules, occludin displayed a punctuated and discontinuous 
pattern along the cellular boundaries, while in the collecting tubules, occludin continuously 
labeled cellidar borders. The epithelium of collecting tubules has much higher TER value than 
the proximal tubule, but the relationship of occludin distribution to this physiology is 
unknown. Expression of occludin was also found in primary and secondary cultures of 
astrocytes. ̂ ^ Following treatment with 1% Triton X-100, occludin was completely extracted 
from astrocytic membranes, but not from MDCK cell membranes, suggesting a difference in 
the cytoplasmic and/or plasma membrane anchoring ofoccludin between these two cell types. 

Developmental r^;ulation ofoccludin expression and localization have been observed in sev­
eral tissue types. '̂ ^ For example, in the gastrointestinal traa of 3- to 21-day-old chick embryos, 
the immunoreactivity for occludin is not deteaed until day 4, and it gradually increases with 
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Figure 1. Localization of occludin atTJs by immunoelearon microscopy and freeze-fracture immunoreplica 
elearon microscopy. A) Chick intestinal epithelial cells were fixed, ultrathin cryosetioned, and labeled with 
an anti-occludin mAb. The immunogold particles indicated by the arrowheads were only present in the TJ 
region, not in the adherens junction (AJ) and desmosome (DS) regions. *microvilli. (Reproduced fi-om 
Furuse et al, J Cell Biol 1993; 123:1777-1788,̂  by copyright permission of the Rockefeller University 
Press.) B) On the freeze-fî acture replica of chick hepatocytes, the immunogold labeling for occludin was 
observed along the network of TJ strands. Filled arrow: strand on the P-face; Open arrow: groove on the 
E-face; Arrowheads: groove on the P-face. (From Fujimoto J Cell Sci 1995; 108:3443-3449,̂  with the 
permission of The Company of Biologists Ltd.) C) Freeze-firaaure replica of MDCK cells labeled by 
immunogold for occludin. Arrowheads indicate the gold particles associated with TJ strands. (Courtesy of 
Dr. Eveline Schneeberger, Massachusetts General Hospital). Bars: 100 nm in A; 200 nm in B; 80 nm in C. 

development. ^ By day 11, occludin immunoreactivity is observed only at the apical surfaces of 
the epithelial cells. Interestingly, the immunoreaaivity for occludin is clearly detected at the api­
cal end of the lateral membrane of neuroepithelial cells throughout the chick neural plate, but this 
activity is lost during neural tube closure. Moreover, by injeaing horseradish peroxidase into 
the amniotic cavity of mouse embryos, functional TJs are present in the neural plate, but not in 
the neural tube. The loss of occludin staining during the neural tube formation indicates the 
change of these neuroepithelial cells from the epithelial type into the neural precursor cell type. 

Expression of Occludin in Vitro 
Occludin has the ability to form TJ-like structures when expressed in vitro. For example, 

when chicken occludin is overexpressed in Sf9 insect cells by recombinant baculovirus 
infection, multilamellar structures are induced in the cytoplasm. ̂ ^ Thin section electron 
microscopy reveals that these multi-lamellar structures formed TJ-like structures. Moreover, 
on the freeze-fracture replica of these multi-lamellar structures, short TJ-like strands are 
specifically labeled by anti-occludin mAb. 

When mouse occludin is co-transfected with claudin -1 or -2 into mouse L fibroblast cells 
lacking TJs, occludin is recruited to freeze-fracture strands at cell-cell contact sites.'̂ ^ McCarthy 
et al ^ used an inducible system to transfect chick occludin into MDCK cells. By fi-eeze-fracture 
analysis, they found that the number of parallel TJ fibrils shifts from three strands in control 
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Figure 2. Immunofluorescent light microscopy of ocdudin localization in cultured cells as well as in tissues. 
A) LLC-RKl cells (rabbit kidney proximal epithelial cells) were fixed in 100% methanol and inununostained 
with an anti-occludin antibody. B) Frozen sections of unfixed gastrulae oiXenopus embryos were labeled 
with an anti-occludin antibody. The fluorescent signal surrounded the apices of surface blastomeres in the 
partial side-view of the embryonic surface. (Reprinted fi-om Merzdorf et al, Dev Biol 1998; 195:187-203,̂ * 
with permission from Elsevier.) C) Frozen seaions of mouse kidney were fixed in 100% methanol and 
stained with an anti-occludin antibody. Anti-occludin signals were shown in the epithelial cells lining the 
kidney tubules. G, glomerulus. D) Frozen seaions of mouse brain were fixed in 4 % paraformaldehyde and 
stained with an anti-occludin antibody. Occludin was observed in the endothelial cells of blood vessels and 
capillaries. Bar, 15 M̂m in A, 20 |im in B, C, and D. 

cells to four strands in cells expressing chick occludin. The mean width of the TJ network 
increases from 175 ± 11 nm to 248 ±16 nm. Overexpression of fuU length occludin in MDCK 
cells significantly increases the transepithelial electrical resistance (TER), su^esting that occludin 
is a functional component of TJs.^ '̂̂ ^ 

Occludin also confers adhesiveness when expressed in fibroblasts.^^ Stable expression of 
human occludin in NRK and Rat-1 fibroblast cells lacking endogenous occludin andTJ struc­
ture is able to induce cell adhesion in the absence of calcium. This indicates that the cell adhe­
sion induced by the occludin expression is independent of cadherin-cadherin contacts. Syn­
thetic peptides containing the amino acid sequences of the first extracellular loop inhibit the 
cell adhesion suggesting the direct involvement of the first extracellular loop of occludin in 
cell-cell adhesion. 

Functional Analysis of Occludin Domains 
Hydrophilicity plots predict that occludin contains four transmembrane segments, 

two extracellular domains, and a short intracellular loop. Both the NH2- and COOH-termini 
are located in the cytoplasm. ̂ '̂  Interestingly, the first extracellular domain of occludin contains 
high content of tyrosine and glycine residues (- 60% in human, mouse, dog, rat-kangaroo, and 
rat occludins, 46% in Xenopus occludin). The two extracellular loops have no net charge at 
neutral pH consistent with their participation in an extracellular hydrophobic barrier. 



Occluditiy a Constituent of Tight Junctions 23 

Many studies indicate that different structural domains of occludin are important for dif­
ferent functions. It has been shown that the extracellular domains are critical for occludin 
localization and tight junction sealing."̂ "̂ '̂ ^ The TER o^Xenopus kidney epithelial cells (A6) is 
gready reduced following incubation with a synthetic peptide corresponding to the second 
extracellular loop of occludin.^ This decrease in TER is associated with an increase in paracellidar 
flux of membrane-impermeable tracers, indicating the disruption of TJ barrier function. How­
ever, there are no changes in cell morphology as examined by scanning electron microscopy. 
Lacaz-Vieira, et al̂ ^ applied small synthetic peptides homologous to segments of the first extra­
cellular domain of occludin to A6 cell monolayers, and found that these peptides impaired the 
TJ resealing. Occludin proteins lacking the second, or both, extracellular domains are absent 
from TJs and found only on the basolateral surface of MDCK cells.̂ ^ This experiment suggests 
that the presence of the second extracellidar domain is required for integration of occludin into 
TJs. Tavelin et al̂ ^ reported that peptides corresponding to the NH2-terminus of the first 
extracellular domain of occludin increase the permeabiHty of TJs as judged by the increased 
paracellidar flux of [̂  C] mannitol. Interestingly, these peptides have to be added to the basolateral 
side of the monolayer in order to have an effect. This could be partially due to the degradation 
of peptides by apical peptidases and aggregate formation since a lipopeptide, which protects 
the peptide from degradation and aggregation, is effective when added to the apical side of the 
monolayer. ̂ ^ Blaschuk et al̂ ^ demonstrated that a LYHY sequence located in the second extra­
cellular domain of occludin is an occludin cell adhesion recognition sequence. This short pep­
tide inhibits the establishment of endothelial cell barriers in vitro and in vivo, and also prevents 
the a^re^ation of fibroblasts stably transfected with occludin cDNA. 

The NH2-terminal half of occludin also plays an important role in TJ assembly and barrier 
function. For example, Bamforth et al showed that an occludin construct lacking 
NH2-terminus and extracellular domains exerts a dramatic effect on TJ integrity. Cell mono­
layers transfected with this deletion construct have a lower TER and increased paracellular flux 
to small molecular tracers although the mutant protein is correcdy targeted to theTJ. Further­
more, gaps are found to have been induced in the P-face associated TJ strands, as visualized by 
freeze-fracture electron microscopy. The study reported by Huber et al̂ ^ indicated that the 
NH2-terminal domain of occludin is important for the transmigration of neutrophils across 
epithelial sheets, but does not affect the paracellular permeability. Introduction of N-linked 
glycosylation sites into the two extracellular domains causes the glycosylated occludin unable 
to integrate into TJs.^^ It was found that glycosylated occludin accumulate in the basolateral 
membrane, which suggests that occludin is first inserted into basolateral membrane. 

Studies from different laboratories indicate that the COOH-terminus of occludin is required 
for TJ function.'̂ '̂̂ '̂̂ ^ When COOH-terminally trimcated chicken occludin is stably expressed 
in MDCK II cells, mutant occludin is incorporated into TJs, but exhibits a discontinuous junc­
tional staining pattern as revealed by confocal immunofluorescence light microscopy."̂ ^ However, 
no abnormal TJ morphology is observed on thin section electron micrographs or freeze-fraatu-e 
electron microscopic images. More interestingly, overexpression of this mutant occludin in MDCK 
II cells causes an increase of both TER and paracellular permeability. This paradox has not been 
resolved. One explanation could be that the overexpression of mutant occludin may lead to the 
increased numbers of paracellular pores formed by occludin that are permeable only to neutral 
molecules and the decreased numbers of paracellidar channels formed by claudins that are per­
meable only to ions. In this scenario, both increased TER and paracellular permeability could be 
observed. Another explanation could be that recent transepithelial flux measurements have sug­
gested that mannitol may not be a reliable reporter of tight junaion small molecule flux since its 
flux across the epithelial cell lines does not correlate well with the TER.^^ Introduction of 
COOH-terminally truncated occludin into Xenopus embryos results in an increased paracellular 
leakage of low molecular tracers as shown in Figure 3.^^ The leakage induced by the mutant 
occludin can be rescued by coinjection with full-length occludin mRNA Immunoprecipitation 
analysis of detergent-solubilized embryo membranes reveals that the exogenous occludin is bound 
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Figure 3. Expression of mutant occludin disrupted the barrier funaion ofTJ in Xenopus embryos. mRNAs 
transcribed from full-length or mutant occludins were microinjeaed into the antero-dorsal blastomere of 
eight-cell embryos. 6 hours after injection (2,000 cell blastula), the embryos were labeled by incubation in 
1 rr^ml NHS-LC-biotin for 12 minutes at 10'C, then washed and fixed. Frozen seaions were stained with 
RITC-avidin. The staining of NHS-LC-biotin appeared as a thick continuous line on the surface of 
blastomeres. The TJs in the embryos injected with full-length (A, 504 amino acids), or the least 
COOH-terminally truncated (B, 486 amino acids) occludin mRNAs were impermeable to the biotin tracer. 
In contrast, in the embryos injeaed with two COOH-terminally truncated occludins (C, 386 amino acids, 
and D, 336 amino acids), the TJs were leaky and therefore, the biotin tracer penetrated into the intercellular 
spaces. Bar, 10 |Lim. (Reproduced from Chen et al, J Cell Biol 1997; 138(4):891-899,̂ ^ by copyright 
permission of the Rockefeller University Press.) 

to endogenous Xenopus occludin in vivo, indicating that occludin forms oligomers during the 
normal process of TJ assembly. These data demonstrate that the COOH-terminus of occludin is 
required for the correa assembly of TJ barrier function. COOH-terminai domain of occludin is 
also sufficient to mediate direa basoiateral targeting of a reporter protein, indicating that it con­
tains a basolateral-targeting determinant.^^ Further support for the function of COOH-terminus 
of occludin in its TJ targeting comes from a connexin-occludin chimera study. Connexins are the 
integral components of gap jimctions that are between the lateral membranes of epithelial cells. 
However, connexin-occludin chimeras are localized within TJ fibrils when expressed in MDCK 
cells as assessed by immunofluorescence and immunogold freeze-fracture imaging.^ This chi­
mera contains transmembrane and extracellular domains of connexin 32 and the COOH-terminal 
half of occludin. Therefore, it seems likely that the localization of chimeras at TJs depends on the 
COOH-terminal domain of occludin. 

Occludin Interacting Proteins 
Occludin is able to interact with many proteins. Table 2 is a list of known occludin interacting 

proteins. 
Besides the above molecules, occludin also interacts directly with F-actin and does not 

require other scaffolding proteins for this interaction."^^ All proteins listed in Table 2 interact 
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Table 2. Ocdudin interacting proteins 

M.W. 
kDa 

TJ associated proteins 

ZO-1 220 

ZO-2 

ZO-3 

Cingulin 

160 

130 

140-160 

Binding Site/ 
Method Used Possible Roles 

GUK domain/GSTLocalization of 
pull-down occludin at TJ 

N-terminal dig-like 
domain/Co-IP 

Unknown/Affinity resin 

Unknown/GST 
pull-down 

Gap junction (GJ) proteins 

Connexin 32 32 Unknown/Co-IP 

Connexin 26 26 

Signaling molecules 

PKC^(Protein 80 
kinase C) 

PKC 

c-Yes 

c-Src 

Subunit of 
PI3-kinase 

CK2 (Casein 
kinase 2) 

80 

62 

60 

85 

39 

CPE (Clostridium 90 
perfringens 
enterotoxin) 

E3 ubiquitin-
protein ligase 
Itch 

VAP-33 

120 

33 

Unknown/Occludin 
bait peptide 

Unknown/Occludin 
bait peptide 

Unknown/Kinase 
assay; Peptide mass 
fingerprint 

Unknown/Occludin 
bait peptide; Co-IP 

Unknown/GST pull-down 

Unknown/Occludin bait 
peptide; GST pull-down 

Unknown/Kinase assay; 
Peptide mass fingerprint 

Unknown/IP 

W W motifs/Yeast 
two-hybrid screen; 
Co-IP 

Unknown/Yeast 
two-hybrid screen; 
Subcellular fractionation 

Form a complex 
to Establish TJ 

Linkage between 
occludin and F-actin 

Unknown 

Regulation of occludin 
expression 

Proximity of TJ 
and GJ 

Regulation of actin 
function 

Regulation of occludin 
function at TJ 

TJ formation and 
regulation 

Disruption of TJ 

Affecting actin 
polymeration; 
Oxidative stress-
induced disruption 
ofTJ 

Regulation of occludin 
phosphorylation 

CPE-induced 
cytotoxicity 

Ubiquitination of 
occludin 

Vesicle targeting; 
Regulate occludin 
localization 
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Roles of Ocdudin Phosphorylation 
Ocxludin migrates as a cluster of multiple bands (62-82 kDa) on SDS gels resulting from 

multiple phosphorylation of serine and threonine residues.̂ ' '̂ ^ Using a monoclonal antibody 
specific for phosphorylated occludin, Sakakibara et al̂ "̂  found that highly phosphorylated 
occludin selectively concentrates at the TJ region of chick intestinal epithelial cells. Occludin 
can be direcdv phosphorylated by several protein kinases including PKC and CK2 in vitro."̂ '̂̂ ^ 
Smales et al̂  used a recombinant COOH-terminal fragment of occludin as a substrate, and 
incubated the fragment with a kinase obtained from crude extracts of brain. This kinase was 
later identified as CK2 by peptide mass fingerprinting, immunoblotting, and mutation of 
CK2 sites within the occludin sequence. 

Phosphorylation of occludin may be important for tight junction formation since occludin 
phosphorylation and dephosphorylation are closely associated with TJ assembly and disassem­
bly. ' In a calcium-switch model, when monolayers of MDCK cells are exposed to pro­
longed Câ ^ starvation, the TJ complex is disassembled.̂  In this case, occludin is no longer 
localized at cell surface, and the phosphorylated 71 kDa band of occludin disappears on west­
ern blots. For endothelial cells, Kevil et al̂ ^ reported that occludin is heavily phosphorylated 
on serine residues upon H2O2 administration. The H202-mediated elevation in endothelial 
solute permeability and alterations in occludin localization and phosphorylation, are all blocked 
by MEK-1 inhibitor, PD 98059. This suggests the involvement of ERK1/ERK2 signaling 
pathway in the regulation of endothelial TJ integrity. 

Occludin is phosphorylated upon the addition of the PKC activators PMA or diC8 to 
MDCK cells incubated in low calcium medium. The redistribution of occludin from the 
cytoplasm to the lateral plasma membrane is observed after the treatment of MDCK cells with 
PMA or diC8. The PKC inhibitor GF-109203X markedly inhibits both the phosphorylation 
of occludin and its incorporation into TJs induced by Ca"̂ -̂ switch. In vitro experiments show 
that the recombinant COOH-terminal domain of murine occludin can be phosphorylated by 
purified PKC. Further experiments identify Ser (338) of occludin as an in vitro PKC phospho­
rylation site by using peptide mass fingerprint analysis and electrospray ionization tandem 
mass spectroscopy. These findings indicate that PKC may regulate the phosphorylation and 
cellular localization of occludin at TJs. However, other studies show that PKC activation by 
TPA or PMA leads to dephosphorylation of occludin, and an increase in TJ permeability in 
LLC-PKl and human corneal epithelial cells.̂ '̂̂ ^ Since there are so many PKC isoforms, dif­
ferent isoforms could have opposite effects on occludin phosphorylation and TJ fiinction in 
different types of cells. 

Studies of tyrosine phosphorylation have also revealed contradictory data on TJ physiology. 
Inhibition of tyrosine phosphatase activity has been reported to result in decreases in TER and 
increases in paracellular permeability in both epithelial and endothelial cells. ^ ^ For example, 
the tyrosine phosphatase inhibitor, pervanadate, causes a concentration- and time-dependent 
decrease in TER in both MDCK and brain endothelial cells. Tyrosine phosphorvlation of 
occludin decreases its interaction with ZO-1, ZO-2, and ZO-3 in Caco-2 cells.̂ ^ In other 
studies, PI3-kinase plays a role in oxidative stress-induced disruption of TJs. ^ PI3-kinase in­
hibitor, LY294002, prevents oxidative stress-induced tyrosine phosphorylation of occludin and 
dissociation of occludin from the actin cytoskeleton. 

A number of studies have shown that tyrosine phosphorylation can be positively and tem­
porally correlated with tight junction assembly and ftinaion."^^'^'^^ Tsukamoto and Nigam^^ 
provided the first evidence that occludin is tyrosine phosphorylated and that tyrosine kinase 
activity is necessary for TJ reassembly during ATP repletion. Chen et al^ demonstrated that 
occludin is tyrosine phosphorylated when localized at TJs. When Câ * is depleted from the 
culture medium, occludin tyrosine phosphorylation is diminished in minutes fi-om MDCK 
cells, which correlates with a significant reduction in TER Reconstitution of Câ ^ restores 
occludin tyrosine phosphorylation that is temporally associated with an increase in TER. More­
over, occludin forms an inmiunoprecipitable complex with nonreceptor tyrosine kinase c-Yes, 
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and this complex dissociates when the cells are incubated in Ca'̂ -̂free medium or treated with 
a c-Yes inhibitor, CGP77675. In the presence of c-Yes inhibitor after Ca^^ repletion, occludin 
tyrosine phosphorylation is abolished and the increase of TER inhibited. These results provide 
strong evidence that tyrosine phosphorylation of occludin is tighdy linked to TJ formation in 
epithelial cells and that tyrosine kinase c-Yes is involved in the regidation of this process. 

In epithelia of Xenopus embryos, occludin dephosphorylation is correlated with the de 
novo assembly of TJs. Occludin migrates as a 61 kJDa protein on the immunoblot in unfertil­
ized eggs, but presents as midtiple bands with 57-60 kDa in fertilized eggs and in early cleav­
ages up to blastula stage 8. In gastridae, neurulae and tailbud stage embryos, occludin migrates 
as a 57 kDa protein. This mobility downshift was specifically reproduced by treatment of e ^ 
extracts with a phosphatase, indicating that it is due to dephosphorylation. These studies, 
together with the findings discussed above, suggest that occludin phosphorylation may play 
different roles in different biological systems. In addition, phosphorylation of specific residues 
by different kinases may have different functional consequences. 

Regulation of Occludin by Signaling Molecules 
Occludin localization and function can be regidated by many signaling molecules and path­

ways including the Rho family small GTPases, Par proteins and aPKC,^ '̂̂ ^ G proteins,^^ 
'^ proinflammatory cytokines and cytotoxic necrotizing factor-1,^^^^ hormones and growth 
factors,̂ ^-^^ ERKl/2 and p38 MAP kinase padiway,^ '̂̂ ^^^ PKA- and PKC-dependent path-
way^ '̂̂ ^ and protein phosphatases and PLCy.^'^^ Not surprisingly, occludin in different cells 
responds differendy to the activation and inactivation of different signaling pathways. 

In MDCK cells, Rho signaling is required for TJ assembly. Constitutive Rho activation 
causes an accumidation of occludin at the cell junction, while Rho inhibition results in de­
creased localization of occludin at the cell junction. Expression of an activating Rho mutant 
protein increases levels of occludin phosphorylation, indicating that occludin is a target for 
Rho signaling. In a different study, however, Jou et al̂ "̂  reported that occludin distribution in 
MDCK cells is disrupted by constitutively active mutants RhoAVl4 and Racl V12, but not by 
dominant negative mutants RhoAN19 and RaclN17. All RhoA and Racl mutants result in 
decreased TER and increased paracellular flux. Differences in occludin localization induced by 
Rho inhibition might result from different methods used in the studies: Rho inhibitor (C3 
transferase) versus dominant negative construct (RhoAN19). 

Activation of the MAP kinase pathway disrupts TJ structure and function in several cell 
lines, such as rat salivary gland epithelial cell line Pa-4, Ras-transformed MDCK cells, in addi­
tion to human corneal epithelial cells.̂ '̂̂ '̂̂ "̂  Li and Mrsny^^ demonstrated that transfection of 
a constitutively active construct of Raf-1, a MEK-1 kinase, into Pa-4 cells results in a complete 
loss of TJ function. The cells transfeaed with Raf-1 display a stratified phenotype that lacked 
cell-cell contaa growth control. The expression of occludin is downregulated in these cells. 
More importandy, introduction of occludin into Raf-1 transfected cells results in reacquisition 
of normal epithelial phenotype and functionally intact TJs. Similarly, in my-transformed MDCK 
cells, TJ structure is absent and occludin is present only in the cytoplasm.^^ These cells show 
fibroblastic morphology and grow on top of each other. When Ras signaling is attenuated by the 
inhibition of MAP kinase pathway using MEKl inhibitor, TJ structure and function are re­
stored, occludin is concomitandy recruited to the cell-cell contaa areas and cells resume their 
normal epithelial phenotype. Therefore, constitutive aaivation of MAP kinase pathway nega­
tively regulates TJ assembly and function. However, Macek et al̂ ^ recendy reported that in 
claudin-1 expressing T47-D cells (low Ras activity) and claudin-1 negative MCF-7 cells (el­
evated Ras activity), no quantitative changes of mRNA or protein levels of occludin can be 
detected after inhibition of MAP kinase pathway by MEKl inhibitor. Also, there is no differ­
ence in TER and paracellular flux between these two cell lines. It seems likely that the regidatory 
machinery of TJ is complex and different in different cell lines depending on the origin of the 
cell, the physiological and pathological state of the cell, and the genetic backgrotmd of the cell. 
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Phenotypes of Occludin-Deficient Mice 
Occludin-deficient mice display complex phenotypes. These mice show significant posmatal 

growth retardation with -75% of normal weight at 8 weeks of age. Interestingly, occludin'^ 
' females do not suckle their litters, resulting in neonatal death. Histological examination 
reveals a chronic inflammation and hyperplasia in the gastric epithelium of occludin null mice. 
Gastritis develops around 10 weeks of age and becomes very severe around 28 weeks of age. A 
progressive accumidation of calcium and phosphorus deposits is observed in the cerebellum 
and basal ganglia of occludin null mice using electron microscopy with energy dispersive X-ray 
microanalysis. Abnormalities are also found in the bone. In occludin null mice, the compact 
bone is significandy thinner than that of wild-type controls. However, despite these complex 
phenotypes, occludin-deficient mice form morphologically normal TJ strands. The TJ barrier 
function in intestinal epithelium is also normal as measured by TER. These results are 
consistent with the previous report that occludin-deficient ES cells can differentiate into 
polarized epithelial cells bearing a well-developed network of TJ strands.̂ ^ It is clear fi-om these 
studies that occludin is not required for the formation of TJ strands and its role in TJ barrier 
function can partially be compensated by other TJ membrane proteins in vivo. 

Occludin in Cancer Cells 
TJs are crucial for maintaining the cell polarity and junctional integrity. In many cancer 

tissues, cells lose their polarity and cell junctions are disrupted. These cells then become 
undifferentiated and begin to migrate. Occludin expression is often downregulated in human 
cancers. ' For example, in human prostate cancer, occludin expression is completely lost in 
unpolarized cells of high Gleason grade tumors (Gleason 4 and above), but remains expressed 
in cells facing a lumen in all grades of cancer.̂ ^ Therefore, the loss of occludin expression is 
closely associated with the loss of cell polarity. Malignant brain tumors cause cerebral edema 
because they have leaky endothelial TJs, which allow plasma fluid to enter the brain fi-om the 
microvessel lumen. Using immunohistochemistry and immunoblotting methods, Papadopoulos 
et al̂ ^ found that occludin expression is decreased in high grade (III or IV) brain tumors 
compared to that of non-neoplastic brain tissue samples. Similarly, in human gastric cancer, 
the expression of occludin mRNA in moderately and poorly diflerentiated groups is gradually 
reduced when compared with well-differentiated groups, su^esting a significant correlation 
between tumor differentiation and the expression of occludin mRNA.̂ ^ Most recently, Tobioka 
et al also reported that occludin expression decreases progressively in parallel with the 
increase in carcinoma grade, and the decreased occludin expression correlates with myometrial 
invasion and lymph node metastasis. All these studies suggest that the loss of occludin 
expression is closely associated with the loss of cell polarity, the cell de-differentiated state and 
the progression of human tumors. 

Summary 
Occludin was the first integral membrane protein identified in TJ strands, but it is not 

required for the formation of TJ strands. Studies of occludin assembly, domain fiinction, and 
r^;ulation by phosphorylation and signaling molecules yield rich, although sometimes contradic­
tory information that suggests its regulations in different biological systems are complex. 
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CHAPTER 3 

Tight Junction Channels 
James Melvin Anderson and Christina M. Van Itallie 

Abstract 

Transport across epithelia occurs through both transcellular and paracellular pathways. 
Transcellular movement of solutes and ions through transporters and channels is 
energy-dependent, directional, highly selective and regulated. Paracellular transport 

occurs through tight junctions, which behave like charge- and size-selective channels, but with 
a lower degree of selectivity than transcellular channels and lack their directional rectification. 
Until recendy the molecidar nature of tight junction channels was unknown. Now it appears 
that a large family of transmembrane proteins called daudins creates the tight junctions' seleaive 
barriers and channels. Manipulation of claudins in cell cidture models and mice support this 
role, as do the phenotypes of disease-causing mutations in several human claudin genes. Claudins 
are related to other tetraspan proteins, including PMP-22, epithelial membrane proteins (EMPs) 
and the lens fiber protein MP20, whose diverse ftinctions suggests tight junctions may also 
have a role in cell growth, apoptosis and cancer. 

Tight junctions are continuous adhesive cell-cell contacts, which form selective barriers in 
the paracellular space between epithelial cells. They are not complete barriers but operate like 
channels, selectively limiting transepithelial movements of ions, solutes and water. Barrier prop­
erties vary among epithelia in terms of elearical conductance and size and charge selectivity and 
are regulated by both physiologic and pathophysiologic stimuli. Although the physiologic prop­
erties of paracellular transport were well described by the late 1960 to early 1970s,^ the first 
major insight into the molecular basis for the barrier was made in 1998 with discovery of the 
claudins.^ In keeping with the goals of this book, we will present the evidence that claudins 
create tight junction channels, including some of our own work, and speculate on the role of 
the extended claudin family. Other contributions in this book describe other transmembrane, 
cytosolic signaling and scaffolding proteins and the possible role of tight junctions in cell 
signaling, disease and cancer. Several excellent reviews are available describing molecular 
components of the junction, its regulation^"^^ and pathophysiology.^"^ 

Channel-Like Properties of Tight Junctions 
Paracellular transport through the tight junction is passive, driven by electro-osmotic gradients 

and shows identical selectivity and conductance in both the mucosal and serosal directions.^ 
Solute and ion movements represent either "back leak" from gradients established by active 
transcellular transport or external gradients created for example in the gut by ingestion of a 
meal. The three major variable characteristics of tight junctions are electrical conductance, size 
and charge selectivity. Conductance is the most variable and ranges over five orders of magnitude 
between so-called "leaky" and "tight" epithelia. Leaky epithelia are defined as having half or 
more of their total conductance through the tight junction. They are found in epithelia like the 
small intestine, which move large volumes of isosmotic fluid.^ "Tight" tight junctions are found 
where high electro-osmotic gradients are required, as in the distal nephron.^ Although all tight 
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junctions show charge selectivity, tissue specific differences are only meaningful in leaky 
epithelia, where there exists sufficient ion movement to make paracellular discrimination 
relevant. Experimentally, selectivity is most often measured as the permeability ratio for 
sodium to chloride (pNa+ / Pel-) and varies among tissues and cultured epithelial cell lines by 
about 30-fold;̂ ^ most epithelia in the body are cation-selective.^ 

The tight junction behaves as a barrier perforated by relatively large aqueous pores capable 
of discriminating charge and size.̂ ' '̂  This is supported by the observation that the permeability 
for hydrophilic nonelectrolytes is inversely related to size, up to a cut-off characteristic for each 
tissue,^ suggesting passage through restricted aqueous spaces. The range for size cut-off is 
relatively narrow among epithelia («7-15 A), while some endothelial tight junctions permit 
larger solutes (40-60 A).̂ ^ The permeability differences among the monovalent alkali-metal 
cations are small and such a low discrimination for similarly charged but differently sized 
cations is also consistent with a relatively large pore size.̂  Though larger and less discriminating, 
paracellular pores share with transmembrane ion channels an influence of ion concentration 
on permeability and competition between different transported molecules. 

The physical tight junction barrier occurs where continuous rows of transmembrane 
proteins from adjacent cells contact in the intercellidar space (Fig. 1A,B). These proteins can 
be visualized by freeze-fracture electron microscopy as interconnected rows of particles; 
different niunbers of rows and varying d^ees of cross-bridging among rows are seen in different 
epithelia. ̂ ^ It was once thought the number and complexity of strand networks correlate with 
electrical resistance but it now appears the protein composition of the strands is the most 
important determinant. The physiologic implications of strand complexity remain obscure. 

The Claudin Family and Its Extended Relatives 
A fundamental breakthrough in understanding the barrier structure came in 1998 when 

the group led by S. Tsukita isolated the first claudins, and showed that they both reconstitute 
strands when expressed in claudin-nidl fibroblasts^ and confer cell-to-cell adhesion.̂  

Claudins are tetraspan proteins, ranging from 20-25kDa and are recognized by the WGLWCC 
motif of conserved amino acid residues in their first extracellidar loops (Figs. 1,2). There is no 
direct evidence the cysteines form a disidfide bond but it seems possible given the oxidizing 
extracellidar environment and their total conservation among claudins. The first extracellidar 
loops range from 41-55 aa residues, the second 10-21 aa residues and the cytoplasmic tails 21-44 
aa residues. They all end in PDZ binding motifs, which bind PDZ domains in the cytoplasmic 
scaffolding proteins ZO-1 (2 and 3)̂ ^ and MUPPl̂ '̂̂ ^ and possibly other proteins. ZO-1 has 
three PDZ domains and MUPPl thirteen, su^esting they can link several claudins together 
along the strand. There are no published data on the significance of the conserved GLW motif. 
Conceivably they participate in claudin-to-claudin adhesion since several claudins, which lack 
other conunon sequences are capable of heterotypic interaaions. Some mammalian claudins, 
for example claudin-1, appear rather ubiquitously expressed while others are restriaed to specific 
cell type? '̂̂ ^ or periods of development.̂ *̂̂ ^ Two other distinct transmembrane proteins are 
present in mammalian tight junctions but neither is convincingly involved in forming the chan­
nel. Occludin,̂ "̂  was discovered before claudins. Occludin null mice have tight junctions, are 
viable and develop a complex set of phenotypes with age that are not easy to rationalize as barrier 
defects.̂  The second are the junction adhesion proteins (JAM 1,2,3). They are single-pass mem­
brane proteins of the Ig-superfamily and may be involved in adhesion. 

Beyond the conventional claudins are a large number of structurally related proteins but 
whose potential functional similarities are largely unexplored. They can be found at the NCBI 
(National Center for Biotechnology Information) website designated as the pfam00822 protein 
family, http://www.ncbi.nlm.nih.gov/Structure/cdd/cddsrv.cgi?uid=1378. They too are about 
20-25kD and share the tetraspan topology and WGLWCC signature motif residues (Figs. 1, 2) 
and a majority of pfam00822 members end in a PDZ binding motif (Fig. 1). Although origi­
nally described by nonbarrier properties and having low sequence identity, some the pfam00822 
proteins appear to share barrier-forming functions with the conventional claudins. 
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Figure 1. A) Molecular model of claudin. Claudius cross die member four times and have intracellular N-
and C-termini. The first extracellular loops range firom 41 -5 5 aa residues and contain the signature WGLWCC 
motif (black circles). The second loops are smaller, 10-21 aa residues. The cytoplasmic tails are 21-44 aa 
residues and all end in a PDZ binding motif, which bind PDZ domains in the cytoplasmic scaffolding 
proteins ZO-1 (2 and 3) and MUPPl. This topology and the signature residues are shared by all members 
of the PMP-22/EMP/MP20/Claudin family, aldiough not all have PDZ binding motifs. B) Hypothetical 
model depicting how claudins might form continuous barrier rows and adhere in the paracellular space 
between adjacent cells. The extracellular loops form aqueous channels, possibly of different sizes. The 
charged amino acid side chains lining the channels can influence conduaance and charge seleaivity. 
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Figure 2. A) Sequence alignment of the first extracellular loop of members of the human PMP22/EMP22/ 
MP20/Clauclin family. Signature residues are shaded, WGLWCC. Claudin-1 is shown as a representative 
of the orthodox claudins. EMP22 (epithelia membrane protein 22), PMP22 (peripheral myelin protein), 
MP20 (lens intrinsic membrane protein), the ganmia-5 subunit of the neuronal voltage-gated Câ ^ channel 
and CLP24 (claudin-like protein-24). The C-terminal most sequences are truncated by the number of 
residues shown in parentheses. B) First extracellular loop of claudin-15 showing signature residues (shaded) 
and charged residues (+&-). Positions 1, 2 and 3 represent acidic residues mutated to basic residues and 
tested for efFeas on paracellular ionic charge seleaivity of the channels. Positions 2 and 3, but not 1, were 
found to enhance cation permeability in the WT protein and reverse to anion seleaivity when mutated to 
cationic residues. See text. C) Charged residues in the first extracellular loop of claudin-16. This loop has 
a high negative charge relative to other claudins. Mutations in human claudin-16 suggest it aas as a cation 
channel, perhaps consistent with the negative charges lining an aqueous channel and enhancing cation 
relative to anion permeability. 

The most homologous to claudins are eye lens specific membrane proteins (MP20); ^ 
epithelial membrane proteins (EMP-1, -2, -3)̂ ^ and peripheral myelin protein 22 (PMP22)^^ 
(Fig. 2A). MP20 is one of the most prevalent proteins of the lens fiber cells; human mutations 
in MP20 cause cataracts.̂ '̂  Although lens junctions lack the strands of tight junctions, the 
location of MP20 in the eye corresponds to the location of the paracellular diffusion barrier for 
dyes. PMP22 is highly expressed in Schwann cell junctions, required for myelinization and 
studied for many years for its role in apoptosis and cell proliferation.̂ ^ Mutations in PMP22 
account for two types of peripheral polyneuropathies^^ (Table 1). While only 19% identical to 
human claudin-1 it was recently shown to be a component of tight junctions in liver, 
intestine^^ and the blood-brain-barrier^^ and could arguably be designated a claudin. CLP24 
was recently cloned as a transcript upregulated by hypoxia. Although only 8% identical to 
claudin-1, when expressed in cultured MDCK cells it increases paracellular flux of tracer 
molecules and localizes to the apical junction complex.^ Interestingly, it colocalizes at the 
adherens junction but not tight junction. The relationship of EMPs to claudins remains unre­
solved. Their subcellular location have not been reported and the focus of research has been on 
their role in apoptosis.̂ ^ They were recendy described as binding partners for the purineurgic 
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Table 1, Human hereditary diseases 

Gene Disease Pathology/Mechanism Reference 

Tight junctions 
Cln-14 Deafness, DFNB29 
Cln-16 Hypomagnesemia hypercalciuria 

with nephrocalcinosis 

idiopathic hypercalciuria 
ZO-2 (TJ2) Familial hypercholanemia 

Pfani00822 family members 
PMP22 Peripheral polyneuropathies 

Charcot-Maire-Tooth Type 1A 
Dejerine-Sottas syndrome 

MP20 Cataracts 

Cochlear hair cell degeneration 
Defective renal Mg++ reabsorption 

Decrease ZO-1 binding 
Reduced claudin binding 

Defective myellnization 

Wilcox^^ 
Simon^o 

Muller" 
Carlton" 

Brancolini^^ 

Praŝ  

P2X7 ATP-gated family of ion channels and required for ATP to induce apoptosis in a culture 
cell model.^ Very distant members of the pfam00822 are gamma subunits of voltage-dependent 
calcium channels. They are larger but share the topology and signature residues (Fig. 2). Ganmia 
subunits bind pore-forming alpha subunits and are required for proper membrane delivery of 
alpha.̂ ^ A quick database search reveals even more claudin-like proteins and it will be interesting 
to see how far their functional similarities extend. 

Claudin gene families are found across a wide range of midticellular animals. The human 
and mouse genomes contain at least twenty four.̂ ^ The puffer fish Takijugu contains fifty six 
claudin genes, although this animal has other examples of gene expansions that lack obvious 
biologic significance. The barrier-forming junctions of invertebrates, septate junctions, are 
structurally quite different from tight junctions, thus it is surprising to find claudin-like 
proteins in both flies and worms and learn they are required to form epithelial barriers. 
Drosophila has six claudin sequences."̂ '̂"̂ '̂̂ "̂  Two of them, Megatrachea {Mega) and Sinuous 
{Sinu) ^ are expressed at the barrier-forming septate junctions; mutations in Mega disrupt the 
intercellular barrier. Mutations of either result in developmental defects in the size and shape of 
the tracheal epithelium. While only 16% identical to human cln-1 the fly proteins contain the 
conserved WGLWCC motif Five claudin-like sequences have been identified in C elegans ^ 
and mutation of claudin-like protein 3 results in disruption of the barrier between epithelial 
cells of the intestine. 

Lessons from Cell Culture Models 
Many lines of evidence point to claudins as the basis for the selective size, charge and 

conductance properties of the paracellular pathway. This has been most directly tested by 
introducing selected claudins in cultured epithelial cell models, typically the renal tubule lines 
MDCK and LLC-PKi cells. A drawback of this approach is that cidtured epithelial cells already 
express a background of multiple claudins. Thus, one cannot define a unit of activity but can 
only document changes from the backgroimd, for example, does monolayer conductance go 
up or down, or selectivity change for cations or anions. Without the equivalent of patch clamping, 
this will continue to be a limitation in the field of tight junction channels. 

The first such experiments were conducted in very low resistance MDCK type II cells. 
Expression of claudin-1 resulted in an increase in transepithelial electrical resistance, ' which 
was interpreted as due to high cell-cell adhesion. In contrast, expression of claudin-2 in high 
resistance MDCK type I monolayers made them leakier. Rather than propose that claudin-2 
forms leaky channel the authors offered the alternative explanation that claudin-2 could not 
pair with existing claudins and created breaks in the seal. 
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Transepithelial resistance is experimentally measured as the impediment to charged solutes 
moving through the junction under an imposed electrical field. Thus, the changes following 
expression of claudin-1 and-2 might be due to their contributing different ion permeabilities 
from the background, not that they close or open the paracellular space, respectively. Our 
group Ix^an to test this model by measuring the separate permeabilities for Nâ  and CI' following 
expression of claudin-4 in MDCK cells. At baseline these cell are very low resistance and have 
a higher Na^ than CI' permeability. Expression under a regulated promoter induced a 
dose-dependent increase in resistance that was completely explained by discrimination against 
cations.^^ These results suggested that claudin-4 creates channels that discriminate against 
cations. Subsequendy, similar discrimination against cations relative to anions was observed 
for claudin-8^ '̂ and the opposite charge selectivity was demonstrated for claudin-2. ^ These 
results support a model where claudins create charge-selective channels. 

We reasoned that charges on the extracellular loops of claudins might line the aqueous 
pores and electrostatically influence passage of soluble ions. To test this direcdy, we created a 
series of charge reversing mutations in the first extracellular loop of claudin-15 and expressed 
them in MDCK cells.^ Positions are shown in Figure 2B. Claudin-15 has three negative 
residues in the first loop, in addition to one positive charge that is relatively conserved among 
claudins. Consistent with the model, expression of claudin-15 increases the permeability for 
cations and decreases that for anions. Reversal of the charge at position 1 had no effect on 
selectivity. Mutation of either position 2 or 3 decreased cation permeability and a double 
mutation gave an additive discrimination, turning a cation selective into an anion selective 
epithelium. 

Collectively, these results support the charged channel model. Further indirect support is 
provided by the phenotype resulting from human mutations in claudin-16 (paracellin-1). 
Homozygous null individuals have reduced cation permeability through tight junctions of the 
thick ascending loop of Henle,̂ ^ suggesting claudin-16 is a cation channel. Coincidendy, 
claudin-16 has many negative residues in the first loop (Fig. 2C). Models of how pores might 
be organized within strands are well reviewed by Yu.̂  

Lessons from Heritable Human Diseases 
Presendy, human diseases are known to result firom mutations in genes encoding claudin-14^^ 

and 16̂ °'̂ ^ and the cytoplasmic claudin-binding scaffold ZO-2,̂ ^ but it is likely that more will 
be described in the fixture. 

The claudin-16 mutations are the easiest to rationalize as channel defects. Claudin-16 is 
largely restricted to the kidney, where it is found in tight junctions in the thick ascending loop 
of Henle.̂ ^ This segment of the nephron develops an intraluminal positive electrical potential, 
which drives cations, such as Mg,̂ ^ back through the tight junction to the blood. Total body 
Mĝ ^ homeostasis is largely controlled by passive electro-diffusion at this site. In 1998, 
positional cloning identified claudin-16 (paracellin-1) as the gene responsible for a rare Mĝ ^ 
wasting disease called familial hypomagnesaemia with hypercalciuria and nephrocalcinosis 
(FHHN).^^ It presents in childhood with weakness and seizures due to low blood Mĝ ^ levels 
and later progresses to renal failure because of interstitial calcium deposition. Urinary Mĝ ^ 
and Câ ^ losses appear to be due to inability of tight junctions in the TALH to allow paracellular 
reabsorption of cations from the tubule. This is consistent with the charge-selective channel 
model. Coincidendy claudin-16 has a large number of negative residues in its extracellidar 
loops, compatible with forming a cation-selective channel (Fig. 2C). 

A distinct form of abnormal renal calcium loss, grouped under idiopathic hypercalcuria, 
was recendy shown to result from novel mutations in the claudin-16 gene, which interrupts 
binding to the PDZ domain of ZO-1.^^ In contrast to the symptoms of FHHN describe 
above, the patients display self-limited childhood hypercalciuria. When the mutant protein 
was tested in cultured cells it no longer localized to tight junctions but accumulated in lysosomes. 
The reason for distinct clinical syndromes resulting from null versus targeting-defective 
mutants is not clear. 
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Clau(lin-14 mutations are more difficult to rationalize as channel defects. They were first 
identified as the cause of nonsyndromic recessive deafness DFNB29 in two large consanguin­
eous Pakistani families.^^ Immunolocalization demonstrated claudin-l4 in tight junctions of 
the sensory epithelium of the organ of Corti. It was initially assumed claudin-l4 serves as a 
paracellular barrier to maintain the very high extracellular K^ concentration found in the 
endolymph compartment, and which is required for hair cell depolarization following 
mechanical stimulation. Loss of the ion gradient due to potassium channel mutations is known 
to cause deafness.^ Consistent with this proposed ftinction, when expressed in MDCK cells 
claudin-14 forms very tight junctions of low cation permeability.^^ However, claudin-l4-null 
mice have a normal endocochlear potential and become deaf because of degeneration of 
cochlear outer hair cells.̂ ^ It remains unresolved whether cell degeneration is secondary to a 
barrier defect. 

Human tight junction diseases have now extended beyond the claudins to the cytoplasmic 
scaffolding protein ZO-2. A point mutation in the PDZ domain of ZO-2 is the basis of Amish 
familial hypercholanemia;^^ a bile secretory defect characterized by elevated serum bile acid 
concentrations, itching, and fat malabsorption. This mutation disables claudin binding to the 
PDZ domain. Conceivably interruption of this connection disrupts the barrier and allows 
back-leak of bile through the tight junction with accumulation of serum bile acids. Morpho­
logic changes are observed in hepatocyte tight junctions, although these are very nonspecific 
and seen in all forms of liver injury. Mutations in a bile acid-conjugating enzyme enhance the 
penetrance of disease in patients homozygous recessive for the ZO-2 mutations. This would be 
the first example of a polygenic human disease in which tight junctions are involved. It seems 
likely we will see other tight junction diseases influencing transport and drug pharmacokinetics. 

Lessons from Mutant Mice 
Several informative mouse mutants have been generated to investigate the physiologic role 

of specific claudins or to provide mouse models for human disease (Tables 1,2). Claudin-1 is 
prevalent in junctions of the skin. When deleted by homologous recombination, homozygous 
mice die shortly after birth, apparently from rapid evaporative water loss from the skin.^ 
Additional evidence that claudins participate in skin barriers comes from experiments where 
claudin-6 was overexpressed under a skin-specific promoter. Presumably through a dominant 
negative mechanism this too results in a similar barrier defect, dehydration and death.̂ ''̂  
Claudin-14 null mice phenocopy the human deafness syndrome DFNB29 and should provide 
a useful model to study the pathophysiologic mechanism.^^ 

Tight junction-like structures were documented long ago between glial cells, where they 
wrap around axons. They were assumed to represent ion barriers required to insulate the axon 
and allow rapid saltatory conduction of the action potential. This function is served by oligo­
dendrocytes in the central nervous system and Schwann cells in peripheral neurons. Claudin-11 
(originally called oligodendrocyte-specific protein, OSP) is concentrated along these sealing 
junctions in the central nervous system. Consistent with a barrier forming role, claudin-11 null 
mice show delayed conduction velocity and absence of the junctional membrane particle rows 
characteristically seen in freeze-fracture electron micrographic images.^^ This was the 
first evidence that a claudin creates a barrier in a nonepithelial cell type. The claudin-like 
protein PMP22 (Fig. 2) appears to provide an analogous barrier in the peripheral nerves. Hu­
man mutations in PMP22 lead to demyelinating polyneuropathies^"^ and PMP22 null mice 
phenocopy the human disease. ̂ ^ 

The most provocative knock out so far is that of claudin-5, which provides the first 
evidence that claudins influence size selectivity.^^ Endothelial tight junctions in the brain 
express at least claudins 5 and 12. They are among the tightest endothelia in the body and the 
structural basis of the blood-brain-barrier. To test the role of claudins in the blood-brain-barrier 
Nitta et al created claudin-5 null mice. They are born with normal appearing tight junctions 
in brain endotheUa, but they die within several hours. When the vasciilar space was perfused 
with a range of size markers, the junctions in vessels from wild-type animals retained markers 
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Table 2. 

Gene 

Mouse daudin knock-outs and transgenics 

Phenotype 

Cln-1 ko skin barrier defect 
Cln-5 ko size-selective BBB defect 
Cln-6 tg skin barrier defect 
Cln-11 ko CNS myelin defect 
Cln-14 ko phenocopy of human 

Pfam00822 transgenic 
PMP22 tg phenocopies Charcot-Maire-Tooth 

Reference 

Furuse et aP^ 
NittaetaP 
Turksen '̂' 
Gow^^ 
Ben-Yosef̂ ^ 

Robaglia-Schlupp ,58 

ranging from albumin (68 kDa) down to the Hoechst dye 33258 (562 Da). Intriguingly, the 
endothelia of -/- mice become leaky to the 562Da marker yet still restrict the next largest 
(1,862 Da) marker. A role in size-selectivity is supported by recent work of McLaughlin et al 
who were investigating the mechanism by which the mycotoxin ochratoxin A alters the 
intestinal barrier. Application of toxin to a cultured intestinal cell line induced selective 
removal of claudins 3 and 4, but not 1, and increased permeability for small but not larger 
fluorescendy-labeled dextrans. While these studies reveal a role for claudins in size discrimination 
the molecular mechanism remains unclear. 

Conclusions 
A growing body of evidence supports a role for claudins in forming tight junction channels. 

A tentative model proposes that claudins form rows of adhesive contacts sealing the paracellular 
and creating channels through their extracellular loops (Fig. IB). Among the unanswered 
questions, do other proteins participate in forming channels and are the channels acutely 
regulated? This information can be used to better understand normal paracellular transport, 
changes in disease and manipulation of the channels to improve therapeutic drug delivery. 
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CHAPTER 4 

JAM Family Proteins: 
Tight Junction Proteins That Belong 
to the Immunoglobulin Superfamily 

Susumu Hirabayashi and Yutaka Hata 

Abstract 

J unctional adhesion molecules QAMs) are found at the tight junctions (TJs) of polarized 
epithelial and endothelial cells. JAMs are characterized by the molecular structure 
composed of two extracellular inmiunoglobulin loops, a single transmembrane domain, 

and a cytoplasmic domain with a PDZ binding motif. JAMs interact with several ligands in 
both homophilic and heterophilic manners by the extracellular domain, and bind to various 
PDZ domain-containing proteins at the C-terminus. Through these protein-protein interac­
tions, JAMs are implicated in diverse biological functions at TJs, including cell-cell adhesion, 
junctional assembly, junctional stabilization, regulation of paracellular permeability and 
leucocyte transmigration. 

Introduction 
Recent intensive studies have revealed the molecular organization of tight junctions (TJs) of 

epithelial and endothelial cells. Like other cell junctions, TJs comprise integral membrane 
proteins, membrane-associated proteins that interact with membrane proteins and link them 
to the cytoskeleton, and cell signaling molecules. As integral membrane proteins, three classes 
of proteins have been identified. All of them are a kind of cell adhesion proteins, and so far, no 
receptors have been reported for TJs. The first and second integral membrane proteins are 
occludin and claudin. Both proteins have four transmembrane domains and two extracellular 
loops, and are involved direcdy in the formation of TJ strands.^ The characters and roles of 
these proteins will be discussed in other chapters of this book. The third group of membrane 
proteins are members of immunoglobulin superfamily (IgSF) and subjects of this chapter. 

IgSF proteins are one of the largest families of proteins. Members of this family are defined 
by the presence of one or more copies of the immunoglobulin (Ig)-domain with a compact 
structure with two cysteine residues separated by 55-75 amino acids.^ Ig-domains function as 
modules for protein-protein interactions and are detected in various proteins. According to the 
recent estimation based on the human genome project, 765 human genes encode Ig-domains.^ 
IgSF proteins are conserved through evolution and can be found in flies and worms. Typical 
IgSF cell adhesion molecules have a large N-terminal extracellidar region containing Ig-domains, 
a single transmembrane region, and a cytoplasmic tail.^'^ In 1998, the first IgSF protein was 
identified at TJs of both epithelial and endothelial cells and was named junctional adhesion 
molecule QAM). Since then, several JAM-related molecides have been reported and now form 
a subfamily in the IgSF. In contrast to occludin and claudin, JAM-related proteins do not 
constitute TJ strands.'^ This raises the possibility that JAM-related proteins have distinct 

Tight JunctionSy edited by Lorenza Gonzalez-Mariscal. ©2006 Landes Bioscience 
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biological roles from occludin and claudin. In this review, we will describe JAM-related 
proteins as JAM family. As we will discuss below, JAM family is composed of two subclasses of 
proteins based on the structures. The first group contains three original members and the 
second group is composed of coxsackie and adenovirus receptor (CAR) and its related proteins. 
Although our knowledge about the functions of JAM family proteins is still fi-agmentary, the 
accumulating information suggests that JAM family proteins play roles in diverse range of 
biological phenomenon at TJs-

General Features of JAM Family Proteins 

Nomenclature 
JAM family proteins were reported from independent groups and fiirthermore, human and 

mouse homologues were cloned for each JAM family protein and named, resulting in the 
confiised nomenclature. Original members of JAM faniily proteins were renamed in 2003.^ 
Table 1 summarizes the names of JAM-related proteins. 

Common Structures 
JAM family proteins are characterized by two extracellular Ig-domains, a single transmem­

brane region, and a cytoplasmic region (Fig. 1). These characters are also recognized in various 
IgSF proteins expressed in lymphocytes and leukocytes such as CD2, CD48, LFA-3, CD80, 
and CD86. JAM family proteins are distinct from these blood cell markers in that they have a 
canonical PDZ-binding motif Thereby, we may be able to designate IgSF proteins with two 
extracellular Ig-domains and the C-terminal PDZ-binding motif as JAM family proteins. 
According to this criteria, JAM-A, JAM-B, JAM-C, CAR, endothelial cell-selective adhesion 

Table t. 

Name 

JAM-A 

JAM-B 

JAM-C 

CAR 

ESAM 

JAM4 
BT-lgSF 

CLMP 

Nomenclature 

Year 

1998 
1998 
1999 
2000 
2001 
2000 
2000 
2000 
2000 
2001 
2001 
2002 
1997 
1997 
1997 
2001 
2001 
2003 
2002 
2002 
2003 
2003 

of published JAM family proteins 

Original Designation 

JAM 
106 antigen 
JAM 
F11 R 
JAM-1 
VE-JAM 
VE-JAM 
JAM2 
JAM-3 
JAM-2 
JAM3 
JAM-2 
CAR 
HCAR 
MCAR 
ESAM 
ESAM 
JAM4 
BT-lgSF 
BT-lgSF 
CLMP 
CLMP 

Species 

mouse 
mouse 
human 
human 
human 
mouse 
human 
human 
mouse 
mouse 
human 
human 
human 
human 
mouse 
mouse 
human 
mouse 
human 
mouse 
human 
mouse 

Reference 

6 
68 
58 
62 
69 
19 
19 
28 
70 
21 
33 
57 
71 
72 
72 
29 
29 
17 
13 
13 
14 
14 
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JAM-A JAM-B JAM-C CAR ESAM JAM4 CLMP BT-lgSFJ JAML A33 

(45) (40) (49) (107) (120) (105) (118) 

TJ Lateral TJ TJ TJ TJ TJ 
Localization in epithelial / endothelial cells 

SLV 

(165) 

ND 

j OAF 

1 (98) 
) Lateral 

PFQ 

(62) 

Lateral 

Figure 1. Structural model of JAM family proteins. The extracellular region contains two immunoglobulin 
domains with intramolecular disulfide bonds. R (V, I, L) E dimerization motif at the membrane-distal 
Ig-domain is indicated. Putative N-linked glycosylation sites are depiaed by dots. The C-terminal three 
amino-acid residues are shown by single-letter codes. The numbers of amino-acid residues of the cytoplas­
mic regions are indicated in brackets. Localization of each molecule in epithelial or endotheial cells is shown 
at the bottom. TJ, tight junaion; ND, not determined; and Lateral, lateral cell borders. 

molecule (ESAM), and JAM4 are counted as JAM family proteins. Junctional adhesion 
molecule-like protein (JAML) is expressed in granulocytes and lacks the PDZ-binding motif. ̂ ° 
We will omit this protein from the family, although it was reported as JAM-like protein. A33 is 
related in the sequence to JAM family proteins but is devoid of the PDZ-binding motif.̂ '̂̂ '̂  
Because A33 is detected in epithelial cells and is accumidated at cell-cell contacts, it may be a 
member of JAM family, but we do not discuss A33 in this review. Brain and testis-specific 
immunoglobulin superfamily (BT-IgSF) fits to the criteria and should be considered as a 
member. ^ Coxsackie and adenovirus receptor-like membrane protein (CLMP), which has 
been very recently reported, has QTV (single letters indicate amino acid residues) at the 
C-terminus. ̂ ^ This sequence does not fully match the consensus sequence of the PDZ-binding 
motif. However, the last valine residue that is important to bind a PDZ domain is conserved 
and CLMP may interact with PDZ-containing proteins. Furthermore, CLMP has been clearly 
shown to localize at TJs.^ For these reasons, we tentatively add CLMP to the JAM family 
proteins. 

As described later, crystal structures have been solved for the Ig-domains of JAM-A and 
was first reported to harbor two tandem V-type Ig-domains. The crystal 

structure, however, revealed that the membrane-proximal Ig-domain of JAM-A is not a V-type 
Ig-domain. ̂ ^ The membrane-distal Ig-domain of CAR, termed CAR-Dl, was confirmed to be 
V-type.^^ The membrane-proximal Ig-domain of CAR is regarded as C2-type based on the 
sequence. Similarly, membrane-distal and membrane-proximal loops of JAM-B, JAM-C, ESAM, 
BT-IgSF, and CLMP are assigned to be V-type and C2-type, respectively. The membrane-distal 
Ig-domain of JAM4 is V-type, whereas the membrane-proximal Ig-domain cannot be specified 
as C2-type. Another common feature for JAM family proteins is N-glycosylation. The 
extracellular domain has two or more potential N-glycosylation sites, and the direct evidence 
of N-glycosylation is reported for BT-IgSF and JAM4.̂ '̂̂ '̂  Because glycosylation depends on 
cell types as shown for JAM4, the physiological significance of glycosylation for the function 
and localization of JAM family proteins is an intriguing question. 
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Subclasses 
JAM family proteins are classified into two subgroups based on the type of PDZ-binding 

motif and the sequence similarity. The C-terminal amino acids of JAM-A, JAM-B, and JAM-C 
represent type II PDZ-binding motifs, while those of CAR, ESAM, JAM4, and BT-IgSF 
represent type I. The length of the cytoplasmic tail also differs between these two subgroups. 
JAM-A, JAM-B, and JAM-C have a short cytoplasmic tail of 45-50 residues, but CAR and its 
related proteins have a cytoplasmic domain with 105-165 residues. Therefore the two 
subgroups probably associate with different sets of molecules through the cytoplasmic domain 
and the C-terminal PDZ-binding motif. 

Tissue and Subcellular Distribution 
Table 2 summarizes the tissue distribution of JAM family proteins. JAM-A is found in 

endothelial cells of different origins and in a variety of polarized epithelial cells.̂  Inmiunoelectron 
microscopy reveals that JAM-A is concentrated at TJs of mouse small intestinal epithelium, 
while no specific staining is observed at adherens jimction or desmosomes.^ Furthermore, JAM-A 
is expressed at hematopoietic cells including monocytes, lymphocytes and red blood cells. ̂ ^ 
Immunohistochemistry indicates the expression of JAM-B at high endothelial venules of 
tonsil, lymph nodes, and in endothelium of arterioles. ̂ '̂̂ ^ JAM-C is also shown to be 
expressed at endothelial cells such as mesenteric lymph nodes.^^ There is no evidence that 
JAM-B and JAM-C are expressed in epithelial cells. Currendy the ultrastructural analysis on 
JAM-B and JAM-C has not been addressed. However, since ectopic expression of JAM-C in 
epithelial cells results in colocalization with ZO-1, JAM-C is also su^ested to localize at TJs in 
endothelial cells.̂ ^ The subcellular localization of JAM-B is less clear, because JAM-B is not 
concentrated at TJs when expressed in epithelial cells.̂ "̂  

CAR is expressed at both epithelial and endothelial cells.̂ '̂̂ '̂  It has been reported to localize at 
TJs of well differentiated airway epithelial cells, human colonic cell line, and human umbilical 
vein endothelial cells. The expression of CAR in neurons is also reported.^^ ESAM is proposed to 
be seleaively expressed on endothelial cells and associated with TJs in blood capillaries of mouse 
brain and skeletal muscle as judged by immunogpld labeling. When ESAM is expressed eaopically 
in epithelial cells, it localizes to TJs- No evidence for the expression of JAM4 in endothelial cells 
has been obtained. The eaopic expression in Madine Darby canine kidney (MDCK) cells and 
the detection of the endogenous protein in mammary gland epithelial cells support the localiza­
tion of JAM4 at TJs of epithelial cells. ̂ '̂  Furthermore, the electron microscopical studies on rat 
kidney and mouse intestine indicate the localization of JAM4 at slit diaphragm and TJs.̂ "̂̂ ^ 
However, JAM4 is also on apical membranes in several epithelial cells. The newest member, 
CLMP, is also localized at TJs in CAC02 and MDCK cells.̂ ^ BT-IgSF is so far deteaed only in 
neurons and glias, and there is no evidence that BT-IgSF is localized at TJs.^^ 

These different expression patterns of JAM family proteins may result from cell type 
specific expression of individual proteins and contribute to functional differences. The fact 
that all JAM family proteins except for JAM-B and BT-IgSF are recruited to TJs when ectopically 
expressed in polarized epithelial cells leads us to speculate that some molecule in epithelial cells 
recognizes the common structure of JAM family proteins and tethers them to TJs. 

Extracellular Ligands 

Homophilic Interactions 
JAM family proteins mediate homophilic ^/^«j-interactions between adjacent opposing cells. 

JAM family proteins are accumulated at cell-cell contacts in various cells, supporting the 
homophilic binding. '̂  .17,2U ,26,28,29 However, it is not clear whether homophilic interactions of 
JAM-A, JAM-B, and JAM-C contribute to cell adhesion. In contrast, CAR, ESAM, JAM4, 
and CLMP have been shown to induce aggr^ation in fibroblasts and Chinese hamster ovary 
(CHO) ceUs, which implies die role in cell adhesion. ̂ '̂̂ '̂̂ '̂25,29 



JAM Family Proteins 47 

1 ^ 
1 ^ 1 3 1 ^ 1 .^ 1 <;s 
1 c 
1 s S 
1 3 
1 «c 
1 "̂  1 c 1 m 
1 Q> 
1 ^ 
\ a 1 0 

S 
1 C 1 •••• 
1 <fi 

1 ^ 
1 ^ 
1 -^ 
1 *^ 
1 S 
1 '̂  ^ 
1 3̂  
1 '*-1 ° s 
1 ^ s 1 u 
1 ^ 1 ^ 
1 '̂  1 ̂  1 ^ 
1 -Q 
1 .<Q 1 ^ 

V 
^ c 
^ ki 1 
^ *̂  ^ ct 

£ 
^ ^ 5 

.££ 
tf) 
a> 

H-

9i 
c 

1 4-< 
C 

• • 

>̂  
V 
c 

"O 

2 

c 
0̂  

^ 

k. 
^ ,> 

* j j 

DO 
C 
3 

- J 

z 

c 
*!3 
k. fiQ 

£ 
*U 

S. C/) 

a> 
E 
re 
Z 

rsi 

cu 
TJ 
O 
c 

-C 
Q. 
E 
>> 
t/T 
<u 

-C 
u 

Q_ 
1 -
cu 
> s 
CD 

Q_ 

iS 
"c 
OJ 
U 

(^ Q. 

u 
c 
OS 
Q-

0) 
T3 
O 
C 

_c 
Q. 
E 
>̂  
vT 
(U 

-C 
u 

Q. 
1 -
0) 

>̂  0) 
Q_ 

c 
u 

Q. 

OJ 
-o 
O 
c 

JC 
Q. 
E 
>> ^ — D 
</r E 0) > s 

-C _C 
H ^ 
03 frT 

Q- Q . 

OJ 

3 
o 
Q. 

f t 

u 
c 
03 
Q. 

. Q . Q , Q , , Q Q , Q Q . . Q 
+ Z + Z + Z ' + Z Z ' Z Z + + Z 

Q Q . , Q . Q . Q Q . Q Q , Q . 

z z + ' z + z + z z + z z ' z + 

+ + + 1 + + + 1 + ^ ^ Z Z " * " "'""'" 

"*= -2 + 
Q Q , Q Q 

+ + + I + 1 + + ' z " ' " z z ' ''"''" 

+ + + I + + + + + ^ + ^ ^ 1 + + 

+ + ++ ++ ++ +^ ' z z ' "̂ "'" 

+ , Q | Q + + + + Q , D Q + + , 

C 3 C 3 C D C D C D C D C D C 

- § o § o § o ^ o ^ o § 0 5 o § 
E i E J E J E i E J E i E_i E J 

:̂  :̂  :5 - ^ 1 I 

E 

•D 

O 

^ ^ ^ U uj ^ m U 



48 Tight Junctions 

Heterophilic Interactions 
JAM family proteins interact with other Hgands in a heterophilic manner. JAM-A binds to 

P2 integrin leukocyte function-associated antigen-1 (LFA-1, integrin aLP2) through its 
membrane-proximal Ig-domain.^° JAM-B and JAM-C bind T cell-associated integrin very 
large antigen-4 (VLA-4, integrin a4p l ) and P2 integrin Mac-1 (integrin aMp2), respec­
tively.̂ '̂̂ ^ These heterophilic interactions probably regulate leukocyte-endothelial cell and 
leukocyte-platelet interactions. It remains to be defined whether CAR, ESAM, JAM4, and 
CLMP interact with integrin family proteins. Heterophilic interaction in trans between JAM 
family proteins has been demonstrated for JAM-B and JAM-C.^^ 

Crystal Structures of Extracellular Domains 
Based on the crystal structure of the extracellular region of mouse JAM-A, a model for 

homophilic adhesion has been proposed. In this model, two JAM-A molecules are connected 
by membrane-distal V-type Ig-domain and form U-shaped homodimers in cis. At the interface 
between V-type Ig-domains, two salt bridges are formed in a complementary manner by a 
dimerization motif R (V, I, L) E. This dimerization motif is essential for the formation of a 
JAM-A dimer in solution and is conserved in JAM-B and JAM-C, suggesting that JAM-B and 
JAM-C also form dimers with a similar mechanism. The analysis of the crystal structure of 
human JAM-A demonstrated several differences in the dimeric structure from that of mouse 
JAM-A. ̂ ^ Interestingly, the struaure of human JAM-A dimer is close to that of CAR dimer. 
Because reovirus and adenovirus attachment proteins are similar, it is reasonable that the 
structures of human JAM-A (reovirus receptor) and CAR (adenovirus receptor) resemble to 
each other. 

Intracellular Ligands 
Since all members of the JAM family proteins have a PDZ-binding motif at the C-terminus, 

they interact with several PDZ proteins. To date, JAM-A has been reported to associate with 
five PDZ proteins, ZO-1, AF-6/afadin, CASK, PAR-3/ASIP, and MUPPl.^'^^'^^ JAM-A binds 
to a protein without a PDZ domain named cingulin.^^ JAM-B and JAM-C also interacts with 
ZO-1 and PAR-3/ASIP.^ 

JAM family proteins that have type I PDZ-binding motif do not bind to ZO-1. ESAM has 
been shown not to interact with ZO-1, ZO-2, ZO-3, AF-6/afadin, or PAR-3/ASIP^^ CAR 
interacts with neither ZO-1 nor PAR-3/ASIP^^ Recendy CAR has been reported to bind to 
Ligand-of-Numb protein-X (LNX) with four PDZ domains."^^ JAM4 interacts with MAGI-1, 
a membrane-associated guanylate kinase that specifically localizes to TJs.^^ JAM4 does not 
bind to ZO-1 or PAR-3/ASIP (unpublished observation).^^ Intracellular partners of ESAM 
and CLMP are currendy unidentified. 

Functions of JAM Family Proteins 

Regulation of Tf Assembly 
The most straightforward evidence of physiological fimctions of JAM family proteins may 

come from gene targeting mice. However, as we write this review, such a line of study is 
reported only for ESAM. Thereby, we have to speculate fiinctions of JAM molecules based on 
the biochemical properties of the proteins and the experiments done at cellular level. Because 
JAM-A interacts with various proteins that may fimction as scaffolds at TJs> it is tempting to 
hypothesize that JAM-A is involved in TJ assembly. JAM-A binds to the third PDZ domain of 
ZO-1, whereas claudin and ZO-2 interaa with the other PDZ domains and occludin binds 
the guanylate kinase domain. ^ ^ Thereby, these proteins can interact with ZO-1 simulta­
neously and form a complex. Similarly, JAM-A and claudin bind to distinct PDZ domains of 
MUPPl.^^ Recent studies have revealed two macromolecidar complexes that play essential 
roles in the polarity of epithelial cells. One is Crumbs-Pals-PATJ complex and the other is PAR 
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complex. ^ JAM-A indirectly interacts with PATJ complex, because PATJ binds to ZO-3 
and ZO-3 binds to ZO-l.'^^'^^ Moreover, MUPPl is similar to PATJ and may form a complex 
like PATJ.̂ ^ If this is the case, JAM-A will be more direcdy involved in the complex. PAR 
complex is composed of PAR-6, aPKC, and PAR-3/ASIR As described above, JAM-A binds to 
the PDZ domain of PAR-3/ASIP.'̂ ''̂ ° These findings support the assumption that JAM-A 
together with ZO-1, ZO-2, and ZO-3 are well positioned to link two macro molecular 
complexes and are important to form TJs. The importance of JAM-A in the establishment of 
cell polarity is reinforced by the interaction widi AF-6/afadin.^^ AF-6/afadin interacts with 
ZO-1 direcdy as well as indirecdy via a-actinin.^^ Thus, JAM-A, ZO-1, and AF-6/afadin have 
multiple interactions with each other. AF-6/afadin binds to the C-termini of nectins, which are 
also members of IgSF with three Ig-domains.^^ The series of studies using MDCK and L cells 
imply the important roles of AF-6/afadin and nectins in the formation of adherens junctions 
and TJs.^^ Because AF-6/afadin is not concentrated at TJs in polarized epithelial cells, this 
interaction may take place only during the assembly of TJs. Likewise, although JAM-A binds 
to CASK in vitro, CASK is not an element of TJs. CASK has a similar molecular organization 
to Pals, a component of PATJ-complex, but the subcellular localization is quite different. In 
polarized epithelial cells, CASK is distributed along the lateral membranes. JAM-A may 
interact with CASK before TJs develop. Other JAM family proteins are not studied so much 
intensively. The interaction of JAM-B and JAM-C with PAR-3/ASIP su^ests that they play 
roles in endothelial cells as JAM-A does in epithelial cells. JAM4 is shown to recruit ZO-1 
and occludin via MAGI-1 to newly formed cell-cell contacts in L cells. ̂ "̂  This finding in the 
model system insinuates that JAM4 fiinctions in the assembly of TJs. However, the expression 
of JAM4 and MAGI-1 is detected in rather limited kinds of epithelial cells. It remains to be 
determined whether the regulation of 77 assembly is a major role of JAM4. 

Regulation ofParacellular Permeability 
Growing evidence suggests that JAM family proteins functionally contribute to the 

regulation of paracellular permeability in endothelial and epithelial cells. The paracellular 
permeability is evaluated by two methods, the measurements of transepithelial electrical 
resistance (TER) and the flux of tracer solutes. JAM-A-specific monoclonal antibody and a 
recombinant extracellular fragment of JAM-A fused to the Fc domain of IgG markedly 
inhibited TER recovery of epithelial monolayers afi:er intracellular junctions were disrupted by 
the transient calcium depletion or the trypsin-EDTA treatment. ̂ '̂ A recent study reveals that 
the antibody against membrane-distal V-type Ig-domain inhibits the barrier recovery after the 
calcium switch.^^ This result is consistent with that membrane-distal V-type Ig-domain 
is involved in formation of r/5-dimers, which occurs prior to any adhesive ^^«5-interaction. 
JAM-A, JAM-C, CAR, and JAM4 reduce the paracellular permeability of tracers such as 
FITC-dextran in the monolayer of CHO cells.̂ '̂ *̂̂  Furthermore, the coexpression of MAGI-1 
with JAM4 augments the sealing effect of JAM4 in CHO cells. ̂ ^ Because JAM4 and MAGI-1 
are coexpressed at podocytes, they may cooperatively regulate the permeability in kidney 
glomeruli. ̂ '̂  

Leukocyte Trans-Endothelial Migration 
JAM family proteins are the first integral proteins of TJs that were demonstrated to play 

a direct role in the control of immune cell transport across the endothelial cells. Mono­
clonal antibody against JAM-A inhibited the migration of human monocytes through mouse 
endothelial cell layers in vitro.^ In addition, the intravenous injection of the same anti-JAM-A 
antibody significantly blocked leukocyte accumulation in the cerebrospinal fluid and infil­
tration in the brain parenchyma.^ JAM-C also regulates leukocyte transendothelial migra­
tion. When JAM-C is transfected in endothelioma cells, the rate of lymphocyte transmi­
gration increases. ̂ ^ Conversely, anti-JAM-C antibody and the recombinant protein 
containing the extracellular domain of JAM-C decrease the transmigration of leukocytes 
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across endothelial cells. ̂ ^ Furthermore, as described above, JAM-A binds to LFA-1, a cru­
cial molecule for leukocyte transmigration expressed on T cells and neutrophils. Leuko­
cytes bind JAM-A expressed on the apical membrane, tightly adhere to endothelial cells, 
and then transmigrate depending on the interaction with JAM-A localized at junctional 
sites.̂ ^ The expression of JAM-A on the apical surface of endothelial cells is enhanced after 
stimulation with inflammatory cytokines. ̂ ^ Taken together, under inflammatory condi­
tions, JAM-A traps leucocytes and promote their transendothelial migration. The interac­
tion of endothelial JAM-B with hematopoietic JAM-C and VLA-4 may be similarly in­
volved in leukocyte migration.̂ '̂̂ '̂̂ ^ 

However, several lines of evidence challenge the hypothesis that JAM-A on endothelial cells 
actively controls leukocyte transmigration. Different antibodies and methods give contentious 
results. Several anti-JAM-A antibodies do not inhibit leukocyte transendothelial migration. ̂ '̂̂ '̂̂ ^ 
Cytokine activation induces the redistribution of JAM-A in endothelial cells, but the inhibition of 
neutrophil or monocyte transmigration is not observed in the in vitro flow assay unlike in the 
static assay. Therefore, whether JAM-A regulates transendothelial migration is still 
controversial. 

Other Putative Functions 
In view of physiological significance of JAM family proteins in cell migration, Sertoli cell 

TJs is an interesting model to investigate. During spermatogenesis, developing spermatocytes 
translocate from the basal to the apical adluminal companment of the seminiferous epithelium 
so that ftilly developed spermatids are released to the tubular lumen at spermiation. JAM-A, 
JAM-B, JAM-C, CAR and CLMP are detected at testis, and may be involved in spermatocytes 
migration, although the precise localization of these proteins in testis remains to be examined. 
JAM-A and JAM-C are found at platelets, and may be relevant to platelet aggregation and 
binding to endothelial cells and leukocytes.̂ ^ Various stimuli to activate platelets cause 
JAM-A phosphorylation via protein kinase C.^ The expression of CAR in brain changes 
depending on the developmental stagps, su^psting its role in the formation of neural network. 

JAM family proteins may be implicated in several pathological process. JAM-A is a receptor 
for reovirus, while CAR is a receptor for coxsackie and adenovirus. CagA protein from 
Helicobacter pylori recruits JAM-A to sites of bacteria attachment, which may help to target and 
retain H. pylori at epithelial TJs. Junctional regions are sites of enhanced membrane cycling, 
endocytic uptake, and intracellular signaling. Therefore, virus and bacteria may have selected 
integral proteins of TJs as their receptors during the evolution. 

Conclusion 
JAM family proteins are still a growing family of proteins. Although much work has been 

done, our knowledge about this family is still far from complete. In polarized epithelial and 
endothelial cells JAM family proteins may control the paracellular permeability. In the 
immune system they may help to orchestrate the recruitment of leukocytes to sites of 
inflammation. Some members may provide entry for virus and bacteria. These properties are 
apparendy related to the regtdation of TJ assembly. However, it remains unclear whether all TJs 
have JAM family proteins as essential components. JAM family proteins may exert modifying 
roles only at some population of TJs. Vascular endothelial cells from ESAM-deficient mice 
have less migratory and angiogenic activity, but the overall development and reproduction of 
the mice are normal.̂ ^ This may indicate that JAM family proteins have functionally overlapping 
roles. Moreover, it is disputing whether the subgroups with type I and type II PDZ-binding 
motifs should be discussed together. Both groups are similar in the overall structures but 
different in protein-protein interactions, su^esting that they have biological functions in dis­
tinct context. Accumulation of data using a series of gpne targeting mice will be enlightening for 
these questions. 
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CHAPTER 5 

Cingulin, a Cytoskeleton-Associated Protein 
of the Tight Junction 
Laurent Guillemot and Sandra Citi 

Abstract 

Cingulin is a Mr -140 kDa phosphoprotein component of the q^oplasmic plaque of 
vertebrate tight junctions (TJ), and was identified as an actomyosin-associated protein. 
The cingidin sequence predicts that the molecule is a parallel homodimer, each sub-

unit consisting of a coiled-coil "rod" domain separating a large globular N-terminal "head" 
domain from a small globular C-terminal "tail". The head domain mediates direct in vitro 
interaction with ZO-1, ZO-2, ZO-3 and actin, and is critical for the junctional recruitment of 
cingulin in transfected cells, whereas the rod domain mediates dimerization. Cingulin forms 
complexes with ZO-1, ZO-2 and the immunoglobulin-like adhesion molecule JAM-1. These 
complexes are only detected in Triton-insoluble cell fi-aaions, su^esting that one function of 
cingulin is to link TJ-associated proteins to the actomyosin cytoskeleton during TJ biogenesis 
and regulation. In fact, purified cingulin acts in vitro as an actin-binding and -bundling 
protein. Cingulin shows a cortical, apical localization in early vertebrate embryos, and in Xeno-
pus embryos is recruited into nascent TJ starting at the 2-cell stage, suggesting that cingulin 
may play an important role in the development of vertebrate epithelia. Cingidin may represent 
the first member of a family of proteins, since a novel protein, paracingulin, with similar 
domain organization and significant sequence homology to cingulin has recendy been identified. 

Identification of Cingulin as a Tight Junction-Associated Protein 
Cingulin was identified by monoclonal antibodies raised against a preparation of 

subfragment-1 of chicken brush border myosin, which contained cingulin as a minor 
contaminant.^ Cingulin copurified with the actomyosin fraction from brush border cell 
lysates, and was eluted by gel filtration in a peak that partially overlapped with that of nonmuscle 
myosin II. Immunofluorescence microscopy showed that the antigen was localized in a 
circumferential belt around the apical area of chicken intestinal brush border cells. ̂  Because of 
its belt-like localization, the antigen was named cingulin (from latin "cingere"=to form a belt 
around). Immunoelectron microscopy demonstrated that cingulin is localized on the cytoplasmic 
face of TJ,̂ '̂  and double-labeling with anti-ZO-1 antibodies showed that cingulin is localized 
at a further distance from the plasma membrane than ZO-1 .̂  Additional evidence that cingulin 
is aTJ-specific protein is provided by analysis of its tissue distribution (see below). 

In lysates of chicken brush border cells analyzed by SDS-PAGE and immunoblotting, cingulin 
was detected as two polypeptides of an apparent molecular weight of 140 kDa and 108 kDa, 
the latter form representing a degradation product of the full-length protein.̂  The 108 kDa 
chicken cingidin fragment was purifed from intestinal cells, and shown to be stable to heat and 
ethanol treatment, indicating a coiled-coil structure.^ Consistent with this prediction, 
gel filtration elution profiles and migration in nonreducing SDS-PAGE indicated that cingulin 

Tight Junctions^ edited by Lorenza Gonzalez-Mariscal. ©2006 Landes Bioscience 
and Springer Science+Business Media. 
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is a dimer.^ Rotary-shadowing electron microscopy of purified cingulin fi-agment (108 kDa) 
revealed elongated molecules, with a mean contour length of 130 nm ± 32 nm and a width of 
2-3 nm, very similar to the coiled-coil region ("rod"*) of conventional myosin.^ 

Molecular Structure and Evolution of Cingulin 
The complete amino acid sequences of cingulin from human, mouse 2iXi6.Xenopus laevis are 

shown in Figure 1. Sequences coding for cingulin from other vertebrate species (including rat 
and zebrafish) are available in public databases. Analysis of the predicted secondary structure of 
cingulin reveals that the protein is characterized by three distinct domains: a N-terminal globu­
lar "head'' region, a central a-helical coiled-coil "rod" domain and a small C-terminal globular 
"tail" region (Fig. 2). '̂  Although the head-rod-tail organization appears common to cingulin 
from all species sequenced so far, the size of the head and rod domains is slighdy larger in 
Xenopus laevis cingulin than in human or mouse cingulin (Fig. 2), accounting for the larger size 
oiXenopus cingulin (-160 kDa, versus -140 kDa in mammalian). The cingulin head sequence 
is not homologous to any known protein, whereas the rod is most homologous to the coiled-coil 
r^ion of conventional nonmuscle myosins. Human and Xenopus laevis cingulin show 43% 
sequence identity, and the overall decree of homology is greater in the rod and tail domains 
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Figure 1. Alignment of cingulin amino acid sequences from human (HC), mouse (MC) zndXenoptis laevis 
(XC) species. The N-terminal head and the C-terminal tail domains are shown in grey boxes. Bold letters 
indicate identity in all three sequences. Underlined letters indicate identity in only two sequences. Note that 
stretches of highly conserved sequences are detectable in the N-terminal part of the head (including the 
ZIM=ZO-l Interaction Motif) and in the C-terminal region. The alignment was made using the ClustalW 
algorithm. Genbank accession numbers for the cingulin sequences are AF263462 (human), XM_131052 
(mouse), and AF207901 (Xenopus). 
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Figure 2. Schematic representation of the cingulin molecule as a parallel dimer with globular "head" and 
"tail", and coiled-coil "rod" domains. Amino acid boundaries and predicted molecular weights for each 
domain in Xenopus laevis, human and mouse cingulin are shown below the diagram. Amino acid positions 
ofXenopus laevis cingulin, which are required for in vitro interaction with ZO-1, ZO-2 and aain are 
indicated above the diagram. Additional protein interaaions for cingulin have been identified (see text), but 
are not shown in this diagram. 

than in the head region (Fig. 1). However, the head domain contains a few stretches of highly 
conserved sequence, one of which includes the sequence motif (ZIM = ZO-1 Interaction 
Motif) responsible for ZO-1 interaction (Fig. 1). Detailed analysis of the coiled-coil sequence 
of human and Xenopus laevis cingulin also confirms that the molecule is a parallel dimer, with 
chains in axial roister (Fig. l).^'"^ However, the sequence of the coiled-coil region suggests that, 
imlike conventional myosins, cingulin has a relatively low probability of forming inter-molecular, 
higher-order aggr^ates.^ Confirming this notion, purified recombinant cingidin does not form 
a^regates under conditions where myosin assembles into filaments.^ The coiled-coil region 
may also mediate intra-molecular interactions with the head domain, as su^ested by GST 
puU-down experiments. '̂  

Based on sequence homology, thus far no cingulin-related protein has been identified in 
invertebrate organisms, such as D. melanogaster and C. elegans. Thus, cingulin appears to be 
one of few vertebrate TJ proteins for which no invertebrate ortholog has been described. If 
cingidin is indeed a vertebrate-specific protein, its fiinction may be related to physiological 
processes that are exclusively associated with vertebrate organisms. Another possibility is that 
cingulin fiinction is conserved, but the proteins that carry out this function in invertebrates are 
different or have extremely divergent sequences. One such protein may be AJM-1, a junctional 
C. elegans protein containiiig coiled-coil and globular domains, mutation of which leads to late 
embryonic growth arrest.^However, AJM-1 shows greater sequence homology to JEAP,^ 
another coiled-coil TJ-associated protein, than to cingulin. 
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Interaction of Cingulin with the Actomyosin Cytoskeleton 
Purified recombinant fiill-length cingulin binds direcdy to purified F-actin.^ However, re­

combinant cingulin shows no actin-activated Mg-ATPase activity, suggesting that it is not an 
aain-dependent motor protein. AmongTJ proteins (cingulin, ZO-1, ZO-2, ZO-3 and occludin) 
that have been shown to bind direcdy to F-actin, cingidin is the only one which displays 
actin-bundling activity in vitro.^ Thus, cingulin may fiinction to help organize actin filaments 
during TJ formation and ftmctional regulation. The actin-binding region of cingulin has been 
mapped to sequences within the central part of the head domain (Fig. 2)? In addition, cingidin 
interacts in vitro with nonmuscle myosin II, though both rod and head domains. The obser­
vation that cingulin copurifies with the actomyosin fraction from lysates of chicken brush 
border cells fiirther indicates a link between fiinction of cingulin and organization of the actin 
cytoskeleton.'^ However, evidence for a direct role of cingulin in cytoskeletal regulation in vivo 
is missing. 

Cingulin Associates with Several Tight Junction Proteins 
Cingulin interacts directly or indirectly with several protein components of TJ. GST 

pull-down assays show that a head fragment oiXenopus laevis cingulin interacts in vitro with 
ZO-1, ZO-2, ZO-3, and AF-6/afadin. Measurement of the dissociation constants for ZO-1/ 
cingidin and ZO-2/cingtdin interactions shows that these interactions display a high afiinity. ' 
Furthermore, immunoprecipitation experiments show that cingidin exists in a complex with 
ZO-1 and ZO-2, indicating the physiological relevance of this interaction. Although the 
cingulin-binding regions of ZO-1 and ZO-2 have not been mapped, in the case of ZO-3 both 
the N-terminal half and the C-terminal half of the molecule contain binding sites for cinguHn.̂ ^ 
The ZO-1 and ZO-2 interacting regions of cingulin were mapped by analysis of mutant GST 
fiision proteins.^ A conserved -15-residues stretch in N-terminal region of cingulin (ZIM, 
residues 41-55 oiXenopus laevis cingulin and 48-61 of human cingulin) (Figs. 1, 2) was found 
to be required for in vitro interaction with ZO-1, whereas ZO-2 and actin interaction requires 
sequences in the central part of the cingulin head region (Fig. 2). The fiinctional relevance of 
cingulin/ZO-1 interaction is indicated by the observation that overexpression of fidl-length 
Xenopus cingulin in Xenoptis AG cells results in the redistribution of endogeneous ZO-1, sug­
gesting that cingulin overexpression can disrupt the association of ZO-1 with other TJ compo­
nents. Cingulin also forms a complex with the TJ membrane protein JAM-1, as shown by 
inmiunoprecipitation experiments.^^ In addition, a direct in vitro interaction has been ob­
served between the head region of cingulin and the C-terminal fragments of JAM-1 and 
occludin. ̂ '̂̂ ^ Remarkably, the ZO-l/ZO-2/cingulin and the JAM-1/cingulin interactions are 
almost exclusively detectable in the Triton X-100-insoluble fraction (associated with the cy­
toskeleton), despite the fact that these proteins are found in both Triton X-100-soluble and 
-insoluble fractions. Thus, the association of cingulin with the TJ protein network appears 
linked to its ability to bind actin filaments or other actin-binding proteins. 

The Head Domain of Cingulin Is Essential 
for Its Junctional Recruitment 

Transfection of mutant cingulin proteins into Xenopus KG epithelial cells shows that the 
head domain can be recruited into junctions, whereas the rod displays an exclusively cytoplas­
mic localization. Thus, the head domain of cingulin has a critical role in targeting cingulin to 
junctions, presumably through its interaction with specific TJ proteins. In the presence of the 
coiled-coil domain, targeting of the head to junctions is considerably more efficient, suggesting 
that rod-mediated dimerization stabilizes cingulin association with the junctional plaque. Al­
ternatively, the rod domain may facilitate optimal folding or conformation of the head. Analy­
sis of N-terminal deletion mutants shows that removal of the ZIM motif does not abolish 
junctional recruitment, whereas removal of the first 294 residues does. On the other hand, the 
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first 100 residues of the cingulin head, which contain the ZIM motif, are sufficient, when fiised 
to the coiled-coil region, for junctional recruitment. Thus, the N-terminal portion of the 
cingulin head is critically important for cingulin junctional recruitment, and redundant pro­
tein interactions can help to target cingulin to TJ even in the absence of the high affinity ZO-1 
binding site. 

The key role of the ZO-1 interaaion in cingulin junctional recruitment is further high­
lighted by studies on Rat-1 fibroblasts, which lack TJ, but display ZO-1 containing adherens-like 
junctions.^ In these cells, transfected cingulin localizes at ZO-1 containing junctions, demon­
strating that cingulin can be recruited into junctions even in the absence of the molecular 
context of TJ, provided that ZO-1 is present. Interestingly, deletion of the ZIM domain abol­
ishes junctional targeting of cingulin in Rat-1 cells, and the protein shows a cytoplasmic local­
ization. Thus, ZO-1 interaction is essential for cingulin recruitment into adherens-type junc­
tions. If TJ are formed by the "maturation" of adherens-like junctions,̂ ^ ZO-1 interaction may 
therefore be crucial for physiological targeting of cingulin to developing TJ. 

Cingulin Is Maternally Expressed and Is an Early Component 
of Cell-Cell Junctions in Developing Vertebrate Embryos 

Cingulin is one of the first proteins to assemble into junaions of early vertebrate embryos. ̂  ^̂  
During mouse oogenesis, cingulin shows a cortical, submembrane localization both in oocytes 
and in adjacent cumidus cells, su^esting a role in cumulus/oocyte interactions, which are essen­
tial for oocyte growth and the r^;ulation of meiotic maturation. Cingulin is expressed in oo­
cytes by the maternal progranmie, which is maintained afiier fertilization and starts to decline 
from the 2-cell stage. ̂ ^ Following fertilization of the e ^ the tropheaoderm forms the wall of the 
blastocyst, an epithelium where TJ become first detectable. In compacted 8-cell embryos, 
cytocortical cingulin is localized at the apical microvillous pole on the outer siuface of each 
bastomere, but is not detectable at the nascent apicolateral TJ sites. The cytocortical staining of 
cingulin is evident diu'ing early cleavage stages, up to the 16-cell morulae, when cingidin becomes 
faindy detectable at the nascent TJ sites. ̂ '̂  Anti-cingulin antibodies also label punctate cytoplas­
mic foci, derived from apical endocytosed membrane. This cytoplasmic presence of cingulin 
gradually declines after 8 hours post onset of cavitation, coincident with the increase in cingulin 
level in TJ sites. ̂  In late morulae, cingulin staining is increasingly detected at jimaions, while 
blastocoele expansion progresses. The early localization of cingulin at the sites of newly develop­
ing junctions su^ests that cingulin is important in the establishment of fimctional TJ.̂  

As in the mouse, cingulin shows a cytocortical distribution in Xenopus laevis eggs and early 
embryos.̂  Starting from the first cleavage, maternal cingulin accumulates in the regions of 
cell-cell contact between the dividing blastomeres, and appears to be recruited from the 
neighbouring membrane areas (Fig. 3A), since they become less intensely stained for cingulin.̂  
Electron microscopy has not revealed typical TJ before the 32-cell stage In Xenopus embryos.̂ ^ 
Thus, the presence of junctional cingulin may indicate the formation of an inmiature TJ* 
Interestingly, labeling of early embryos with antibodies to ZO-1 shows that ZO-1 is recruited 
into the new basolateral membrane, through the fusion of membrane vesicles which are dis­
tributed in a linear array in the cytoplasm (Fig. 3B), presumably along microtubule tracks.̂ ^ 
Immunofluorescent labeling for occludin, a 4-pass transmembrane component of TJ> is de­
tected in the cytoplasm as small membrane vesicles (Fig. 3C), which are topologically distinct 
from ZO-1-containing vesicles. ̂ ^ Following vesicle fiision with the new basolateral membrane, 
ZO-1 and occludin labeling become distributed along the lateral membrane up to the TJ» ^^^ 
they remain excluded from the cingtdin-containing apical membrane (Fig. 3). ^ The observa­
tion that occludin recruitment occurs later than cingulin and ZO-1 is consistent with the 
notion that assembly of the membrane domain of TJ occurs only after the cytoplasmic scaffold 
has been established. Thus, TJ formation can schematically be viewed as resulting from the 
recruitment of apical cingulin by the basolateral, ZO-1-containing complex, followed by re­
cruitment of occludin (Fig. 3). 
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Figure 3. Schematic representation of the assembly of cingulin (A), ZO-1 (B) and occludin (C) into 
developing TJ oiXenopus laevis embryos. Cingulin shows an apical, cortical localization in eggs, and is 
recruited from this pool into new sites of cell-cell contaas generated following division of blastomeres (A). 
ZO-1 (B) and occludin (C) are not deteaed in the apical cortex, and targeted to the new lateral membrane 
through the fusion of distina populations of membrane vesicles. ZO-1 and especially occludin are clearly 
deteaed along the lateral membrane even at later stages of development. 

When Xenopus blastomeres are incubated in a solution lacking calcium, they divide but 
they fail to adhere through their lateral membranes, probably because of inactivation of the 
cadherin-based adhesion system. Under these conditions, cingulin still becomes recruited at 
the border between the old, apical membrane, and the new basolateral membrane generated 
between the two daughter cells. Thus, establishment of the intramembrane fence and cingulin 
junctional recruitment are independent of lateral cell adhesion. 

In summary, both in mouse and Xenopus embryos maternal cingulin appears to be 
associated with the cytocortex, which subsequently defines the apical domain of blastomeres 
generated after cleavage. The ftinctional significance of cytocortical cingulin is unclear. One 
possibility is that cingulin participates in the structural organization of the cytocortex during 
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early development, prior to fertilization. Cortical cingulin may also serve as a reservoir of 
protein to be recruited into junctions after fertilization, prior to the onset of the embryonic 
expression programme. Finally, apical cingulin may participate in establishing the axis of 
division of blastomeres, by acting in concert with polarity complexes.̂ ^ 

Cingulin as a Marker for Differentiated Epithelial Cells 
CingiJin appears to be a good marker for differentiated epithelial cells. Indeed, the human 

cingidin gene is localized on chromosome lq21, within a cluster of genes called the "epidermal 
differentiation complex*" (EDC), which includes epidermal genes such as loricrin, involucrin 
and profila^rin.^^ In tissue sections cingulin has been detected exclusively in differentiated 
epithelial tissues, including single-layered epithelia (intestine, stomach, kidney, liver, pancreas, 
retina, epididymis, inner ear), and stratified epithelia (tongue, skin, cornea, oesophagus) but 
not in tissues of mesenchymal and myogenic origin, such as cardiac and smooth muscle tis­
sues. ̂ '̂ '̂ '̂̂ ^ The pattern of tissue distribution of the cingulin protein is refleaed in the detec­
tion of cingulin mRNA as a -5.2 kb message in human pancreas, kidney, liver and lung but not 
in skeletal muscle, placenta, brain and heart.̂  Moreover, cingulin is not detected in lens cells, 
which lackTJ but are rich in adherens and gap junctions.^ With regard to endothelial tissues, 
cingidin expression appears restricted to "tight" endothelia, since cineulin protein has been 
deteaed by immunofluorescence in capillaries of the heart and brain, '̂ ^ but not in cidtured 
HUVEC cells.̂ ^ However, cingul in is also expressed in cidtured embryonic cells with endothe­
lial and myogenic potential,'̂ ^ and in some fibroblast-like cultured cell lines (our unpublished 
observations), suggesting that cingulin expression is associated with an early step of conmiit-
ment to an epithelial phenotype. 

If cingulin expression is restricted to epithelial tissues, one important question is whether 
such expression is lost or altered upon neoplastic transformation. In some epithelial tumors, 
cells lose their polarized phenotype and proliferate within conneaive tissue. To address this 
question, cingulin expression has been studied in benign and maUgnant tumors of the colon, 
and several other neoplasias.̂ ^ Cingulin expression was detected both in villous adenomas and 
metastatic colon adenocarcinomas, but not in tumors of mesenchymal origin.̂ ^ In metastatic 
adenocarcinomas cinguUn was localized on the border of nests of cancerous cells which do not 
show any spatial relationship to a lumen or a body surface.̂ ^ Thus, while cingulin expression in 
other epithelial tumors remains to be evaluated, the evidence so far is that cingulin expression 
persists in malignant epithelial cells, which have lost their differentiated polarized phenotype. 
Thus, cingulin expression could be used as a tool to identify malignant epithelial cells in diag­
nostic pathology. 

Putative Functions and Regulation of Cingulin 
The apparendy ubiquitous expression of cingulin in vertebrate epithelial TJ suggests that 

it is an important component of the multiprotein complex underlying the TJ membrane. 
The observation that cingulin binds both to specific TJ proteins and to actin filaments sug­
gests that cingulin might serve as a cytoskeletal adaptor protein. Linkage of TJ proteins to 
the cytoskeleton is crucial to transduce the mechanical force generated by the contraction of 
the actomyosin cytoskeleton into functional regulation of the paracellular barrier function 
of TJ.̂ ^ Interestingly, overexpression of human cingulin in MDCK cells leads to a -50% 
decrease in transepithelial resistance (Citi et al, unpublished observations), supporting the 
idea that cingulin may affect the organization and contractility of the actomyosin cytoskel­
eton. In early embryos, apically localized cingulin may contribute to the establishment of 
structural asymmetry in the plasma membrane, through interaction with the actin cytoskel­
eton and polarity complexes. Cingulin may control cytoskeletal organization directly, by 
bundling actin filaments, but also indirecdy, by interacting with different actin-binding or 
microfilament-regulating proteins. 
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Another putative, yet unexplored function of cingulin is related to the observation that 
cingulin can be localized by immunofluorescence in the nuclei of cultured cells. Cingulin has 
been detected in the nucleus of sparsely grown MDCK cells,̂ ^ and in the human cancer cell 
lines CaCo2 and IGROVl.^^ Studies on the ZO-1-binding protein ZONAB have established 
that TJ proteins can serve as regulators of epithelial cell proliferation and cell density. If 
cingulin interacts with transcription factors and can be shuttled between nucleus and cyto­
plasm, it could act as a regulator of transcription and/or translation. This notion is supported 
by studies on gene targeted mouse embryoid bodies, showing that cingulin mutation results in 
changes in the mRNA levels for several TJ proteins.^^ 

Nothing is known about the transcriptional regulation of the cingulin gene. However, the 
observation that cingulin is phosphorylated suggests the existence of post-translational regula­
tory mechanisms. Phosphorylation of cingidin occurs on serine residues,̂ "^ but the phosphory­
lation site(s) and the identity of cingulin kinase(s) are not known. Since treatment of cells with 
the protein kinase C activator phorbol 12-myristate 13-acetate and the protein kinase C in­
hibitor H-7 do not affect the specific phosphorylation of cingulin, protein kinase C does not 
appear to be responsible for cingulin phosphorylation.^"^ By analogy to nonmuscle myosins,^^ 
cingidin phosphorylation may control its conformation and protein interaction properties. 

Paracingulin 
Cingulin may represent the first member of a family of genes. By searching EST sequences 

with protein sequence homology to cingulin, we identified a cDNA whose 5' sequence was 
known, and coded for a protein with partial homology to the N-terminal region of human 
cingidin. We determined the complete nucleotide sequence of this cDNA (GenBank accession 
number AY610514) and denoted it as paracingulin, because of its similarities to cingulin (see 
below). Paracingulin is predicted to comprise 1302 amino acids, with a molecular weight of 
148,596 daltons. Paracingulin shows a domain organization with a globular domain (residues 
1-598), followed by a coiled-coil domain (residues 599-1262) and a small globular domain 
(residues 1263-1302) (Fig. 4). Thus, the N-terminal globular domain is larger than that cingulin, 
whereas the coiled-coil domain is shorter (Fig. 4). Although the overall amino acid identity 
between paracingulin and cingulin is only --30%, several stretches of sequence around the ZIM 
motif and in the C-terminal part of the coiled-coil region are highly homologous. Since these 
regions are particularly well conserved across cingulins from different vertebrate species, and 
the ZIM has important roles in cingulin junctional recruitment and protein interactions, 
paracingulin appears significandy related to cingulin. Furthermore, when paracingulin is trans-
fected into epithelial cells, it shows a junctional localization (Citi et al, unpublished results). 
Current studies are aimed at exploring the subcellular localization, tissue distribution, and 
functions of paracingulin. 
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Figure 4. Comparative diagrams showing the prediaed domain organization of cingulin and paracingulin. 
The boundaries between globular and coiled-coil domains in the predicted amino acid sequence of paracingulin 
(GenBank Accession number AY610514) were mapped using the Macstripe software.^^ 
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Conclusion 
Cingulin is a specific component of vertebrate TJ. The precise physiological role of cingnlin, 

like that of the majority of cytoplasmic TJ proteins, is unknown. However, studies on cingulin 
molecular structure, protein interactions, and expression suggest that it is a cytoskeletal 
adaptor protein and may be involved in epithelial differentiation and TJ regulation. The 
apparent lack of cingulin orthologs in invertebrate species suggests that cingulin may 
contribute to vertebrate-specific tissue functions. The possible roles of cingulin in gene 
transcription and translational regulation also deserve future attention. The identification of 
paracingulin suggests that cingulin is part of a gene family, with potentially redundant 
functions. A more detailed analysis of the funaion of cingulin family members by up- and 
down-regidation will undoubtedly enable us to understand better the molecular architecture 
and regulation of TJ and begin to approach howTJ components contribute to epithelial 
morphogenesis in development and disease. 
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CHAPTER 6 

ZO Proteins and Tight Junction Assembly 
Alan S. Fanning 

Abstract 

Tight junctions are highly structured plasma membrane domains. They are composed of 
transmembrane proteins, such as occludin and claudin (see Chapters 2 and 3), that are 
organized into highly cross-linked linear arrays of particles restricted to an apical cir­

cumferential band known as the apical junctional complex (AJC). These transmembrane pro­
teins form a selective barrier in the paracellular space that is in turn intimately associated with 
a large array of tight junction-specific cytoplasmic, cytoskeletal, and signaling molecules (for a 
recent review see ref. 1). The high degree of order in this structure, and its ability to undergo 
rapid structural and fiinctional changes in response to environmental stimuli, has created a 
great deal of interest in the underlying structural and organizational determinants of this array. 
Thus, much attention has been focused on three homologous polypeptides that are members 
of a large family of membrane-associated scaffolding proteins: ZO-1, ZO-2 and ZO-3, other­
wise known as the ZO proteins. The emerging evidence suggests that these proteins organize 
not only the unique structure of tight junctions, but may also have a role in the functional 
organization of adhesion and signaling complexes in diverse cell types. 

Introduction 
The ZO proteins were the first tight junction-specific molecules to be identified. Although 

initially isolated in the mid 1980's as TJ-specific epitopes for antibodies raised against a crude 
tight junction fraction isolated from rat liver,̂  the first of these proteins, ZO-1, was not cloned 
until the early nineties.^' Sequence analysis revealed that ZO-1, and subsequendy ZO-2 and 
ZO-3, were all members of a larger family which became known as the membrane-associated 
guanylate kinase homologs (MAGUKs).^ These are all essentially multi-domain proteins, char­
acterized by a core domain of three protein-binding motifs: a PDZ domain, SH3 domain, and 
a region of homology to guanylate kinase (Fig. 1). However, each MAGUK may also contain 
protein binding motifs that are unique to its partiailar function. Conceptually, this multi-domain 
structure lends itself well to scaffolding activity, and studies in cellular and animal models have 
indicated that many, if not all, of these proteins regulate the subcellular distribution of trans­
membrane and membrane-associated proteins in structures as diverse as neuronal and immune 
synapses and cell-cell adhesive junctions of polarized cells (for review see G^). The ZO pro­
teins, like other MAGUKs, are highly conserved throughout phylogeny, from hydra vulgari? 
to homo sapiens^ and are thus presumed to be components of conserved cellular function. 

By analogy to other MAGUKs, it was prediaed that ZO proteins might also be molecular 
scaffolds, and as such might recruit tight junction proteins and/or organize them within the 
apical junctional complex. Aside from the core domain of PDZ, SH3 and GUK domains, ZO 
proteins also contain an additional two PDZ domains within the amino terminal half of the 
protein, and a mutually conserved domain of unknown function, the "Acidic Domain', that is 
adjacent to the GUK domain (Fig. 1).̂ ' The ZO proteins are unique among MAGUKs in that 
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Figure 1. Domain organization of ZO MAGUKs from vertebrates and invertebrates. The vertebrate ZO 
proteins (ZO-1, ZO-2 and ZO-3) are drawn to scale and aligned against the Drosophila homolog PYD. 
All MAGUKs share a core motif of three protein-binding domains including a PSD95/DLG/ZO-1 
(PDZ) domain, a Src Homology-3 (SH3) domain and a region of homology to Guanylate Kinase (GUK) 
as well as two additional PDZ domains at the N-terminus. Proline-rich regions in the C-terminus of 
ZO-1 and ZO-2 and between the second and third PDZ domains of ZO-3 are shaded gray. The Acidic 
domain (A) and the 6+ domain comprise a region of conserved sequence in vertebrates and invertebrates. 
The ZU5 (ZO-l/Unc5c) domain is a region of homology between ZO-1 and UNC5C/netrin receptors 
whose flinaion is unknown, a, p, 6+ and the hatched region at the N-terminus of ZO-2 are alternatively 
spliced domains. See text for further details. 

thq^ possess a large proline-rich C-terminal domain. Interestingly, the C-terminus of ZO-1 
contains a conserved domain known as the ZU5 domain that is also found in the cytoskeletal 
protein ankyrin and the netrin receptors.^ The function of this conserved domain is unknown. 
Both the N- and C-terminal halves of the ZO proteins display complex splicing patterns, 
although it is as yet unknown whether the novel peptide sequence encoded by these domains 
represent protein-binding motifs.̂ '̂ '̂̂ ^ 

Role as Molecular Scaffold of Tight Junction Proteins 
Initial studies supported the hypothesis that ZO-1 is a molecidar scaflFold (Table 1). Cellu­

lar fractionation and in vitro biochemistry have revealed that many of the known tight junc­
tion proteins do indeed interact with the three ZO-1 proteins (Reviewed in 1,12,13). Interest­
ingly, most of the tight junction proteins that interact with ZO proteins bind to domains 
within the N-terminal half of the protein, whereas the C-terminal half of the these molecides 
interacts with cytoskeletal molecules (see Chapter 10). While all three of the ZO MAGUKs 
can bind to the same proteins, including cingulin, AF-6, occludin and the claudins, each also 
appears to have specific/unique binding partners as well. For exaniple, ZO-3 binds the regula­
tory molecule pi20 catenin and the polarity protein PAT-J,' whereas ZO-2 binds to a 
nuclear scaffolding factor known as SAF-B. The implication is that the nature of the molecu­
lar complex specified by each ZO protein may be subtly different under certain circumstances. 

ZO-1 is also one of the earliest molecular constituents of tight junctions that localize to 
nascent cell-cell contacts in both cell cidture and animal models, ̂ ^ suggesting that it (and the 
other ZO proteins) may be a critical constituent of early junction assembly (see Chapter 12). 
For example, Fleming and colleagues have demonstrated that ZO-1 localizes to cell-cell con­
tacts at the four cell stage in mouse embryos, coincident with cell adhesion proteins like 
E-cadherin but prior to the localization of other tight jimction components like occludin or 
claudin.^^ Similar residts have been obtained using cultured MDCKII cells. The current dogma 
is that cell-cell junctions initially appear as punctuate adhesions between two cells that are 
mediated by E-cadherin/catenin complex. ̂ '̂̂  The early constituents of these contact sites also 
include ZO-1 and IgCAM cell adhesion molecules of the JAM family, which bind directly to 
the third PDZ domain of ZO-1. ̂ ^ It is only after this early stage, when the initial cell contacts 
are extended laterally to encircle the cell, that transmembrane proteins like occludin and claudin 
are recruited to the plasma membrane and segregate into a distinct junctional complex with 
ZO-1. Thus, it has been proposed that ZO proteins may mediate the early assembly of tight 
junction proteins into cell-cell contact sites established by cell adhesion proteins like E-cadherin. 
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Table 1. ZO 

Domain 

N-terminal 

PDZ1 

PDZ2 

PDZ3 
SH3 

GUK 

C-terminal 

Not mapped 

proteins are molecular scaffolds 

ZO-1 

Alpha catenin (1-862)^^ 
ARVCF(1-568r^ 
AF-6/afadin (1-862)^0^ 
Claudins^°7 

ZO-2,3^'^^ -3 
Connexins72'74,77,i08 

JAM-A, B, C^"*'" 
ZAK^o^ 
ZONAB^^ 
r 110 

Occludin^^ 
Cingulin* 

F-actin (1163-1383)^7 
Protein 4.1(1042-1408)^^ 
Cortactin* 
VASP^^ 
Fodrin"^ 

ZO-2 

Alpha catenin (1-862)^^ 

ARVCF (1-568)^°^ 
Ocdudin (1-862)^^ 
Claudins^°7 
SAF-B^^ 
ZO-133,34 

nd 
nd 

nd 

F-actin^^ 
Protein 4.1(1072-1116)3^ 
Cortactin* 
Fos,Jun,aEBP (400-1179)^^ 

Tight Junctions 

ZO-3 

F-actin (1-454)36 

Claudins^o^ 

ZO-1 *'36 

Connexin 45^^ 

nd 
nd 

nd 

PATJ(last3aa)^^^ 
AF-6^4 
p120Catenin^'^ 
Cingulin^^ 
Occludin^^ 

Binding partners for each ZO protein are organized according to their respective binding domain. 
Proteins that have not been mapped to a precise domain are characterized as binding to the N-terminal 
region (encompassing residues through the ACIDIC domain) or C-terminal region (proline-rich 
regions following the Acidic domain) and the boundaries of the minimal fragment of the ZO protein 
that does bind is indicated in parenthesis. Where no other information is available the interaction is 
characterized as 'not mapped', nd, binding partner not determined. * Fanning et al, unpublished. 

However, it is also possible that the localization of ZO-1 to these early punctuate adhesions 
may reflect a distinct role in cadherin-based cell-cell adhesion (discussed below). 

In fact, more directed experiments to determine the functional role of ZO proteins in vivo 
have provided a much more complex picture of the role of ZO proteins in assembly. The 
simplest functional definition of a scaffolding protein is a polypeptide that can direct the sub­
cellular localization of components of a molecular complex and/or organize those proteins into 
a functional unit. Thus, early experiments have been direaed at identifying whether ZO pro­
teins can recruit proteins like occludin and cingtdin to the AJC and organize them into the 
characteristic array of fibrils that compose the paracellular seal. With one notable exception, 
the majority of these experiments have used cell culture systems overexpressing various ZO 
transgenes and/or mutated target proteins in an otherwise normal background. 

Despite expeaations, over-expression of full length or truncated ZO proteins has had only 
subde effects on the distribution of other tight junction proteins and the formation of the 
paracellular seal. For example, over expression of ZO-1 causes a slight increase in flux of un­
charged tracers,̂  ̂  while over expression of a transgene encoding the N-terminal half of ZO-3 
can delay localization of ZO-1 and transiendy alter TER during assembly of tight junctions 
induced by calcium depletion-repletion (a.k.a. Calcium Switch). However, neither experi­
ment detected notable changes in the distribution of other tight junction proteins in fully 
polarized cells. 

Tsukita and colleagues used an entirely different approach, again with similar residts. These 
investigators used homologous recombination to remove both alleles of ZO-1 from Eph cells, a 
manmiary epithelial cell line. They found that cells were still able to form polarized monolayers 
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with normal tight junaion structure and permeability, and with the exception of cingulin all TJ 
proteins examined had a normal subcellular distribution.^^ Interestingly, as in the studies de­
scribed above there was a significant delay in the assembly of other tight jimction proteins into the 
AJC and a transient increase in paracellular flux during calcium-switch induced assembly of 
junctions. While the subdety of the effects described above could, in part, be explained by the 
presence of endogenous wild type protein in all of the cell culture assays, or by a redundancy in 
ftmction among the ZO proteins (as implied in the knock down experiments), they clearly sug­
gest that ZO proteins are required for the normal kinetics of junction assembly. Thus, it is inter­
esting to speculate what similar gene disruption studies in mice might reveal about the require­
ment of ZO proteins diuing morphogenetic changes characteristic of early development. 

The results from the Eph cell knock out did make one clear point; that ZO-1 is required for 
the localization of at least one protein, cingulin, to the tight junction. This direct observation 
supports several other studies that indicate that ZO binding does have a role in recruiting 
proteins into the tight junction. For example, Roh et al have found that PATJ, a tight junction 
scaffolding protein that regulates apical-basal polarity, binds to ZO-3 via its sixth PDZ domain 
and requires this domain for localization to tight junctions.^^ In a separate series of studies, 
Mitic et al found that the C-terminal ZO-1-binding domain of occludin fused to connexin 43 
was both necessary and sufficient to localize this chimeric molecule to the tight junction.^^ In 
fact, tight junction transmembrane proteins such as occludin and JAM require their respective 
ZO binding domains for localization to the cadherin-based cell-cell contacts in fibroblasts.^^' 
The same is also true of the cytoplasmic protein cingulin."^ Although this system is somewhat 
artificial, especially since many of these proteins are not normally expressed in fibroblasts, it 
serves well as a reductionist system as a measure of the potential of ZO proteins to direct 
subcellular localization. 

Surprisingly, however, it was found that occludin and claudin constructs lacking their 
respective ZO binding domains were still able to localize to tight junctions in polarized epi­
thelial cells. Several groups have demonstrated that deletion of the PDZ-binding domains of 
claudin, which mediate interaction with the first PDZ domain of ZO-1, or deletion of the 
C-terminal ZO-binding domain of occludin^^'^^'^^ did not disrupt the abiUty of these pro­
teins to localize to tight junctions. However, it was observed that over-expression of these 
mutant transgenes, as well as unaltered transgenes, often resulted in the accumulation of 
ectopic structures in the lateral plasma membrane.^^'^^ These observations suggest ZO pro­
teins may function more to organize the proteins within the AJC, perhaps serving as an "an­
chor'' for the proteins that compose individual fibrils, than they do to recruit proteins to the 
plasma membrane. They also suggest that the amount of ZO protein available for this role is 
limited (i.e., saturable). Again, the important caveat to all these experiments is that transgene 
expression occurs in an otherwise normal background of occludin and claudin expression, 
and both of these proteins have an inherent ability to self-associate through homotypic and 
heterotypic interactions.'̂ '̂̂ '̂  Thus, cooperative interactions among endogenous and exog­
enous claudin and occludin polypeptides (see Chapters 2 and 3) likely mask the underlying 
mechanisms of assembly in this system. Still, the available evidence supports the hypothesis 
that ZO-binding can direct subcellular localization. 

2X) Proteins as Cytoskeletal Linkers 
The observation that ZO proteins bind to both tight junction and cytoskeletal components 

suggests that one of the critical functions of ZO proteins may be to link the paracellular seal to 
the actin cytoskeleton. There is a considerable body of evidence that has accumulated to 
suggest that the cytoskeleton regulates different aspects of tight junction assembly and 
physiology (see Chapter 10). Thus, the early observation that the C-terminal halves of ZO-1 
and ZO-2, and a region in the N-terminal half of ZO-3, could bind directly to F-actin and 
mediate localization to the cortical cytoskeleton were received with some enthusiasm.^^'^ In 
ZO-1, this interaction was localized to a 220 aa domain that was both necessary and sufficient 
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for direct interaction with F-actin.̂ ^ These initial findings were followed by the observation 
that several other cytoskeletal proteins could interact direcdy with ZO proteins. For example, 
Benz et al found that a tight junction-specific isoform of protein 4.1, a membrane-anchoring 
cytoskeletal protein, bound directly to the C-terminal tail of both ZO-1 and ZO-2. 
Furthermore, in at least one study ZO-1 has also been demonstrated to interact with fodrin, 
another component of the cortical cytoskeleton. This would appear to support the idea that 
proteins like ZO-1 provide a link to the cortical cytoskeleton, perhaps acting as an "anchor" to 
the plasma membrane. 

However, this hypothesis seems too simplistic in the face of several more recent observa­
tions. First, many of the proteins that bind to ZO-1 such as cingulin, occludin and AF-6/ 
afadin, can also bind independently to F-actin.̂ "̂̂ ^ Thus, it is not clear why they would 
require ZO-1 simply for cytoskeletal attachment. Secondly, ZO-1 has also been demon­
strated to interact with several very different proteins that are important regulators of 
cytoskeletal dynamics; these include cortactin, VASP (a.k.a. Vasodilator-Stimulated Phos-
phoprotein) and pi20 catenin. Cortactin was initially identified by yeast 2 hybrid assay as a 
binding partner for the Drosophila protein PYD, a homolog of ZO-1, and subsequent 
studies indicate that the human homolog of cortactin also binds to both ZO-1 and ZO-2^ (and 
Fanning et al, unpublished). Cortactin is an F-actin binding protein that promotes the as­
sembly of F-actin at the plasma membrane by the ARP2/3 complex."̂ '̂"̂  VASP, like cortactin, 
is also an important regulator of F-actin dynamics, in part through effects on the ARP2/3 
complex. ^ Colgan and colleagues found that VASP transiently localizes to the tight junction 
of PKA-stimulated endothelial and epithelial cells, and could be immunoprecipitated with 
20-1.46,47 

The C-terminus of ZO-3 also binds direcdy to pi20 catenin, a cortical membrane protein 
of the cadherin/catenin complex that also appears to have a second role as a regulator of the 
actin cytoskeleton. Over-expression of a transgene encoding the C-terminus of ZO-3 in 
MDCK cells resulted in a dramatic reorganization of the actin cytoskeleton and an increase in 
cell migration. These changes were accompanied by reduction of RhoA activity, a small GTPase 
that is an important cytoskeletal regidator. Interestingly, these effects were most dramatic in 
cells that were either in the process of assembling junctions (following calcium-switch) or which 
had been induced to undergo junction remodeling during wound healing. Polarized cells ap­
peared relatively unaffected. 

These observations are reminiscent of studies of ZO protein function in Drosophila, which 
is the only organismal model system that has been exploited to date. Mutations in the Droso­
phila ZO protein PYD can inhibit morphogenetic cell movements and cytoskeletal dynamics 
within the ectoderm during embryogenesis, '̂ ^ a process that appears very similar to wound 
healing at the molecidar level. This effea appears to be mediated by direct interaction between 
PYD and Canoe, the Drosophila homolog of the tight junction protein AF-6/afadin. In fact, 
AF-6/afadin has also been implicated in cytoskeletal regulation in vertebrate cells. This pro­
tein binds to profilin, which regulates the addition of actin monomers to growing filaments,^® 
and disruption of AF-6/afadin in mice results in an early embrvonic lethality that is associated 
with tight junction disruption and altered cellular polarity.̂ '̂̂  

Taken together, these observations suggest that the cytoskeletal activity of ZO proteins 
might be more dynamic than previously assumed. In fact, the observation that so many 
cytoskeletal proteins with regulatory activity interact with ZO proteins suggest that ZO pro­
teins may be part of a regidatory mechanism that localizes the machinery of actin polymeriza­
tion to the AJC and regulates assembly of this specialized cytoskeletal domain. 

Organization of Signal Transduction Pathways and Transcription 
Factor Complexes That Regulate Junction Structure and Function 

Tight junction structure and paracellular permeability are regulated by a large number of 
signaling pathways, although the molecular mechanisms that underlie these effects are still 
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somewhat obscure (reviewed in ref. 53; see Chapters 7-9 ). Some of the components of these 
pathways localize to tight junctions, and it is possible to speculate that potential scaffolding 
proteins like ZO-1, ZO-2 and ZO-3 may integrate the readout of these pathways and translate 
them into functional or structural changes in tight junctions. For example, ZO-1 binds di-
recdy to the heterotrimeric G protein Gai2, and modidation of Gai2 activity can alter tight 
junction structure and permeability. '̂ ^ ZO-1 also binds netrin receptor-associated protein 
Nephl, and association between ZO-1 and Nephl promotes signal transduction through the 
JNK signaling pathway^^ in cultured fibroblasts. More recendy, Benais-Pont and colleagues 
have demonstrated that ZO-1 interacts direcdy with a guanine nucleotide exchange factor 
(GEF) for the Rho GTPase GEF-Hl, and that modulation of ZO-1 expression can affect the 
activity of this cellular signaling protein.^^ 

It has also been demonstrated that alteration of ZO protein expression can lead to disrup­
tion of cell growth and morphology in some cell types. For example, over-expression of an 
N-terminal fragment of ZO-1 in both MDCK I cells and a corneal epithelial cell line was 
associated with changes in cell morphology reminiscent of an epithelial to mesenchymal tran-
sition.^ '̂̂ ^ In MDCK I cells, this correlated with increased tmnorigenicity and activation of 
beta catenin signaling.^^ There are also numerous indirect links between ZO proteins, signal­
ing and cancer. Investigators have documented a loss of heterozygosity and a reduction in 
ZO-1 expression in one study of breast cancer biopsies,^^ and in a second study it was deter­
mined that a specific ZO-2 transcript is lost in most pancreatic adenocarcinomas. Further­
more, interaction between ZO-2 and the E4-ORF1 gene produa of Adenovirus type 9 pro­
mote transforming activity of this viral oncoprotein in fibroblasts. Finally, as noted above 
genetic studies in Drosophila suggest Pyd, the homolog of ZO-1, is required for cell differentia­
tion and morphogenetic movements of epithelial sheets during development. These results 
are suggestive of a role for ZO proteins in cell signaling, although the molecular mechanism 
responsible for these changes have not been elucidated. 

Curiously, ZO proteins also interact with several nuclear transcription factors. For ex­
ample, ZO-1 binds directly to the Y-box transcription factor ZONAB.^^'^^ ZONAB binds 
directly to the promoter sequences of the ErbB2 gene, a transmembrane receptor that regu­
lates cell growth and differentiation, and inhibits expression of transgenes driven by ErbB2 
promoter.^^ ZO-1 expression can reverse the inhibitory effect of ZONAB in reporter assays, 
and can also promote expression of ErbB2 gene in vivo. Similarly, ZO-2 binds directly to the 
Fos, Jun, and C/EBP transcription factors, and expression of ZO-2 in cultured cells can 
down-regulate the activity of a target promoter recognized by these proteins. In Droso-
philuy mutations in Pyd reduce transcription of the hLh transcription izctot Extramachrochaeta, 
resulting in ectopic bristle formation.^^ It is not yet clear exactly how ZO proteins regulate 
the activity of these transcription factors. ZO-1 and ZO-2 can be found in the nuclei of cells 
undergoing dynamic structural reorganizations, as is found in cells growing at low density, in 
cells adjacent to a wound margin, and during junction assembly following calcium switch.^ '̂̂ ^ 
Thus it is possible that ZO proteins might directly regulate transcription by association with 
transcription factor complexes, although there is currently no evidence to support this hy­
pothesis in vertebrates. A more likely possibility is that ZO proteins regulate transcription 
indirectly by sequestering these transcription factors at the AJC. ZONAB, Fos and Jun all 
colocalize with ZO proteins at the tight junction in polarized cells. Furthermore, 
over-expression of ZO-1 can prevent accumulation of ZONAB and an associated cell cycle 
kinase, CDK4, in the nucleus.'̂ '̂̂ ^ It is tempting to speculate that the position of ZO pro­
teins at the AJC allows them to transduce information on the state of cell-cell contact and 
modulate the appropriate cellular response by associated transcription factors. Many of the 
factors described above are known regulators of cell growth and differentiation. What still 
remains to be determined is what specific affect, if any, that the transcription factors associ­
ated with ZO-1 may have on the expression of genes involved in assembly and permeability 
of tight junctions. 
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Extension of the Paradigm: ZO Proteins and Global Organization 
of Cell-Cell Junctions 

Given that ZO proteins were among the first tight junction proteins identified, it is perhaps 
surprising that the function of these molecules is still so poorly understood. This has been due, 
in part, to technical difficulties associated the study of large and ubiquitously distributed 
polypeptides. The ZO proteins have proven to be very difficult to work with in vitro, and until 
recendy there were no cell lines available that lacked ZO-proteins or vertebrate model systems 
with targeted disruptions in these genes. This has meant that there were serious limitations on 
the type of structure-function analysis that could be applied. However, the current evidence 
clearly supports a role for ZO proteins in the organization of other tight junction proteins in 
the apical junction complex, in the cytoskeletal organization of the adjacent cortex, and in the 
signaling pathways that transect this cellular complex. 

Importandy, there is also evidence that ZO proteins may have a similar functional role 
outside the tight junction. ZO proteins are components of cadherin-based cell-contacts in the 
adherens junctions of fibroblasts, the intercalated disks of cardiac myocytes, ' ^ and puncta 
adherentes that link neurons and dendrites within the hippocampus.̂ ^ In fact, Imamura et al 
demonstrated that ZO-1 can bind direcdy to alpha catenin, a component of cadherin based 
cell-cell contacts, and that a large fragment of alpha catenin that contains this binding site (and 
perhaps several other binding domains) is necessary for cell-cell adhesion in fibroblasts^^ ZO 
proteins also bind direcdy to the members of the pi20 catenin family of proteins, which are 
cortical membrane proteins associated with cadherin at cell-cell junctions. In addition to the 
interaction between ZO-3 and pi20 catenin described above, both ZO-1 and ZO-2 bind to 
ARVCF (Armadillo-repeat gene deleted in Velo-cardio-facial syndrome).̂ ^ Both pi20 catenin 
and ARVCF bind direcdy to the membrane proximal region of cadherins, and pi20 has a 
clearly defined role in cell-cell adhesion.̂ ^ Interestingly, the ZO-binding motif in ARVCF 
appears to be required for interaction with E-cadherin and localization to cell junctions.̂ ^ 
These observations clearly suggest that ZO proteins have a distinct role in cadherin-mediated 
cell-cell adhesion. 

ZO proteins are also associated with gap junctions in a large number of tissues, including 
retinal neurons,̂ "̂ '̂ ^ oligodendrocytes,̂ ^ epithelial cells,''̂ '̂ ^ vascular smooth muscle cellŝ ^ and 
cardiac myocytes.̂ ° Although the functional role of this association is unclear (for review see 
ref 81), preliminary studies suggest that ZO proteins may regulate the ultimate size of gap 
junction plaques.̂ ^ It also cannot be ruled out that ZO proteins may have functional roles in 
the nervous system similar to other MAGUKs such as PSD-95 and SAP97/hDLG. ZO-1 has 
been specifically localized to synapses of pyramidal neurons by immunoelectron microscopy, 
where it is found in presynaptic axonal terminals.̂ ^ Taken together, the current data suggest a 
more generalized function for ZO proteins at regions of cell-cell contact, and it is likely that the 
paradigms established in tight junctions may hold true in these structures as well. In other 
words, ZO proteins may serve as organizational scaffolds or cytoskeletal linkers at a variety of 
different specialized plasma membrane domains. 

It is also highly likely that other tight junction proteins serve as scaffolding proteins with a 
key role in tight junction assembly. This may be particularly true of members of the PAR3/ 
PAR6/aPKC and the CRB3/PATJ/PALS1 protein complexes. Like the ZO proteins, the 
polypeptides that compose these two complexes are all multi-domain proteins that localize to 
the tight junction in polarized cells and that are highly conserved through phylogeny. 
Disruption of the expression and/or localization of these polypeptides can disrupt cell polarity, 
tight junction structure and paracellular permeability (for review see refs. 84,85). For example, 
over-expression of PAR-3 promotes tight junction assembly following calcium switch,̂  whereas 
expression of dominant negative transgenes encoding PAR-6 or aPKC zeta disrupt tight 
junction assembly and the formation of the paracellular barrier.̂ '̂̂ ^ Similarly, over-expression 
of CRB3, PATJ and PALSl transgenes either disrupt localization of tight junction-associated 
proteinŝ '̂̂ ^ or the formation of the paracelltdar barrier. ̂ '̂̂ '̂ ^ These observations surest that 
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these "polarity" proteins play a critical role in junction assembly, and imply that the formation 
of cell-cell contacts and the establishment of cell polarity are tighdy Unked. In addition, there 
are also at least two other midti-domain proteins, MAGI and MUPPl, that localize to the tight 
junction and bind to transmembrane proteins like JAM and the claudins,^^'^ although the 
functional roles of these proteins have not been defined. 

Future Directions 
It has become clear that the resolution of many of the issues relevant to the functional role 

of ZO proteins will require use of genetic systems in which expression of ZO proteins can be 
controlled in a tissue specific manner. The first steps in making cell lines lacking ZO proteins 
have been recently reported,"^^ but these are laborious experiments and have some obvious 
limitations. For example, they do not allow the examination of the physiology of junctions or 
the dynamic cellular processes characteristic of development, and the issue of genetic redun­
dancy between ZO proteins is difficidt to circumvent. Mice or zebrafish provide attractive 
model systems, and the existence of a ZO-3 knockout in mice has been briefly mentioned in 
the literature.^^ The great benefit of these systems is their ability to address physiological 
and developmental questions and to serve as model systems of human disease. This is espe­
cially relevant given the recent identification of several genetic diseases arising from mutations 
in tight junction proteins,^^'^^^ including the identification of ZO-2 as a candidate gene 
in Familial Hypercholanemia.^^^ Genetic redundancy between the function of different 
scaffolding proteins may pose an issue is these vertebrate systems, especially as they have 
several ZO proteins, but in these genetic systems this can be more easily circumvented through 
selective breeding of different lines. This problem of redundancy would not be an issue in 
invertebrate systems like C.elegans and D. Melanogaster, both of which have only one ZO gene. 
These systems have been generally overlooked, but both have adherens junctions, an epithelial 
barrier and defined organ systems (Reviewed in 102-104) and as such have a great potential to 
advance our understanding of the more fundamental cellular functions of ZO proteins. 
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CHAPTER 7 

TJ Proteins That Make Round Trips 
to the Nucleus 
Esther Lopez-Bayghen, Blanca Estela Jaramillo, Miriam Huerta, 
Abigail Betanzos and Lorenza Gonzalez-Mariscal 

Abstract 

The tight junction (TJ) located at the Umit between the apical and basolateral plasma 
membranes, is a multiprotein complex integrated by both integral and cortical 
proteins. Through TJ epithelial cells establish a link with their neighbors that seals the 

paracellidar pathway. Lately some TJ proteins like the MAGUKZO-1 and ZO-2, MAGI Ic, as 
well as the unrelated proteins symplekin and ubinuclein, have been found to concentrate at the 
nucleus. In this chapter we describe such proteins and how their arrival to the nucleus is 
connected to the degree of cell-cell contact. We analyze the signals present in these TJ proteins 
that may be responsible for their movement from the membrane to the nucleus and vice-versa. 
We then detail, the interaction of these proteins to nuclear molecules involved in gene 
transcription, chromatin remodeling, RNA processing and polyadenylation. 

In recent times, cell biologists have begun to recognize the dual location of certain proteins 
within the same cells. Such proteins appear to work as general constituents of two distant and 
different structures: they work as submembranous components of intercellular junctions and 
are also located in karyoplasms, Cajal bodies, or spliceosomes even in cells devoid of cell-cell 
junctions. Such proteins have recendy been referred as NACos, for proteins that can localize to 
the nucleus and adhesion complexes.̂  

This chapter will deal with TJ proteins that shuttle between the plasma membrane and the 
nucleus. In all the cases so far studied, the subcellular distribution of theTJ NACo proteins is 
sensitive to the degree of cell-cell contact. Thus in epitheUa cultured in a sparse condition, TJ 
NACos concentrate at the nucleus, whereas in a confluent state, they accumidate at the TJ and 
only a negligible proportion is maintained at the nucleus. Such behavior suggests that these 
proteins that mediate intercellular adhesion, also transmit information to the cell interior about 
the environment, such as the lack of neighboring cells. This information is crucial for deter­
mining epithelial behavior, especially for keeping the balance between proliferation and differ­
entiation. 

TJ Proteins Participate in Maintaining the Equilibrium 
between Proliferation and DifiFerentiation 

Epithelial cells constitute the boundary between the environment and the internal milieu of 
the organism. They are found lining the body cavities (e.g., stomach, uterus, intestine), the 
surface of the skin and forming the glandular tissues (mammary glands, liver, pancreas, etc.). In 
mammals the majority of cancers originate from epithelial cells. Benign tumors are generally 
well differentiated, whereas malignant ones display a wide range of un-differentiation, where 
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loss of apicolateral polarity and intercellular junctions are frequently encountered. In recent 
years a number of components found in junctional complexes of polarized epithelial cells have 
been shown to have signaling functions involved in cell growth and differentiation. ' 

The first indication thatTJ proteins could be related with the regulation of epithelial trans­
formation, arose with the discovery that ZO-1 has a high homology with the product of the 
lethal discs-large {dig) tumor suppressor gene oi Drosophila}'"^ ZO-1 and Dig belong to the 
family of membrane associated guanylate kinase homologues (MAGUK), whose members are 
characterized for presenting a multidomain organization that includes PDZ repeats, SH3 and 
GK domains. Considerable evidence has since accumulated, to confirm that genetic loss of 
ZO proteins is in fact coupled to cancer progression.^'^^ Furthermore, the tumorigenic poten­
tial of several viral proteins has been shown to depend on their ability to sequester junctional 
proteins MAGI-1, MUPP-1, Dig, hScrib and ZO-2, thereby neutralizing the transformation 
repressive activity exerted by these junctional proteins (for detailed information on such issue 
refer to Chapter 9 by Ronald Javier).^ '̂̂ ^ 

The recent discovery that TJ plaque proteins shutde between the TJ and the nucleus, as well 
as the observation that these proteins associate with transcription factors and proteins involved 
in cell cycle regidation and chromatin remodeling, reinforces the idea that TJ plaque proteins, 
are necessary for maintaining the equilibrium between cell proliferation and differentiation. 

Conditions Upon Which TJ Proteins Are Found at the Nucleus 
The TJ plaque proteins symplekin, ZO-1 and ZO-2 shutde between the plasma membrane 

and the nucleus. Other proteins, which have normally been identified as nuclear molecules, 
have in recent times been discovered to travel to the TJ under certain conditions. Such is the 
case of ubinuclein and the transcription factors ZONAE, huASHl, Jun, Fos and C/EBP. The 
results obtained studying these proteins indicate that their sub-cellidar localization varies ac­
cording to the degree of cell-cell contact in the epithelia. Thus in cidtured epithelial monolay­
ers, NACos concentrate at the nucleus of sparse cidtures, while in a confluent condition they 
localize at the TJ. However, if these tissues are afflicted with cancer, TJ labeling diminishes 
drastically and nuclear staining becomes instead conspicuous. In multi-stratified tissues, the 
lowermost layers of the epithelium, which are the least differentiated and remain in a prolifera­
tive state, exhibit a strong nuclear distribution of NACos (Fig. 1). The following paragraphs of 
this section will describe in detail the distribution of different TJ NACos under variable culture 
conditions and in diverse epithelia. 

ZO'l andZO'2 
ZO-1 was the first TJ protein shown to be present at the nucleus of epithelial cells. In 

confluent cidtures ZO-1 and ZO-2 are restricted to the plasma membrane, whereas in sparse 
monolayers they localize to the nucleus. This movement can be triggered in confluent mono­
layers by a mechanical injury. In such case, the cells that surround the wounded region begin to 
express these proteins at the nucleus. Furthermore, chemical stress induced by the addition of 
CdCl2 and heat shock (42°C), have shown to increase nuclear ZO-2 levels.̂ ^ The presence of 
Ca^^ at the surrounding media appears not to be determinant for the localization of ZO-2 at 
the nucleus. Since monolayers cultured at confluency under a low Ca^^ condition (LC; 1-5 |xM 
Ca^^) have ZO-2 diffusely distributed in punctae at the cytosol, while sparse cultures concen­
trate ZO-2 at the nucleus, independendy of the presence or absence of Ca"̂ ^ in the bathing 
media (Fig. 2)?^ If inhibitors of protein synthesis are added during a switch of confluent 
monolayers from LC to normal Ca media (NC; 1.8 mM), the transepithelial electrical resis­
tance (TER) develops normally, thus indicating that TJ are being assembled with previously 
synthesized components, apparendy stored in cytosolic vesicles, that arrive at the TJ region by 
an exocytic fusion process. 

The appearance of ZO-2 at the nucleus, upon monolayer injury, is again independent of 
protein synthesis, thus suggesting that nuclear ZO-2 originate from a preexisting pool of 
protein present at the TJ and/or at the cytosol. ZO-2 relocalization to the nucleus, requires 
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Figure 1. Schematic representation of the distribution of proteins that shuttle between the TJ and the 
nucleus, in different epithelia. In epithelial monolayers the indicated proteins concentrate at the cellular 
borders of confluent cultures, whereas in a sparse condition, they accumulate at the nucleus. In stratified 
epithelia, ubinuclein and symplekin display a nuclear concentration that is maximal at the basal cell layer 
and diminishes gradually as the cells approach the granular sheet. In the latter these proteins are only 
deteaed at the TJ. In contrast, in cancerous cells, cingulin, symplekin and huASH 1 are present at the nucleus 
and cellular boundaries. 

the participation of an intact actin cytoskeleton, since the addition of cytochalasin B, an 
agent that depolymerizes actin, inhibits the appearance of ZO-2 at the nucleus of mechani­
cally injured cells.^^ 

The accumulation of ZO proteins at the nucleus is not restricted to cultured cell lines. In 
kidney, purified nuclei have been shown to express considerable amounts of ZO-1 and ZO-2, 
and nuclear staining of both proteins has been observed in isolated manmialian renal tubules. 
Nuclear ZO-1 has also been studied along distina regions of the intestinal crypt-villus axis, 
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Figure 2. ZO-2 is conspicuously present in the nuclei of sparse cells cultured with and without Ca .̂ ZO-2 
is detected in confluent and sparse monolayers cultured in normal (NC; 1.8 mM) and low Câ ^ (LC; 1-5 
|iM) condition. Arrows show ZO-2 at the cellular borders and arrowheads indicate the nuclear staining. 
Bar, 20 jiim. (From: Islas S et al, Exp Cell Res 2002; 274:138,̂ ^ ©2002 with permission from Elsevier.) 

and could be detected in cells along the outer one fourth of the villus.^ This corresponds to the 
r^ion of the intestine where cells are committed to die and exfoliate. Instead at the other 
domains where the cells are proliferating (crypts), migrating and differentiating (crypt-villus 
and outer villus), no nuclear ZO-2 staining was found. These observations have related the 
nuclear localization of ZO-1 to changes in TJ structure accompanying cell death and extrusion 
events happening at the villus tips, and have argued that the nuclear accumulation of ZO-2 
observed at subconfluency is more a reflection of the state of cell-cell contacts than the prolif­
erative state of the cell. 

MAGLlc 
MAGI-1, -2 and -3 constitute a family of MAG UK inverted proteins that localize at the TJ 

of epithelial cells.'̂ '̂̂ ^ The splicing variant MAGI-lc, has been found by subcellular fraction­
ation assays to concentrate at the nucleus of confluent epithelial cells.̂ ^ Whether the subcellular 
distribution of MAGI-lc is influenced by cell density remains unknown. 

Par'6 
Par-6, a protein with one PDZ repeat, forms a complex with Par-3 and aPKC that localizes 

to the TJ region. This complex is essential for the generation of epithelial polarity. 
In MDCK cells, Par-6 is also present at the nuclei,^^ where it displays a speckled pattern.^^ 

If TJ are disrupted by the addition of hepatocyte growth factor, the nuclear localization of 
Par-6 remains unaffected.^^ 

Cingulin 
Cingtdin, an actomyosin associated protein is a component of the cytoplasmic plaque of the 

TJ in vertebrates (see Chapter 5). In subconfluent epithelial cells^^ and in cancerous cell lines,^^ 
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cingulin localizes at the nucleus and the cellular borders, while in confluent monolayers and in 
a variety of tissues including stratified epithelia, its presence is restricted to TJ.̂ ^ 

SympUkin 
Symplekin is a 127 kDa protein, found at the TJ apical belt of midtiple human tissues.̂  In 

the stratified epithelia of the esophagus, an exclusive nuclear localization of symplekin is ob­
served in regions known to lackTJ, such as the proliferative compartment of the basal cell layer 
and at the nonproliferative strata of the suprabasal cells. A similar situation is found to occur in 
the stratified epithelia of tongue mucosa and epidermis. In human colon carcinoma, where 
only weak residual TJ staining is detected at the cell apex region, symplekin is strongly ex­
pressed at the nuclei of epithelial cells. In carcinoma cell lines, symplekin displays a dual resi­
dence at the nucleus and the TJ region. While in nonepithelial cells like endothelia and fibro­
blasts, and in cells that do not form stable junctions at all, such as lymphoma and erythroleukemia 
cells, only the nuclear reaction is consistendy observed. These residts would speculatively sug­
gest symplekin sequestering to the plasma membrane by a set of TJ proteins that is absent in 
cells displaying poor intercellular contacts. 

Ubinuclein 
Ubinuclein is a ubiquitously expressed nuclear protein which interacts with cellular and 

viral transcription factors c-Jun and EBl.̂ ^ Ubinuclein stains TJ in various tissues and in strati­
fied epithelia such as skin, exhibits a nuclear localization throughout the basal and spinous cell 
layer, but localizes at TJ along the upper granular cell sheet. In epithelial cell lines, ubinuclein 
displays the same sensitivity to the sate of cell-cell contact as that of ZO proteins.̂ ^ 

Signals Contained in the Sequence of TJ Proteins That Facilitate 
Membrane-Nuclear Shuttling 

Proteins can move into the nucleus if they contain nuclear localization signals (NLS).̂ ^ 
Nevertheless, proteins without NLS, can still enter via cotransport with proteins that have their 
own NLS in a process known as "piggy-back". 

The classical type of NLS is that of SV40 large T antigen. ̂ ^ Two rules are followed to detect 
it: (1) A pattern of 4 basic amino acids, lysine (K) or arginine (R), or three basic amino acids, K 
or R, and either histidine (H) or proline (P). (2) A sequence of 7 aminoacids, starting with P 
and followed within 3 residues by a basic segment containing 3 K/R residues out of 4. 

Another type of NLS is the bipartite pattern, first found in Xenopus nucleoplasmin.̂ ^ The 
pattern is: 2 basic residues, a 10 residue spacer, and another basic region consisting of at least 3 
basic aminoacids out of 5 residues. 

Table 1, presents the NLS we identified in all the MAG UK and MAGI proteins of the TJ as 
well as in PAR-6, cingulin, symplekin and ubinuclein, although we are aware that the presence 
of several of these proteins at the nucleus has not been so far reported (e.g., ZO-3, PALSl, 
MAGI-la,lb, MAGI-2 and MAGI-3). 

With regards to the fimctionality of the NLS, only those present in canine ZO-2 (c-ZO-2) 
have been tested. These signals concentrate on the region comprising the last amino acids of 
PDZ-1 and the first linker situated between PDZ-1 and PDZ-2. Upon comparing the NLS 
present in ZO-2 derived from difierent species, it becomes clear that the bipartite NLS located 
at the end of PDZ-1 is conserved in human, dog, mouse and chicken, while a second bipartite 
signal is only present in dog and mouse. Two monopartite signals are detected within the first 
bipartite signal in all the studied species, whereas only in dog, a monopartite NLS is detected 
between the bipartite NLSs. 

In order to study the fimctionality of NLS present in c-ZO-2, the arrival at the nucleus of 
different amino ZO-2 constructs, lacking some or all the NLS was evaluated. The experiment 
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Table 1. Nuclear localization signals (NLS) found in MAG UK proteins of the TJ (A), 
MAGI family (B), Par-6 and cingulin (C), symplekin and ubinuclein (D) using 
the PSORT version 6.4 

A. NLS: MAGUK Family 

Scheme Name Sequence Localization 

'<^ (^-i 

PDZ1 and 1«t link 

h-ZO-1 96 RKSGKNAKITIRBKKKV 112 PDZ1 and 1«t link 
C-ZO-1 96 RKSGKNAKITIRRKKKV 112 " « « « 
m-ZO-1 96 RKSGKNAKITIRRKKKV 112 " - « « 

h-20-2 106 RKSGKVAAIWKRPRKV 122 
c-20-2 83 RKSGKIAAIWKRPRKV 99 " « - « 
m-ZO-2 83 RKSGKIAAIWKRPRKV 99 " - « u 

ch-ZO-2 83 RKSGKVATIWKBEBEY 99 " - « « 

c-ZO-3 139 RRARTGRRNQAGSRGRR 155 1«t|ink 

c-ZO-2 246 RRTQPDARHAGSRSRSR 262 1«̂ link 

m-ZO-2 669 RRQRSRGGDKKTLRKSR 685 Between SH3 and GK 

(« 
a 

h-ZO-l 748 RKSARKLYERSHKLRKN 7 64 
c-ZO-1 747 RKSARKLYERSHKLRKN 7 63 
m-ZO-1 748 RKSARKLYERSHKLRKN 7 64 

hy-ZO-1 1141 KKPTDKEKTREKSKDRK 1157 

h-ZO-3 751 RRSTRRLYAQAQKLRKH 7 67 

c-ZO-3 707 RRSARRLYAQAQKLRKH 723 
m-ZO-3 866 RRQDSMRTYKHEALRKK 882 

hy-ZO-1 138 RKKPK 

h-ZO-1 307 PPRRSRSR 

hy-ZO-1 572 PSSGKKK 

c-ZO-2 185 RRPR 

h-ZO-3 

c-ZO-3 
m-ZO-3 

h-ZO-3 
h-ZO-3 
h-ZO-3 

m-ZO-3 

h-PALSl 

m-PALSl 
h-PALSl 

m-FALSI 
h-PALSl 
m-FALSI 

109 
90 
90 

166 
170 
365 
324 

67 
67 
442 
442 
475 
475 

KRPRR 

K £ £ ^ 
KRPRR 

RRPR 

PGRRGRX 
PRLRRES 

PQPRRRERS 

RRRR 

RRRR 
RRKRKK 

JEQim?^ 
PAHBKRP 
PANRKRP 

142 

314 

578 

188 

113 
94 
94 

169 
176 
371 
332 

70 
70 

447 
447 
481 
481 

GK domain 
u u 

U M 

Beyond GK 

GK domain 

Acidrc domain 

I** link 
2"̂  link 

I** link 

^^ link 

2"̂  link 

U1 domain 

Between SH3 and GK 

GK 

o 
c 
o 

continued on next page 



82 Tight Junctions 

Table 1, Continued 

B. NLS: MAGI Family 

Scheme Name Sequence Localization 

4WIDa&4 

h-MAGI- lc 1326 
h -MAGI- lc 1339 
h-MAGI- lc 1381 
h -MAGI- lc 1387 

h-MAGI-la 219 
h-MAGI-lb 219 
m-MAGI-lb 219 
h-MAGI-lc 219 

RKTQYENPVLEAKRKKQ 
RKTQYENPVLEAKRKKQ 
RKTQYENPVLEAKRKKQ 
RKTOYENPVLEAKRKKO 

RRTQFENPVLEAKRKLQ 
RRTQFENPVLEAKRKLQ 

RREGTRSADNTLERREK 
RREKHEKRRDVSPERRR 1355 
RRSPERRRGGSPERRAK 
RRGGSPERRAKSTDRRR 1403 

PKRTKSY 
PKRTKSY 
PKRTKSY 
PKRTKSY 

h-MAGI-2 214 KRKR 
m-MAGI-2 213 KRKR 

h-MAGI-3 
m-MAGI-3 
h-MAGI-3 400 KRKK 
m-MAGI-3 378 KRKK 

h-MAGI-2 1295 RKPK 

399 WWandlJnktoPDZI \ 
399 " « - - « 
387 - - « . « 
399 " « « - « 

388 " " " • " ' 
387 " - « - -

1342 Beyond PDZ5 
1355 
1397 
1403 " * ^ 

225 Between GK and WW 
225 " « - « 
225 " « - » 
225 " « • « 

217 " « . « 
216 " « . « 

10 Before PDZO 
10 

403 Between WW and PDZ1 
381 - - « -

1298 Beyond PDZ5 

1324 
1329 
1357 " 
1365 
1373 
1413 
1451 

(1) 
4J 

\'^ 
u 

& -H 
ttJ 

0) 
4J 
•r4 
4J 

i )^ 

o 
c 
s 

continued on next page 

revealed how even the construct lacking all NLS displays a high percentage of nuclear-cytosolic 
distribution. However, a higher number of cells displayed an exclusive nuclear localization 
pattern, when transfected with a construct with intact NLS. These results thus suggest that 
in order to enter the nucleus the amino ZO-2 segments can rely on their NLS as well as on 
their association to other proteins that are constandy traveling to the nucleus (piggy back 
mechanism). 

NACo proteins of the TJ shoidd hypothetically count with a mechanism to allow them to 
export the nucleus. In this respect it has been observed, that proteins that exit the nucleus 
contain particular sequences named nuclear export signals (NES), that are sufficient to initiate 
exportation if placed on heterologous proteins. A leucine rich type NES containing a char­
acteristic spacing of leucine (L) or other hydrophobic residues was characterized in various 
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Table 1. Continued 

C. NLS: Par6 and Cingulin 

Name Sequence 

h-Par6-y 113 S^gALGALRDEGg^l^H 131 1 
m-Par6-y 113 Fra^TvYLRDDGLl^RPH 131 

h-Par6-p 112 KKNVLTNVLRPDNHRKK 128 /"Bipartite 
m-Par6-p 112 KKNMLSNVLRPDNHRKK 128 
ce-Par6 112 KRWKGISSLMAQKPPKR 128 

h-Par6-a 
m~Par6-a 

112 RE«K 
82 RRKK Monopartite 

h-cingulin 
m-cingulin 
xl~cingulin 

h-cingulin 
m-cingulin 
xl-cingulin 
xl-cingulin 

360 RKVEELQRKLDEEVKKR 
483 RKMEELQKKLDEEVKKR 
957 KRDLESKLDEAQRSLKR 

199 PPEQRKR 
328 PHEQRKR 
2 6 PRGKRSK 

1319 KRKP 

• Bipart i te 

•Monopartite 

continued on next page 

proteins.^ The receptor for such leucine rich NES is a protein called exportin/CRMl. These 
receptor associates in the nucleus with the NES signal in the presence of Ran-GTP, thus 
forming trimeric export complexes that are transferred to the cytoplasm. The anti-fiingal, 
leptomycin B (LMB) specifically inhibits the nuclear export by blocking the interaction 
between NES and exportin/CRMl.^^"^^ 

Based on the NES consensus sequence detected for HIV-1 Rev,̂ ^ PKI-a,^^ h-UBa^o and 
zyxin,^^ we previously searched for NES present in ZO proteins, and found several similar 
sequences.^^ Considering the NES of a broader number of proteins, including p53,^^ 4.1,^^ 
acun andMAPKK,^^wehave now searched for the presence of the following NES consensus: 

L/M/IXMLA^/IX2_3L/V/IXI.2L/I 

where X can be any amino acid. 
Table 2 reveals that several sequences present in the MAG UK proteins of theTJ, the MAGI 

family, Par-6, cingulin, symplekin and ubinuclein, comply with such consensus. The number 
of NES present within each protein varies broadly. Thus, depending on the analyzed specie, the 
following number of putative NES is displayed: ZO-3, 1 or 2; ZO-2, none to 2 or 4; ZO-1, 5, 
7 or 9; Pals-1, 7; MAGI proteins, 6 to 8; Par-6, 1-3 or 5; cingulin 8 or 9; ubinuclein 5 and 
symplekin 14 or 17. It is not known if the number of NES relates to the efficiency of these 
proteins to export the nucleus. 

To the best of our knowledge, only the functionality of the NES present in ZO-2 has been 
explored. When MDCK cells were transfected with an amino ZO-2 construct containing all 
the NLS described above, and the first putative NES originally described for cZO-2 (aa 
361-370),^^ die amino segment was exported from the nucleus."^^ Instead, the protein remained 
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Table 1. Continued 

D. NLS: Symplekin and Ubinudein 

Name Sequence 

h-Symplekin 
ce-Symplekin 

h-Symplekin 
ce-Symplekin 
ce~Symplekin 

h~Ubinuclein 
m-Ubinuclein 
h-Ubinuclein 
m~Ubinuclein 

h-Ubinuclein 
m-Ubinuclein 
h-Ubinuclein 
m-Ubinuclein 
h-Ubinuclein 
m-Ubinuclein 
h-Ubinuclein 
m-Ubinuclein 

h-Ubinuclein 
m-Ubinuclein 
h-Ubinuclein 
m-Ubinuclein 
h-Ubinuclein 
m-Ubinuclein 
h-Ubinuclein 
m-Ubinuclein 

214 RKRPRDDSDSTLKKMKL 
1115 KRLRREEKKEKEREKER All }BiP-tit« 

388 PQAKRRP 
360 PVAKRPK 
604 HKKR 

1. 394 
366 ^Monopartite 
607 J 

84 KKDLSDPFNDEEKERHK 100 
84 KKDLSDPFNDEEKERHK 100 

106 RKFEEKYGGKKRBKDRI 122 
106 RKFEEKYGGKKRRKDRI 122 

576 RRGHGHLTSILAKKKVM 
576 RRGHGHLTSILAKKKVM 
189 Kf^UKLKEGQEKI. 

201 K^3giH>P,nP.I^]S>^.?g8g. 

2 0 1 KisKrgH^];>xxp.mKgff.g3SS 
203 KBTOpXYDKEigCSrâ ^ 
203 lOT©pT3?DÎ ^^ 

80 PGDKKKD 
80 PGDKKKD 

188 PKKRKLK 
188 PKKRKLK 
509 PRKKFQW 
509 PRKKFQW 
360 PLBKRVK 
360 PLEKRVK 

h-Ubinuclein 183 KKKD 
m-Ubinuclein 183 KKKD 
h-Ubinuclein 234 KKKKK 
m-Ubinuclein 234 KKKKK 

592 
592 
205 
205 
218 
218 
220 
220 

86 A 
86 
194 
194 
515 
515 
366 
366 

186 
186 
238 
238 

Bipartite 

y Monopartite 

h, human; c, canine; m, mouse; ch, chicken; ce, Caenorhabditiselegans; hy, Hydra vulgaris; xl, Xenopus 
laevis. Letters in bold, highlight the basic residues comprising the NLS. The overlapping monopartite 
and bipartite signals are respectively indicated with continuous and discontinuous underlining. Links 
refer to the residues located between the PDZ domains of MAG UK and MAGI proteins. 

at the nucleus, when this NES was deleted from the construa. To test whether this leucine rich 
sequence could funaion as an autonomous NES, a corresponding peptide was chemically 
conjugated to ovalbumin (NES-1-OVA) and injeaed into the nucleus of MDCK cells. Since 
NES-1-OVA remained within the nucleus,"^ it is unlikely for the sequence 361-370 of cZO-2 
to constitute a functional NES. In contrast, when an ovalbumin conjugated peptide corre­
sponding to the second NES of cZO-2 (aa 728-738), was injected into the nucleus of epithelial 
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Table 2. Nuclear export signals (NES) found in MAG UK proteins of the TJ (A), MAGI 
family (B), Par-6 and ubinuclein (C), cingulin (D) and symplekin (E) 

A. NES: MAGUK Family 

Scheme Name Sequence Localization 

/^ s,A<^V 
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cells, it became rapidly exported to the cytosol, suggesting it is a ftinctional NES.^° When 
MDCK cells were transfected with ZO-2 constructs lacking both NES, but containing the 
NLS, the protein was exported from the nucleus, su^esting that yet unidentified NES do­
mains shotdd be active in ZO-2.^° This coidd in fact be the case, since a new search performed 
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Table 2. Continued 

Scheme Name Sequence Localization 

hy-ZO-1 897 HRPVWLGPLADL 
hy-ZO-1 906 LADLARIKL 
hy-ZO-1 955 LLDIVPEGIEML 
hy-ZO-1 966 LMYAQLCPIWML 

c-ZO-2 719 LFGPIADIAL 
c-ZO-2 728 LEKLANELPDL 
m-ZO-2 726 MERLANELPDL 

ch-ZO-2 713 MEKLSTDLPHL 

h-Z0~3 691 IIKLDTVRVI 
C-ZO-3 647 IIKLDTVRVI 
m-ZO-3 651 IIKLDTVRVI 
h-ZO-3 808 LDGSLEDNLDL 

hy-ZO-1 1259 IKDTVYEPVSL 

h-ZO-1 1635 LSSIETGVSII 
c-ZO-1 1648 LSSIETGVSII 
m-ZO-1 1644 LSSIETGVSII 

h-ZO-1 1693 LKFLKPVEL 
m-ZO-1 1702 LKFLKPVEL 
c-ZO-1 1706 LKFLKPVEL 

h-PALSl 121 LEIEDLFSSLKHI 

m-PALSl 121 LEIEDLFSSLKHI 

h-PALSl 212 LNTPHIQALLL 
m-PALSl 212 LNAPHIQALLL 
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with the modified NES consensus, described above, revealed the existence two more putative 
NES in cZO-2: one located at the b^inning of the GK domain and the other at the start of the 
PDZ-2 module (Table 2). 

No NES coidd be detected for hZO-2, following either the previous^^ or the new NES 
consensus, and shutding between the TJ and the nucleus has not yet been described for this 
protein. Nevertheless, the amino acid identity for dog and hmnan ZO-2 is so high,^^ that we 
expected them to display a similar behavior. Therefore liZO-2 is proposed to leave the nucleus 
either employing NES sequences with other consensus or by association to proteins that export 
the nucleus. 

A Protein Involved in Chromatin Remodeling Colocalizes 
withZO-lattheTJ 

In eukaryotes the genome is partitioned into discrete chromatin domains that represent struc­
tural units where the mode of DNA packing can be changed without affecting neighboring 
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Table 2. Continued 

B. NES: MAGI Family 

Scheme Name Sequence Localization 
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regions. In differentiated cells, only a subset of these domains is active. In zones characterized by 
highly condensed chromatin (heterochromatin), repressive signals are generated that cause gene 
silencing, while in areas of less tight DNA packing (euchromatin), actives genes are preferentially 
located. The configuration of chromatin can be modulated in specific and regulated ways by 
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Table 2. Continued 

Name 

h~MAGI-la 
h-MAGI-lb 
m-MAGI-lb 
h~MAGI~lc 

h-MAGI-2 
m-'MAGI-2 
m~MAGI-2 

h~MAGI-la 
h-MAGI-lb 
h-MAGI-lb 
h-MAGI-lc 

h-MAGI-2 
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relocation of genomic domains in the cell nucleus and dirough chromatin packing. ̂ ^ The latter 
mechanism includes DNA methylation that in general, represses transcription and histone post-
translational modifications like acetylation and deacetylation that stabilizes the active/nonactive 
status of a chromatin domain. 

The human homologue of Drosophila ashl (huASHl) belongs to the trithorax group of 
genes {trxG), which act as transcriptional regidators for the activities of homeotic genes.̂ '̂̂ ^ 
When the human ASHl protein was studied, it was unexpeaedly found distributed in the 
nucleus and the TJ region of cancerous cell lines.̂ ^ 

ASHl contains a SET domain characteristic of a number of chromatin-associated proteins. 
The SET domain has a histone methyl transferase activity (HMTase), implicated in conferring 
both active and repressed transcriptional states to chromatin.̂ '̂ ^ ASHl also has a PHD finger, 
which is a Cys-rich Zn finger-like motif, implicated in protein-protein interaction, and four 
AT hooks for DNA binding.̂ ^ 

The human homologous huASH 1, presents a region with high homology to bromodomains 
that is absent in the Drosophila gene.̂ ^ Chromatin remodeling complexes always include 
bromodomain-containing proteins that recognize different patterns of acetylated histones. '̂ 
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Table 2, Continued 

C. NES: Par6 and Ubinuclein 

Name Sequence 

h-Par6-y 
m-Par6-Y 

m~Par6"-a 
h-Par6-a 

m-ParS-a 
m-Par6-a 

h-Par6-y 
m-Par6-7 
h-Par6-p 
m-Par6-p 
h-Par6-a 
m~Par6-a 

ce-Par6 
h~Par6-P 
m-Par6~P 

h-Par6-7 
h-Par6-y 
h-Par6-Y 

h-Par6-a 
m~Par6-a 

h-Ubinuciein 
m-Ubinuclein 

h-Ubinuclein 
m-Ubinuclein 

h~Ubinuclein 
m~Ubinuclein 

h-Ubinuclein 
m-Ubinuclein 

h-Ubinuclein 
m~Ubinuclein 

62 IGYADVHGDLLPI 
62 IGYADVHGDLLPI 

87 LLLRPVAPL 
117 LLLRPVAPL 

147 MSVRVALQGL 
183 LQGLERVPGl 

187 LEKVPGIFI 
187 LEKVPGIFI 
186 LEKVPGIFI 
186 LEKVPGIFI 
186 LEKVPGIFI 
156 LEKVPGIFI 

215 LEVNGIEVL 
317 LESLTQIBL 
316 LESLTQIEL 

331 LAQRLQRDLAL 
339 LALDGGLQKL 
341 LDGGLQRLLSSL 

45 LLRAVHQIPGL 
45 LLCWHQIPGL 

67 LVKNIRGKVKGL 
67 LVKNIRGKVKGL 

308 MDSLTDLDL 
308 KDSLTDLDL 

357 LPAPLEKRVKEL 
357 LPXPLEKRVKEL 
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519 IRELLCQWKI 
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522 LLCQWKIKL 
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Rather than proposing a particular role for huASHl in the organization and function ofTJ, 
we hypothesize that the coiocalization of this factor with ZO-1 at the TJ may allow huASH 1 to 
be retained away from the nucleus in order to attenuate its role in gene transcription. 

Nuclear Matrix and TJ Proteins 
The nuclear matrix is a structural and functional entity^^ obtained after a serial extraction 

of lipids, soluble proteins, intermediate filaments, DNA and most of the RNA.^^ In this nuclear 
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Table 2. Continued 

D. NES: Cingulin 

Name Sequence 

xl-cingulin 

h-cingulin 
m-cingulin 
xl-cingulin 

xl-cingulin 

h-cingulin 
m-cingulin 
h-cingulin 

ra-cingulin 
h-cingulin 
m-cingulin 
xl-cingulin 

h-cingulin 
m-cingulin 
h-cingulin 
m-cingulin 

h-cingulin 
m-cingulin 

xl-cingulin 

h-cingulin 
m-cingulin 

m-cingulin 

xl-cingulin 
xl-cingulin 
xl-cingulin 
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matrix a large number of proteins are present, including structural proteins such as F-actin, 
and lamins, proteins involved in replication, transcription, splicing complexes as well as tran­
scriptional regulators. 

The nuclear matrix maintains the nuclear structure and serves to localize gene sequences 
and to keep the distribution of regulatory factors throughout the nuclear space. 

Since TJ sub-membranous molecules participate in the link between transmembrane 
proteins and the underlying cortical cytoskeleton, it was reasonable to study if at the nucleus a 
similar situation occurred. To explore this issue relative extractability assays have been per­
formed. Concerning ZO-1 and symplekin, both are completely Triton X-100 extractable from 
the nucleus, while the fraction present at the junaion remains largely un-removable.̂ "̂ '̂ "̂  ZO-1 
also disappears from the nucleus upon methanol ftxation,^"^ in lieu, nuclear ZO-2 is resistant to 
treatment with methanol or ethanol."̂ ^ 
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Table 2. Continued 

E. NES: Symplekin 

Name Sequence 

h-Symplekin 

ce-Symplekin 

h-Symplekin 

h-Symplekin 

h-Symplekin 

h-Symplekin 

h-Symplekin 

h-Symplekin 

ce-Symplekin 

ce-Symplekin 

h-Symplekin 

h-Symplekin 

ce-Symplekin 

ce-Symplekin 

h-Symplekin 

ce-Symplekin 

h-Symplekin 

h-Symplekin 

ce-Symplekin 

ce-Symplekin 

ce-Symplekin 

ce-Symplekin 

ce-Symplekin 

h-Symplekin 

h-Symplekin 

h-Symplekin 

h-Symplekin 

ce-Symplekin 

ce-Symplekin 

ce-Symplekin 

h-Symplekin 

1 HTQLYKVAL 9 

42 MHLLIDPSLSI 52 

47 IRTHAIKFVEGL 58 

52 IKFVEGLIVTL 62 

108 LKFMVHPAISSI 119 

118 INLTTALGSL 127 

111 MVHPAISSINL 121 

121 LTTALGSLANI 131 

250 LITVIESLCMI 260 

271 LPRVFDVIKAL 281 

274 LTPDNVANLVLI 285 

282 LVLISMVYL 290 

309 LKLPASVPL 317 

410 LNHETVMNLVKI 421 

411 IFRLSDVLKPL 421 

416 MNLVKISLYTL 426 

47 6 ILEDVRARLDL 486 

477 LEDVRARLDL 486 

512 IVKQSLQEINTL 523 

517 LQEINTLPVI 526 

688 lERLKQVCL 696 

735 LRSSCLEWKEL 746 

740 LEWKELCYL 749 

748 LYHKRLPDVRFL 759 

753 LPDVRFLIPVL 763 

772 IQALPKLIKL 781 

87 6 MYPRLGGFVMNI 887 

888 MDIRALLPII 897 

890 IRALLPIIGGL 900 

802 MPSDPLLLIPL 812 

984 LEEDDLEPLTL 994 

h, human; c, canine; m, mouse; ch, chicken; ce, Caenorhabditis elegans; hy, Hydra vulgaris; xl, 
Xenopus laevis. Letters in bold, highlight the hydrophobic residues comprising the NES. 



92 Tight Junctions 

Furthermore, upon studying the nuclear characteristics of ZO-2, we found several evidences 
that strongly suggest that nuclear ZO-2 is linked to the nuclear matrix: (1) ZO-2 is present in 
a nuclear matrix preparation derived from sparse epithelial cells. (2) ZO-2 remains located at 
the nucleus of sparse MDCK monolayers subjected to a sequential extraction of soluble pro­
teins, the salt labile cytoskeleton and of chromatin associated proteins and (3) lamin Bi and 
actin coinmunoprecipitate with ZO-2 derived from the nucleus of sparse epithelial cells. 

Interaction of TJ Cortical Proteins with Molectiles Involved in RNA 
Processing and Transcriptosome Assembly 

Speckles or splicing factor compartments occupy -20% of total nuclear volume. They are 
characterized for containing high concentrations of pre-mRNA spUcing factors as well as tran­
scription faaors, 3' processing factors and ribosomal proteins. The central r^on of speckles 
corresponds to clusters of 20 nm granules called interchromatin granide clusters, which are 
thought to represent transcriptosomes containing the entire transcription and RNA processing 
machineries (for reviews see refs. 69,70). 

The proteins described below play a role in RNA processing and/or transcriptosome assem­
bly, and have been found to associate at the nucleus to cortical TJ proteins. 

The Essential Pre-mRNA Splicing Protein SC35, Colocalizes with ZO-l 
at the Nucleus 

In epithelial cells, nuclear ZO-2 concentrates in speckles, where it colocalizes with splicing 
factor SC-35 (Fig. 3).̂ ^ This factor, required in the first splicing step of precursor mRNAs, 
belongs to the family of Serine-Arginine (SR) phosphoproteins^^ that contain multiple RS 
domains. The latter have shown to be motifs necessary and sufficient for targeting to the nuclear 
speckles.̂ ^ 

ZO'2 Interacts with SAF-B, a Chromatin Component Proposed 
to Participate in the Assembly of Transcriptosome Complexes 

Double hybrid screening identified the scaffold attachment factor B (SAF-B), as a molecule 
that interacts through its carboxyl terminal domain with the PDZ-1 region of ZO-2.^^ 

SAF-B is an abundant component of chromatin but not of the nuclear matrix. The factor 
binds to scaffold or matrix attachment regions (S/ZvlAR) of DNA.̂ '̂̂ ^ The latter are chromatin 
domains associated with the nuclear matrix that maintain chromatin structure, and that some­
times also harbor tissue specific sites for transcription factors. 

SAF-B colocalizes with SC-35 in nuclear speckles, and interacts direcdy with various splic­
ing factors and RNA polymerase II via its C-terminal domain. Therefore, SAF-B has been 
proposed to serve as a molecidar link that keeps assembled transcriptosome complexes in the 
vicinity of actively transcribed genes.̂ ^ 

In breast cancer cells, SAF-B functions as estrogen receptor corepressor and growth inhibi­
tor. SAF-B is lost in 20% of breast cancers.̂ "̂  

SAF-B colocalizes and coinmiunoprecipitates with nuclear ZO-2 in epithelial cells. The 
significance of such interaction is still unknown, however it reinforces the idea that ZO-2 
somehow participates in the maintenance and/or nuclear matrix anchoring of transcriptosome 
complexes. 

Symplekin, a TJ Cortical Protein Involved in RNA Polyadenylation 
Symplekin plays a critical role in the assembly of the polyadenylation machinery. It acts as a 

molecular scaffold that brings together in the same complex, a cleavage and polyadenylation 
specificity factor (CPSF) and a cleavage stimtdatory factor (CstF).̂ '̂̂  

In stressed cells symplekin colocalizes in punctuate structiures of the nuclei with the heat 
shock factor (HSF-1). The latter is a transcription factor that binds to HSP promoters to 
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increase their transcription. Interfering with the HSF-1/symplekin complexes results in de­
creased polyadenyiation of HSP70 mRNA in stressed cells. 

TJ Proteins Associate with Transcription Factors at the Nucleus 
and the Plasma Membrane 

With the aim of exploring the tumor suppressor function of the SH3 domain of ZO-1, 
epithelial expression libraries were screened in order to identify associated proteins. Surprisingly, 
the interacting protein was a new transcription factor (TF), named ZONAE.''^ This finding 
opened the search of TF that associate to TJ proteins. 

We describe below in further detail the most relevant aspects of these interactions. 

ZO'l and ZONAE 
Chapter 8 of this book provides a complete description of ZONAB and of its interac­

tion with ZO-1 and with cell cycle regulators CDK4 and cyclin D l . Therefore, here we will 
only mention that the ZO-1-associated nucleic acid-binding protein ZONAB is homolo­
gous to Y-box transcription factors, which bind to promoters with inverted CCAAT box 
sequences. 

In proliferating epithelial cells ZONAB distributes at the nucleus and theTJ, where it colocalizes 
with ZO-1. Instead, in confluent monolayers, the high levels of ZO-1 allow sequestration of 
ZONAB to the TJ region and therefore inhibit the TF from exerting its proliferative activity.̂ ^ 

ZO'landAPl 
By gel shift analysis, the specific interaction between ZO-2 fusion proteins and different TF 

oligonucleotides was tested, resulting with the finding that AP-1 and C/EBP interact with 
ZO-2.^^ 

AP-1 (activator protein-1) transcription factor is shaped by dimeric complexes of Jun and 
Fos proteins. Dimer formation is mediated by a basic-leucine zipper motif 

ZO-2 contains a putative leucine zipper on its GK domain. Therefore it was speculated 
whether, due to this characteristic, it interacted with leucine zipper containing TF. The re­
sults indicated that the association of ZO-2 with Jun and Fos is independent of this motif, 
since several TF having leucine zippers do not associate with ZO-2, and because the carboxyl 
terminal end of ZO-2, that does not include the leucine zipper, is capable of interacting with 
bothTF. 

In reporter gene assays done with constructs containing promoters under the control of 
AP-1 sites, we have observed that cotransfected ZO-2 down regulates gene expression in a dose 
dependent manner (Fig. 4). This does not affect global transcription and instead surges as a 
feature of ZO-2 not shared by ZO-1.^^ This could indicate that although both ZO proteins 
have the capacity to travel to the nucleus upon conditions of low cell-cell contact, each one 
modulates different gene promoters. 

Transcriptional regulation of AP-1 controlled promoters seems to be dependent on ZO-2 
nuclear localization. Since only the ZO-2 constructs that concentrate at the nucleus inhibits 
the expression of the reporter gene."̂ '̂̂ ^ 

ZO-2 interacts with c-Fos and c-Jun not only at the nuclei but also in the TJ (Fig. 5). The 
amount of TF found in the membrane and the nucleus changes in sparse and confluent cul­
tures, in a similar way to that observed for ZO-2 (Fig. 6). ^ This suggests that ZO-2 may be 
regulating nuclear availability of these factors by acting as a cortical anchorage platform that 
controls the nuclear shuttling of Fos and Jun. 

ZO'2 and C/EBP 
CCAAT/enhancer-binding proteins (C/EBP) are a family of transcription factors that par­

ticipate in the regulation of inflammatory response, adipose differentiation, hepatic regenera­
tion and gluconeogenesis.^^'^ 
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Figure 3. ZO-2 partially colocalizes at the nucleus with splicing protein SC-35. Sparse monolayers were 
double stained with antibodies against ZO-2 and SC-35. The merge image of ZO-2 and SC-35 shows 
nuclear speckles stained with both antibodies (arrowhead) together with several clusters of ZO-2 staining 
(open arrowhead), thus suggesting partial colocalization of ZO-2 and SC-35 at the nuclei. Bar, 20 ^im. 
(From: Islas S et al, Exp Cell Res 2002; 274:138,^^ ©2002 with permission from Elsevier.) 
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Figure 4. In MDCK cells, ZO-2 down 
regulates the activity of CAT reporter 
gene controlled by the AP-1 promoter. 
Cells were transiently cotransfected with 
Rill length ZO-2 (HA-ZO-2-pGWl) 
and two different constructs containing 
promoters with AP-1 sites: TRE-CAT 
or p220-CAT. Relative activity dimin­
ishes with transfected ZO-2. The 
cotransfection of TRE-CAT and 
HA-ZO-2-pGWl illustrates how the 
activity decreases in a ZO-2 dependent 
manner. (From: Betanzos A et al, Exp 
Cell Res 2004; 292:51,^° ©2004 with 
permission from Elsevier.) 

Figure 5. Jun and ZO-2 colocalize at the nucleus and cellular borders of epithelial cultures. Sparse and 
confluent cells were double stained with antibodies against ZO-2 and Jun. In subconfluent cultures ZO-2 
and Jun are found at the nuclei and cellular borders, while in the confluent condition, they are only detected 
at the cellular boundaries. The vertical seaion confirms the colocalization of Jun and ZO-2 at theTJ. (From: 
Betanzos A et al, Exp Cell Res 2004; 292:51,^^ ©2004 with permission from Elsevier.) 



TJ Proteins That Make Round Trips to the Nucleus 95 

M N Cy M N Cy 

42-

Biot: Jun 

• • Membrane 
I I Nucleus 
f'^^''\ Cytoplasm 

M NCy M NCy 

Figure 6. Jun is differentially expressed in the cytosol the membrane and the nuclear extraas from both 
sparse and confluent MDCK cells. Membrane (M), nuclear (N) and cytoplasm (Cy) fractions obtained from 
sparse (S) and confluent (C) monolayers were run on a SDS PAGE and blotted with an antibody against 
Jun. (From: Betanzos A et al, Exp Cell Res 2004; 292:51,̂ ^ ©2004 with permission from Elsevier.) 

In pull down assays, the carboxyl terminal domain of ZO-2 interacts with C/EBPa- and in 
gel mobility shift experiments, the addition of the middle or carboxyl domains of ZO-2, gen­
erates the appearance of new complexes associated to the C/EBP oligo probe. The association 
of C/EBP with ZO-2 was confirmed in vivo in MDCK monolayers by coimmunoprecipitation 
and colocalization. The subcellular localization of C/EBPa displays the same pattern as that 
observed in epithelial monolayers for Jun and Fos.̂ ^ 

ZO'2andKyoT2 
Double hybrid and pull down assays have identified KyoT2 as a protein associated to a new 

spliced isoform of human ZO-lP This TF belongs to the LIM superfamily of proteins defined 
by the presence of one or more LIM dom^ns.^^ 

The LIM zinc finger does not interact with DNA but fiinctions as a protein-protein bind­
ing modide.^^ LIM proteins at the nucleus regulate transcription by acting as scaffolds for the 
assembly of multiple transcription factors. In the cytoplasm, LIM proteins associate signaling 
proteins with the actin cytoskeleton. KyoT2 interacts by its LIM domain with the RBP-JK 
transcription factor (recombination signal binding protein-J kappa) ,̂ ^ a 60-kDa protein recog­
nizing the core sequence C/TGTGGGAA.^^ RBP-jK mediates transcriptional activation that 
follows Notch signalling. The Notch system is responsible for neurogenesis and ectodermal 
specification in the fruit fly.^^ Once the Notch receptor is activated by a ligand from a neigh­
boring cell, proteolytic cleavage results in the liberation of the intracytoplasmic domain of 
Notch. This domain is then translocated into the nucleus, where it associates with the tran­
scription factor RBP-Jk, to activate the expression of target genes.̂ ^ 

KyoT2 inhibits the expression of Notch r^;ulated genes, by recruiting through its LIM 2 
domain, the corepressor RINGl to RPB-J.̂ "̂  The same LIM domain of KyoT2 interacts with 
ZO-2.^^ Therefore imder confluency conditions, ZO-2 could speculatively retain KyoT2 at the 
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TJ> promoting as a consequence the activation of the Notch pathway which leads at least in the 
case of epidermal stem cells to differentiation.^^ In contrast in proliferating cultures, the associa­
tion between ZO-2 and KyoT2 might allow this TF that lacks NLS,^^ to travel to the nucleus. 

Concluding Remarks 
The inverse correlation between the expression of TJ proteins and cancer development 

raised the idea that TJ proteins may be involved in the control of cell growth and differentia­
tion. This hypothesis was reinforced with the observation that the cortical TJ proteins ZO-1, 
ZO-2, cinguUn, symplekin and ubinuclein distribute to the nucleus and the TJ, in a manner 
sensitive to the degree of cell-cell contact. 

To our knowledge, none of the TJ proteins found at the nucleus have so far been found to 
bind to DNA. Therefore their role at the nucleus might be exerted through association to nuclear 
proteins. Since MAGUK proteins have been described as scaffold at the TJ, it might not result 
surprising that at the nucleus they act as platforms for the establishment of multiprotein com­
plexes probably involved in the transcription of genes that rebate cell proliferation (Fig. 7). 

At the TJ, cortical proteins may regulate proliferation and differentiation by sequestration 
of transcription factors and cell-cycle regulators. 

Finally, it remains to be explored whether the TJ cortical proteins are present in the same 
complexes at the nucleus. Furthermore, it is not yet known if such proteins shutde together 
between the membrane and the nucleus, although their movement appears to be tri^ered by 
the same changes in the intensity of cell-cell contact. 

In sunmiary, the observation of the presence of cortical TJ proteins at the nucleus suggests 
that proteins shutde between the two subcellular locations, in order to assemble different 
protein complexes involved either in cell proliferation or in the maintenance of cell-cell con­
tact at theTJ. 

Nuclear Matrix *** Chromatin loops 

ctlve gene 

Promoter 

Figure 7. Schematic representation of the participation of TJ cortical proteins within an active 
transcriptosome. ZO-2 associated to the nuclear matrix, interacts with transcription factors Jun, Fos, and 
Kyot 2, with splicing factor SC-3 5 and with SAF-B, a molecule involved in the assembly of transcriptosomes. 
Symplekin participates in the polyadenylation process. 
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CHAPTER 8 

Tight Junctions and the Regulation 
of Epithelial Cell Proliferation 
and Gene E3q)ression 
Emma Kavanagh,* Amia Tsapara,* Karl Matter and Maria S. Balda 

Abstract 

Cell interactions with the extracellular matrix and neighboring cells regulate epithelial 
cell proliferation and differentiation. Tight Junctions are the most apical cell-cell 
junctions of epithelial cells and evidence indicates that they participate in the suppres­

sion of cell proliferation and stimulation of differentiation. Some tight junction components 
are expressed at increased levels in differentiated versus proliferating cells; and their 
down-regulation has been Unked to epithelial-mesenchymal transition as well as cancer. Other 
tight junction proteins are also found in the nucleus of proliferating cells and have been linked to 
the regulation of cell proliferation, transcription and RNA processing. Therefore, it seems that the 
accumulation of proteins at forming tight junctions is related to signaling pathways that con­
trol cell growth arrest and differentiation. We propose a model in which the assembly state of 
tight junctions is used as a sensor for cell proliferation and density. When cell density increases, 
the expression levels of tight junction proteins that are inhibitors of proliferation increase and 
they become stabilized at the forming junctions, resulting in the suppression of proliferation 
promoting signaling pathways. Furthermore, the tight junction signaling pathways in connec­
tion with signals from other cell-cell and extracellular matrix interactions ensure that epithelial 
cells stop to proliferate and begin to differentiate. 

Introduction 
Epithelial cells interact with the extracelltJar matrix and with each other via specialized 

adhesive structures that are critical for the development and funaion of epithelial tissues. These 
structures not only mediate adhesion but also regulate cell proliferation and differentiation. In 
order to understand the molecular mechanisms that regulate epithelial cell differentiation and 
cell proliferation, it is necessary to understand how epithelial cells interact with their neighbors 
and the extracellular matrix, and how this affects intracellular signaling pathways that control 
cell proliferation, differentiation and gene expression. 

The epithelial intercellular junctional complex consists of tight junctions (TJs), adherens 
junctions (AJs), and desmosomes. AJs and desmosomes are adhesive junctions that are linked 
to the actin and intermediate filament cytoskeleton, respectively. '̂̂  TJs function as barriers 
that restrict paracellular diffusion as well as apical/basolateral intramembrane diffusion and 
also interact with the actin cytoskeleton. '̂  At the basal membrane, epithelial cells adhere to 

* E. Kavanagh and A. Tsapara contributed equality to this chapter. 

Tight JunctionSy edited by Lorenza Gonzalez-Mariscal. ©2006 Landes Bioscience 
and Springer Science+Business Media. 



102 Tight Junctions 

the extracellular matrix mainly via integrins and syndecans.̂ '̂ ® All of these adhesion complexes 
consist of a set of transmembrane components that interact extracellularly with ligands and in 
the cytoplasm with large multimeric protein complexes consisting of fytoskeletal linkers, signal 
transduction proteins as well as factors involved in DNA transcription or RNA processing. 
These cell adhesion protein complexes also transmit information to the cell interior about the 
environment, which influence various aspects of cell behavior and phenotype, including prolif­
eration, differentiation and gene expression. These signals are transmitted to the cell interior 
either by sequential modulation of signal transduction pathways and cascades or, alternatively, 
by specific proteins that shutde between sites of adhesion at the plasma membrane and the 
nucleus.^' In this review, we will highlight the role of tight junaions in regulating cell prolif­
eration and gene expression and speculate on how tight junctions and other types of cell adhe­
sion might interact to regulate cell difierentiation. 

Junctional Membrane Proteins 
Tight junctions are composed of four types of membrane proteins: daudins, JAMs, occludin, 

and Crumbs. There is evidence that su^ests that all four proteins are involved in the 
regulation of epithelial cell proliferation or differentiation. Occludin and claudins have been 
linked to the regulation of epithelial proliferation. In a salivary gland-derived epithelial cell 
line, occludin overexpression is able to reverse Raf-1-induced transformation and occludin 
deficient mice exhibit hyperplasia and epithelial dedifferentiation in different tissues. ' 

Surprisingly, overexpression of claudin-11 induces cell proliferation of an oligodendrocyte 
cell line; and claudin-1, claudin-3 and claudin-4 are overexpressed in certain tumors.̂ '̂̂  How­
ever, overexpression of claudin-4 was associated with a significandy reduced invasive potential 
of a pancreatic cancer cell line, su^esting that claudin expression does not direcdy correlate 
with the proliferative phenotype of a cell or its differentiation state.̂ ^ This is fiirther supported 
by the observation that EGF inhibits the expression of claudin-2 but upregidates the expression 
of claudin-1, claudin-3 and claudin-4 in MDCK cells.̂ ^ Furthermore, the claudin-2 and claudin-1 
promoters were shown to be stimulated by the growth factor pathways of the TCF/p-catenin 
transcription complex in mouse manmiary epitheUal and colon cancer cells,̂ ^ but dedifferen­
tiation of manmiary epithelial cells induced by the transcription factor Snail downregulates the 
promoters of claudin-3, claudin-4 and claudin-7.̂ '̂̂ ^ All together, these conflicting results do 
not permit the association of claudins with a particular signalling pathway. 

The other two types of junctional membrane proteins, JAMs and Crumbs3, have not 
been linked to the regulation of proliferation but both interact with evolutionarily conserved 
signaling complexes that control epithelial polarization and, therefore, differentiation. These 
pathways are out of the scope of this review and have been described elsewhere (summary in 
Table \)P^'' 

Junctional Plaque Proteins 
The junctional membrane proteins interact with a complex cytoplasmic plaque that con­

tains different types of proteins which are linked to the actin cytoskeleton. The cytoplasmic 
plaque consists of multiple adaptor proteins as well as different types of signaling components 
such as protein kinases and phosphatases, small and heterotrimeric GTP binding proteins, and 
transcriptional regulators.̂ '̂ '̂̂ "̂  

Several of the adaptor proteins belong to the membrane-associated guanylate kinases 
(MAGUK) protein family. They contain different domains such as one homologous to yeast 
guanylate kinase, an SH3 and one or more PDZ domains. ̂ '̂̂ ^ However, none of the MAGUKs 
appears to function as a guanylate kinase. Since the Drosophila tumor suppressor Discs large A 
was one of the first members described of the MAGUK family, it was su^ested that TJs might 
be involved in processes regulating cell proliferation and differentiation.̂ "̂̂ ® This hypothesis 
was fiirther supported by the finding that the Drosophila homologue of the TJ-associated 
ZO-1, Tamou/Polychaetoid, participates in the regulation of dorsal closure, epithelial migra­
tion, and cell fate determination in sensory organs. 
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Experimental work published over the last few years indeed provided evidence for several of 
theTJ-associated MAGUKs to be involved in the regidation of epithelial proliferation. ZO-1 is 
downregulated in proliferative cells such as during corneal wound repair and in colorectal 
epithelial cells transformed by overexpression of P-catenin, suggesting that reduced ex­
pression of ZO-1 is related to increased proliferation of epithelial cells. This is supported 
by the finding that ZO-1 is downregulated in breast cancer tissues and increased expression of 
ZO-1 in MDCK cells reduces proliferation."^ '̂̂ ^ Similarly, expression of ZO-2, which is 
another MAGUK that binds to ZO-1, is also reduced in certain tumors."̂ ^ ZO-1 and ZO-2 
have been reported to accumulate transiendy in the nucleus of proliferating cells; however, 
there is some disagreement about the nuclear localization of both proteins, which su^ests that 
additional unknown parameters might affea their nuclear distribution.̂ '̂̂ '̂ ^ In fact, ZO-1 
inhibits cell proliferation outside of the nucleus by cytoplasmic sequestration of the transcrip­
tion factor ZONAB and the cell cycle regulator CDK4.^ Strikingly, ZO-2, MAGI-1 (which is 
an inverted MAGUK) and MUPPl (a multi-PDZ domain protein) have been shown to bind 
and inactivate oncogenic viral proteins.̂ '̂̂ "̂ '̂ ^ Furthermore, ZO-2 binds to DNA scaffolding 
factor SAF-B^^ and the transcription factors Fos, Jun and C/EBP;^^ but the functional 
relevance of these ZO-2 interactions is unknown. Moreover, the tumor suppressor and lipid 
phosphatase PTEN binds to a PDZ domain of MAGI-3, another TJ-^sociated MAGUK, and 
this interaction seems to be important for modidating the activity of PKB/AKT, a protein 
kinase involved in cell survival. Nevertheless, although most of the molecular mechanisms 
are not completely understood, the combined accumulated evidence suggests thatTJ-associated 
MAGUKs and related proteins funaion as proliferation suppressors (sunmiary in Table 1). 

Several other signaling proteins have been localized to TJs but there is yet no direa evidence 
of their function in the regulation of cell proliferation. A likely candidate for a protein that 
r^ulates proliferation is GEF-Hl/Lfc, a guanine nucleotide exchange factor specific for Rhô '̂ 
It is well known that Rho activation stimulates epithelial cell proliferation and is important 
during different steps of the cell cycle. ̂ "̂̂^ GEF-Hl/Lfc also associates with the mitotic spindle, 
further supporting a possible role of this protein in cell proliferation but it is not known whether 
the dual localization of GEF-Hl reflects a regulatory function of TJs in mitosis or is part of a 
mechanism that rebates cytokinesis and junaion formation. 

TJs have been linked to the r^ulation of gene expression via mechanisms that rely on 
proteins involved in DNA transcription and RNA processing. These proteins can shuttle 
between the nucleus and cell adhesion complexes, and are therefore called NACos (Nucleus 
and Adhesion Complexes).^ One such protein is ZONAB, a transcription factor that interacts 
with ZO-1. ZONAB localizes to the nucleus, where it functions as a transcriptional repressor, 
and to intercellular junctions, where it associates with ZO-1. ZONAB and ZO-1 functionally 
interact to regidate cell proliferation and gene expression."̂ '̂ ® 

HuASHl is the human homologue of Drosophila ASHl (absent, small or homeotic discs 
1), a transcription factor that belongs to the trithorax group and that participates in the 
maintenance of expression of segment-specific homeotic genes. HuASHl was found to local­
ize at cell-cell junaions and colocalizes with TJ markers by inmiunofluorescence.̂ ^ Drosophila 
ASHl functions as a histone methyl-transferase, a catalytic activity important for chromatin 
remodeling and gene expression.̂ ^ However, how huASHl becomes recruited to intercellular 
junctions, whether it is also involved in chromatin remodeling, and the functional relevance of 
its jimctional association are unknown. 

The TJ and nucleus-associated protein symplekin has been linked to the machinery 
involved in 3'-end processing of pre-mRNA and polyadenylation. In agreement with this, 
symplekin was recently shown to interact with HSF-1 (heat shock inducible transcription 
factor one) to regulate hsp70 mRNA polyadenylation in stressed cells.̂ ^ Although it will be 
necessary to characterise other mRNA transcripts that are regulated by symplekin, this might 
represent a mechanism by which intercellular junctions participate in the regulation of mRNA 
processing (summary in Table 1). 
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ZO-1 and ZONAB in the Regulation of Cell Proliferation 
We recently identified ZONAB, a Y-box transcription factor that specifically binds to the 

SH3 domain of ZO-1 and regulates the expression of the growth factor coreceptor erbB-2 and 
cell proliferation in a cell density dependent manner.^' '̂ ° Y-box transcription factors are 
multifunctional regidators of gene expression and have been proposed to play a general role in 
promoting proliferation/^'^ ZONAB binds to inverted CCAAT box sequences of the 
promoters of erbB-2 and several cell cycle regulators.^^ 

ZONAB localizes to the nucleus, where it participates in the regulation of gene expression, 
and to TJs, where it binds to ZO-1. In MDCK cells, this dual distribution is regulated by the 
expression levels of ZO-1, which, in turn, are determined by cell density. In cells that are at a 
high density and therefore not proliferating, ZO-1 levels are high and ZONAB expression is 
low. ZONAB consequendy localizes primarily to TJs. In contrast, in proliferating low density 
cells, which express only low levels of ZO-1 but have high ZONAB expression levels, ZONAB 
accumulates in the nucleus as well as TJs. The importance of the expression levels of ZO-1 for 
the distribution of ZONAB is supported by the finding that overexpression of ZO-1 reduces 
die nuclear pool of ZONAB.^'^o 

If the nuclear ZONAB pool is reduced either by overexpression of ZO-1 or by depletion of 
total ZONAB expression using antisense or RNA-interference techniques, proliferation of 
MDCK cells is reduced.^ This suggests that the proliferation suppressive function of ZO-1 is 
based on the junctional sequestration of ZONAB. This is further supported by the finding that 
the SH3 domain of ZO-1, which binds to ZONAB, is necessary and sufficient to reduce 
proliferation. These data indicate that the cell-density dependent accumulation of ZO-1 at TJs 
results in the inactivation of the proliferation-promoting ZONAB pathway. This model is 
further supported by the finding that changes in the relative expression levels of ZO-1 and 
ZONAB by overexpression or RNA interference not only resulted in changes in cell prolifera­
tion but also in the final cell densities of mature MDCK cell monolayers. 

ZO-1 and ZONAB appear to regulate Gl/S phase transition of the cell cycle (see Fig. 1). 
This is mediated at least in part by an interaction of ZONAB with CDK4, a r^ulator of Gl / 
S phase transition, which also colocalizes with ZO-1 at TJs. A reduction in the nuclear ZONAB 
accumidation was found to reduce also the nuclear pool of CDK4 and cyclin Dl and reduced 
hyperphosphorylation of the retinoblastoma protein, a nuclear CDK4 substrate. ^ However, as 
ZONAB is a transcription factor, it is likely that it may also affect proliferation by regulating 
the expression of cell cycle genes. Potential ZONAB binding sites were indeed found in the 
genes of several regidators of Gl/S-phase transition;^^ however, there is currendy no direct 
evidence for a regulation of their expression by ZONAB (see Fig. 2). 

CDK4 is a central regulator of cellular proliferation and its activity is tighdy controlled by 
several interacting proteins.^^'^^ Inhibitory proteins can be transcription factors that are 
upregulated during terminal differentiation.^"^'^^ The ZONAB and ZO-1 mechanism of 
regulating CDK4 is different in two respects. Firsdy, ZONAB does not direcdy affea the 
protein kinase activity but links CDK4 to a mechanism that controls the nuclear accumulation 
of the kinase. Secondly, ZONAB is upregulated during proliferation and downregulated in 
differentiated cells, residting in nuclear accumulation at times of high nuclear CDK4 activity. 
Because ZONAB does not affect CDK4 activity, it will be interesting to determine how the 
ZONAB/ CDK4 interaction is regulated and whether CDK4 regulates the transcriptional 
activity of ZONAB. 

The observation that the ZO-1/ZONAB pathway regulates cell density in MDCK cells 
suggests that this pathway might be important for the regtdation of cell numbers in epithelial 
tissues. Interestingly, experiments in mice linked the ZONAB-interacting kinase CDK4 to the 
regulation of cell numbers in certain tissues,^ suggesting that regidation of CDK4 function by 
ZONAB and ZO-1 might be important for the regulation of cell density. This is further 
supported by the observation that inhibition of CDK4 by expression of pl6/INK4a, a CDK4 
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Figure 1. Scheme of the different phases of the cell cycle and points where it might be affeaed by growth 
faaors, as well as integrin, adherens junction and tight junaion associated proteins. Points of arrest for 
differentiation are also indicated. Only cell cycle kinases, cyclins and inhibitors involved in Gl/S phase 
transition are shown. 

inhibitor, was sufficient to reduce cell density in mature M D C K monolayers similarly to 
overexpression of Z O - 1 . ^ 

Since the level of ZO-1 expression can affect the activity of ZONAB, it is important to 
understand how expression of ZO-1 is regulated. ZO-1 is expressed at low levels in prolifer­
ating low density M D C K cells and becomes up regulated with increasing cell density. ̂ ^ At 
least in part, this appears to be mediated by stabilization of the protein at the forming 
junctions since its half-life increases with cell density.^^ Because ZO-1 interacts with several 
junctional membrane proteins, it is likely that stabilization is mediated by the junctional 
accumulation of transmembrane components. Nevertheless, it is likely that the contribu­
tion of transcriptional mechanisms is also important for the regulation of ZO-1 expression. 
This is suggested by the observation that ZO-1 mRNA is downregulated during corneal 
wound repair ^ and by overexpression of P-catenin."^ The observation that a truncated pro­
tein consisting only of the HA-tagged SH3 domain of ZO-1 accumulated in the cytosol and 
was sufficient to reduce proliferation and nuclear accumulation of ZONAB and C D K 4 
suggests that the interaction of ZO-1 with tight junctions may only be important for the 
stabilization of ZO-1 but not for preventing the nuclear accumulation of Z O N A B and 
associated proteins."^^ Hence, binding of the SH3 domain to ZONAB may compete with 
another interaction required for nuclear transport by, for example, restricting access to a 
nuclear localization signal. Therefore, it will be necessary to identify ZO-1 and Z O N A B 
interacting proteins and to analyze their functions as well as to determine the transcrip­
tional regulation of ZO-1 and Z O N A B expression to understand the role of ZO-1 and 
Z O N A B in cell proliferation. 
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Figure 2. Scheme of regulators and targets of Gl/S phase transition. Integrins, growth factors and 
p-catenin can induce Gl/S phase transition by up-regulation of cyclin Dl expression. Cadherins were 
shown to arrest cells in Gl/GO by upregulation of the cell cycle inhibitor p27/Kipl and p21/Cipl and 
sequestration of P-catenin to the plasma membrane what reduces cyclin D1 expression. ZO-1 was shown 
to arrest cells in G1 /GO by reduction of the nuclear concentration of ZONAB/cdk4 and cyclin D1 . Active 
cdk4/cyclin D1 phosphorylates retinoblastoma which in turn releases E2F to aaivate transcription of 
genes involved in proliferation. 

ZONAB and the Regulation of Gene Expression 
ZONAB binds to an inverted CCAAT box sequence in the promoter of erbB-2. ZO-1 and 

ZONAB functionally interact to regulate the expression of endogenous erbB-2. ̂ ^ In low density 
cells, overexpression of ZO-1 increases the expression of endogenous erbB-2, and cotransfection 
of ZONAB reverses the ZO-1 effect. Based on gene reporter assays, ZONAB functions as a 
repressor of the erbB-2 promoter and ZO-1 stimulates erbB-2 expression by sequestering nuclear 
ZONAB. The increased expression of endogenous erbB-2 induced by ZO-1 is not related to 
reduced proliferation because neither overexpression of erbB-2 nor downregulation with a 
KDEL-ta^ed single chain antibody affected the proliferation rates of M D C K cells (Matter and 
Balda, unpubUshed). This indicates that r^ulat ion of erbB-2 expression is not part of the mecha­
nism by which ZONAB and ZO-1 regulate proliferation of M D C K cells. '̂ ^ Regulation of 
erbB-2 expression as well as reduction of the ZONAB/CDK4 complex does not require detect­
able nuclear accumulation of Z O - 1 , which indicates that ZO-1 does not direcdy participate in 
the regulation of the transcriptional activity of ZONAB but controls the nuclear pool by cyto­
plasmic sequestration. ZO-1 and ZONAB thus provide epithelial cells with a mechanism to 
regulate cell proliferation and gene expression in a cell density-dependent manner. 
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Upregulation of erbB-2 has been linked to organ development and cell differentiation, as 
well as in certain cellular contexts to tumorigenesis/^'^^ Since overexpression of erbB-2 has 
been associated with tumorigenesis, it was surprising that overexpression of ZO-1 reduced 
cell proliferation but increased endogenous erbB-2 expression. However, the levels of erbB-2 
overexpression in cancer cells is around 10-100 times higher than in their nontransformed 
counterparts and correlate with gene amplification. ZO-1 only increases endogenous erbB-2 
expression 2-4 times in low confluent cells, which corresponds to the normal expression 
levels in high density MDCK cells. Furthermore, increased levels of erbB2 expression have 
been observed when other cells reach confluence and differentiatê '̂̂ ^ and during mouse 
development.̂ '̂̂ ^ Moreover, overexpression of erbB-2 does not always correlate with in­
creased cell proliferation or transformation, and the activity of constitutively active alleles 
depends on the cellular background and environment.̂ "̂ '̂ ^ Therefore, by regulating the ex­
pression of erbB-2, ZO-1 and ZONAB coidd be pan of a TJ-associated signal transduction 
pathway important for differentiation of certain tissues as well as a possible cross talk with 
growth factor pathways. 

Tight Junctions and the Ras Pathway in the Regulation 
of Cell Proliferation 

Overexpression of ZONAB resulted in increased cell density but did not cause overgrowth 
of MDCK cells, su^esting that ZONAB becomes either inactivated or overridden by other 
signaling pathways. Such mechanisms may be cell type-dependent as ZONAB-overexpression 
accelerates proliferation of a manmiary epithelial cell line (Balda and Matter, unpublished). 
Therefore, it will be crucial to determine how the ZO-1/ZONAB pathway is regulated as well 
as cross talk with other signaling systems that influence cell proliferation. We will discuss here 
the evidence of cell-adhesion-associated signaling pathways that have been implicated in pro­
liferation and that might be related to TJs-

Cell proliferation is controlled by soluble mitogens, components of the extracellular matrix 
to which cells adhere mainly via integrins, as well as cell-cell junctions. It is clear that there is an 
extensive cross talk between these pathways.̂ '̂ '̂̂ ^ Two of the most-studied signaling pathways 
originating from integrins involve the focal adhesion kinase, FAX, and inte^rin linked kinase, 
ILK. Activation of FAX triggers signaling cascades such as the extracellular signal-regulated 
kinase (ERK) of the Ras pathway, which is important for the regulation of cell proliferation 
and survival.̂ ^ Via this pathway as well as independendy, FAX controls cell proliferation by 
regulation of the expression of the cell cycle regulator cyclin Dl.^'^^ Activation of ILX influ­
ences a number of signaling components such as GSK3P, resulting in modulation of TCF/LEF 
and AP-1 activities, which are known to regulate the expression of cyclin Dl on the transcrip­
tional level.̂ '̂̂ ^ Thus, extracellular matrix and cell-cell adhesion can cross talk to regtdate cell 
proliferation and differentiation via at least two signaling pathways, the TCF/LEF and the Ras 
pathway. The cross talk of extracellular matrix, growth factors and cell-cell adhesion by the 
TCF/LEF pathway has been discussed recendy*,̂ ^̂ '̂ ^ so we will focus here only on possible 
cross talk for the regulation of cell proliferation by the Ras pathway (see Fig. 3). 

The loss of epithelial differentiation in cancers often correlates with mutations in Ras, 
affecting the cellular response to growth factors, extracellular matrix signaling, and cell—cell 
adhesion.^ In nontransformed cells, the main mitogenic signal transduction pathways are the 
ones downstream of Ras such as Raf kinases, Rho family small GTPases and the 
phosphoinositide 3-OH kinase-PKB/AKT pathway, and they are related by integrin-mediated 
cell adhesion, resulting in anchorage-dependent growth. In contrast, in cancer cells, constitu­
tive activation of these pathways makes cancer cells to grow independendy of adhesion.^ 
Similarly, during epithelial mesenchymal transition, there is cell-cell junction dissociation and 
a massive cytoskeletal reorganization with activation of signaling proteins such as Ras, Rho, 
Src and P-catenin,̂ '̂̂ ^ which are known to regulate cell cycle progression at different lev-
gjg 60,93,98.99 j^ j^ ̂ ^^ striking that Ras, Rho and Src affect cell adhesion at different levels, and 
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Figure 3. The Ras/Raf and Ras/PI3K signal transduction pathways are possible points of cross talk or 
self-regulation between signals that favour and inhibit proliferation. Integrins and growth factors activate 
the Ras pathway to induce cell proliferation. In normal cells there is a tight control of this pathway, in 
transformed cells this control is lost and many adherens and tight junction proteins are downregulated. 
Overexpression of E-cadherin as well as occludin were shown to reverse Ras-induced transformation in 
certain cell types. Only possible cross talk for the regulation of cell proliferation via the Ras pathway is 
shown (see Note Added in Proof. For reason of simplicity cross talk via the TCF/LEF pathway that has 
been discussed recently '̂̂ *'̂ ^ has been omitted. 

that multiple pathways originating at structures mediating cell adhesion can regulate the ac­
tivity of the Ras pathway, which in turn can regulate cell proliferation. 

TJs have been linked to different effectors of the Ras pathway. Raf kinases are common Ras 
effectors, the activity of which leads to the sequential activation of the pathway of the 
mitogen-activated protein kinases of extracellular-signal regulated kinases, MEKs and ERKs, 
which in turn regidates transcription. Expression of constitutively active Raf-1 or MEKl is 
sufficient to transform inmiortalized epithelial cells.'̂ '̂̂ ^^ Consequently, treatment of H-Ras 
transformed MDCK cells with the selective MEKl inhibitor PD98059 residted in increased 
expression of adherens junction proteins and assembly of functional adherens junctions and 
TJs.^^^' TJs seem to be intimately connected with Raf-1 signalling, as overexpression of the 
TJ-associated membrane protein occludin is sufficient to reverse Raf-1-mediated transformation 
of a salivary gland epithelial cell line.^^ The molecular mechanism by which TJs can counteract 
Raf signalling has not been elucidated, and it is not clear whether inhibition of Raf-1 mediated 
transformation by occludin is direct or involves other signalling pathways. 

AF-6/afadin is a Ras target that was proposed to serve as a peripheral component of TJs in 
epithelial cells because it interacts with ZO-1 in a Ras dependent manner and also binds to 
JAM.̂ ^ '̂̂ ^ It was also demonstrated that AF-6/afadin is recruited to nectin-based adherens 
junctions, su^esting that AF-6/afadin is not a specific component of TJs. ̂ ^̂ ' Furthermore, 
AF-6/afadin is cmcial for the establishment of intercellular jimctions during mouse development. ̂ ^̂  
The physiological relevance for the interaction of AF-6/afadin with ZO-1 and how this 
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contributes to Ras signaling is unknown, the fact that AF-6/afaciin can associate with compo­
nents of more than one intercellular junction might be of importance for signaling cross talk. 

The Ras effector phosphatidylinositol-3 kinase (PI3K) is important for the transduction of 
signals from growth faaors, integrins and cadherins.̂ '̂̂ ^̂ '̂ ®̂  PI3K is an upstream regulator of 
protein kinase B, PKB/AKT, and this pathway plays a central role in regulating cell survival, 
adhesion, migration, proliferation and differentiation. The action of PI3K is counteracted by 
the lipid phosphatase and tumor suppressor PTEN, which converts PI-3,4,5-P(3) to PI-4,5-P(2). 
Inactivation of the PI3K pathway inhibits Gl/S phase transition.̂ ^° PI3K and PTEN have 
been linked to TJs. PI3K associates with the C-terminal cytoplasmic domain of occludin in 
vitro^ ^ and seems to be involved in junctional assembly as well as response to oxidative stress. 
PTEN binds to a PDZ domain of a junctional MAGUK, MAGI-3, which is thought to be 
responsible for junctional recruitment of the Upid phosphatase. Moreover, MAGI-3 and PTEN 
also seem to cooperate to modulate the kinase activity of PKB/AKT. ̂ ^ Whether the interactions of 
PI3K and PTEN with TJ proteins are related to the role of the PI3K pathway in cell proliferation 
observed in certain cancers is unknown.̂ ^^ (see Note Added in Proof} Nevertheless, it is 
tempting to speculate that TJs serve as a platform to anchor multiple proliferation-regulating 
pathways to the plasma membrane to regulate them in a cell density-dependent manner as well 
as to facilitate cross talk between these pathways to ensure proper regidation of proliferation 
and differentiation. 

Conclusions and Perspectives 
Many T\ proteins have been identified, sequenced and characterized since 1986, when 

ZO-1 was first isolated. ̂ ^ Several of these TJ associated proteins have been linked not only to 
the regulation of paracellular permeability and restriction of apical/basolateral intramembrane 
diffiision of lipids, but have also been connected to different types of signaling pathways that 
modidate cell proliferation and differentiation. The exciting recent residts that indicate that 
TJs play a role in signal transduction processes that regulate epithelial proliferation and 
differentiation, suggest that TJs suppress pathways that stimulate proliferation and inhibit 
differentiation. For example, upregidation of occludin expression suppresses Raf-1-mediated 
transformation; overexpression of ZO-2 can counteract oncogenic viral proteins; and 
upregulation of ZO-1 expression results in cytoplasmic sequestration of the transcription 
faaor ZONAB and reduces cell proliferation and cell density. However, most of these signaling 
systems are incompletely characterized and litde is known about their physiological functions 
during development and in tissue homeostasis. 

Our current knowledge has been obtained either by studying single molecules or linear 
signaling pathways, and it is not clear whether and how these pathways interact between them 
as well as with the ones originating from other sites of cell adhesion such as adherens junctions 
and integrins. For example, we are eager to know which is (are) the mechanism(s) by which 
occludin inhibits Raf-1-mediated transformation and how this influences ZO-1 associated 
signaling molecides such as ZONAB; whether and how the ZO-1/ZONAB pathway of cell 
proliferation is regulated by association with other tight junction proteins; and whether ZO-2, 
symplekin, huASHland GEF-Hl regulate cell proliferation or any other nuclear function. 

TJs assemble when epithelial cells reach high cell densities, stop proliferating and differentiate, 
resulting in increased expression levels of TJ-associated proteins. Therefore, it is tempting to 
speculate that TJs function in the sensing of cell density. In agreement, manipulation of 
specific TJ proteins, such as ZO-1 and ZONAB, affects the cell density at which cell culture 
monolayers stop to proliferate. It will be necessary to identify the tissues that are sensitive to 
such manipulations in vivo. Furthermore, T]'-2iSS0C\axtA signaling systems are likely to be af­
fected by and influence other pathways that control proliferation and differentiation; so it will 
be important to find out which are the cross talk between TJs and better characterized cell 
proliferation regiJatory systems such as cadherin-based adhesion and signaling from the extra­
cellular matrix and growth factors. 
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Note Added in Proof 
A target of the Ras pathway, RalA, has recently been linked to tight junction signalling. 

RalA interacts with ZONAE in a GTP-dependent manner. The amount of the RalA-ZONAB 
complex increases as epithelial cells become more dense and increase cell contacts. The 
RalA-ZONAB interaction results in relief of transcriptional repression of a ZONAB 
regulated promoter. Additionally, expression of oncogenic Ras alleviates transcriptional re­
pression by ZONAB in a RalA dependent manner. These data implicate the RalA/ZONAB 
can control ZONAB function (Frankel P, Aronheim A, Kavanagh E et al. RalA interacts with 
ZONAB in a cell density dependent manner and regulates its transcriptional activity. EMBO J; 
in press). 
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CHAPTER 9 

Tight Junction Proteins and Cancer 
Isabel J. Latorre, Kristopher JL Frese and Ronald T. Javier 

Abstract 

The tight junction (TJ) has been the subject of intense investigations since its discovery 
in the early 1960s. It has long been recognized as a key determinant of the epithelial 
cell barrier function, but only recendy has the role of the TJ in the control of cellular 

proliferation and differentiation been appreciated. Identification of the molecular components 
of the TJ has shown that, in addition to their structural functions, these proteins also regulate 
both signal transduction emanating from the plasma membrane and gene expression in the 
nucleus. In addition, studies of human tumors reveal a direct correlation between the loss of 
functional TJs in cancer progression and metastasis, and several different mutant mice lacking 
specific TJ proteins develop hyperproliferative disorders. Work conducted in vitro with cell 
Unes has provided additional evidence that the loss of TJ proteins can promote transformation, 
as well as increased metastatic potential. Intriguingly, the tumorigenic potential of several dif­
ferent viral oncoproteins is also linked to their ability to disrupt TJs. In sunmiary, studies 
directed at determining the mechanisms whereby the TJ controls cellular proliferation and 
motility are expected to aid in the development of new effective strategies for treating and 
preventing human cancers. 

Introduction 
Despite the fact that approximately 90% of all human malignancies are epithelial in ori­

gin, ̂ '̂  much of our knowledge about mechanisms responsible for the tumorigenic transforma­
tion of cells stems from studies of fibroblasts. A growing body of evidence, however, suggests 
that features unique to epithelial cells, particularly specialized cell-cell junctions and apico-basal 
cell polarity, play central roles in regulating cellidar proliferation and differentiation and, when 
disrupted, contribute to the development of cancer. 

In midticellular organisms, proper functioning of many types of epithelial cells depends on 
the partitioning of their plasma membranes into distinct apical and basal compartments, where 
apical membranes face a luminal space or the environment and basal membranes contact the 
underlying body tissues. This polarization of epithelial cells mainly involves two types of cell-cell 
membrane structures, the adherens junction and the zonula occludens or tight junction (TJ). 
Whereas adherens junctions are responsible for strong cell-cell adhesion,^ TJs create a barrier 
that separates not only the apical and basal membrane compartments within an individual 
epithelial cell but also the external environment from internal body tissues within a sheet of 
epithelial cells. 

In 1963, Farquhar and Palade first described the TJs of epithelial cells, and also provided 
evidence that these apically-located, belt-like structures form an impermeable barrier that re­
stricts macromolecides from diffusing out of luminal spaces."̂  Although they incorrecdy hy­
pothesized that the TJ resulted from "fusion of the adjacent cell membranes", these investiga­
tors described a "diffuse band of dense cytoplasmic material... associated with this junction'. 

Tight Junctions, edited by Lorenza Gonzalez-Mariscal. ©2006 Landes Bioscience 
and Springer Science+Business Media. 
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which we now know corresponds to a variety of TJ-associated proteins. In recent years, there 
have been intense efforts to identify and determine functions for the polypeptides present at 
the TJ, and today more than 40 different such proteins have been identified. For most of these 
factors, however, their precise functions and contributions to TJ estabUshment and mainte­
nance are not yet fidly understood. 

Central to the subjea of this chapter, the disruption of cell-cell junctions and the concomitant 
loss of polarity represent hallmark phenotypes for many different cancer cells. Moreover, a 
variety of evidence supports the argument that these two conmion phenotypes of cancer cells 
direcdy contribute to tumorigenesis rather than simply representing indirect consequences of 
the transformed state of these cells. Two recent studies highlight this important point by re­
porting compelling data indicating that disruption of adherens junctions per se in cells pro­
motes the development of some cancers.^'^ 

In this chapter, we discuss findings that point to a similar important role for TJ disruption 
in carcinogenesis. While previous studies primarily linked loss of TJs to late stages of tumor 
progression such as metastasis, a burgeoning body of evidence now argues that someTJ-associated 
proteins are tumor suppressors and/or regulators of signal transduction, suggesting that TJ 
disruption may likewise contribute to early stages of carcinogenesis. Consistent with this pro­
posal, work from several different groups has shown that the transforming potentials of 
oncoproteins encoded by human adenovirus, human papillomavirus, and human T-cell leidce-
mia virus type 1 depend in part on their ability to interaa with cellular PDZ domain-containing 
proteins found at the TJs in epithelial cells. 

TJ Proteins 

TJ Transmembrane Proteins 
The formation of functional TJs relies in part on interactions between the extracellidar 

domains of integral membrane proteins present at these specialized membrane sites. Three 
types of such proteins, occludin,^ junctional adhesion molecules (JAMs),^'^ and claudins,^ '̂̂ ^ 
are known to localize to the TJ. 

Occludin, which was the first integral membrane protein identified at the TJ,'̂  specifically 
localizes to this site,^^ and its protein expression levels correlate with the number of TJ strands 
present in cells. ̂ ^ Nevertheless, expression of occludin alone is insufficient to induce TJ forma­
tion in cells. ̂ ^ Instead, this protein appears to provide both the barrier (paracellular sealing) 
and fence (membrane domain differentiation) functions of the TJ.^^ The carboxyl-terminal 
cytoplasmic domain of occludin interaas with several TJ-associated proteins, including ZO-1 , 
ZO-2,^^ and ZO-3,^^ as well as with F-actin^^ and the regulatory subunit of phosphoinositide 
3-kinase (PDK)."^ '̂̂ ^ Although dispensable for maintaining TER, the cytoplasmic domain of 
occludin is important for maintaining the paracellular barrier. ̂ ^ 

A second family of integral membrane proteins found at the TJ is the JAMs, which are 
members of the immunoglobulin superfamily.^'^^ Although the four different known JAM 
proteins can be detected in circulating leukocytes and platelets,^ these proteins are pre­
dominantly expressed in epithelial and endothelial cells, where they localize to the TJ and, to 
a lesser extent, along the basolateral membrane.^^ Similar to occludin, JAM expression alone 
fails to promote TJ formation in cells.^^ While the function of JAMs at the TJ is not fully 
understood, several lines of evidence indicate their requirement for TJ function and integ-
rity.̂ '̂̂ ^ In addition, their cytoplasmic domains mediate interactions with several TJ-associated 
proteins, including occludin, cinguUn, ASIP/Par-3,^^ MUPPl,^^ ZO-I,^^ MAGI-1,^° and 
^ _ ^ 31,32 jj^ggg interactions are thought to contribute to the proper TJ localization of both 
JAMs and their partners. 

Claudius are a third family of integral membrane proteins found at the TJ. The claudin 
family comprises more than 20 different members, ̂ "̂ '̂ ^ which vary widely in their tissue distri­
bution patterns. ̂ ^ Contrary to occludin and JAMs, claudin expression is both necessary and 
sufficient to induce TJ formation in cells, ̂ '̂̂ ^ indicating that this protein represents a key 
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structural element of TJs required to initiate formation of these cell-cell junctions. In addition, 
similar to both occludin and JAMs, claudins likewise bind to several other TJ-associated pro­
teins (e.g., MUPPl,^^ PATJ,̂ 5 ZO-1, ZO-2, and ZO-3^^), which could be envisioned to regu­
late the capacity of claudins to initiate TJ formation and/or to transmit signals from these 
cell-cell contact sites. 

TJ Cytoplasmic Proteins 
In addition to transmembrane proteins, a number of cytoplasmic proteins also associate 

with TJs, as was eluded to above. These proteins can be divided into two general groups, PDZ 
domain-containing adaptor proteins and a collection of other adaptor and signaling proteins. 

A large group of related TJ-^sociated cytoplasmic proteins consists of members from the 
diverse family of PDZ domain-containing proteins, including the membrane-associated 
guanylate kinase-homology (MAGUK) proteins ZO-1,^^ ZO-2,̂ ^ ZO-3/^ PALSl,̂ ^ MAGI-1, 
-2, and -3,^-^^ the multi-PDZ domain proteins PAR3,̂ ^ PAR6,^ MUPPl,^^ and PATJ,̂ ^ and 
the Ras effector protein AF-6.̂ ^ PDZ domains are protein-binding modules named after the 
first three founding member proteins: post-synaptic density protein 7^D95, Drosophila tumor 
suppressor Discs-large protein £)lg, and zonula occludens protein ZO-1. In addition to having 
several tandem PDZ domains, PDZ proteins also typically contain other protein-binding mod­
ules, such as SH3, WW, and L27 domains. The presence of a guanylate kinase-homology 
domain, which likewise functions as a protein-binding module, serves to distinguish 
MAGUK-family proteins from other PDZ proteins. Consistent with having multiple 
protein-binding domains, PDZ proteins typically fiinction as scaffolds to assemble transmem­
brane and cytosolic proteins into supramolecular signaling complexes, as well as to tether such 
complexes to the actin cytoskeleton and to localize them at specialized membrane sites of cell-cell 
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contact, ' such as TJs. 
There is also some evidence indicating that at least some of the TJ-associated PDZ proteins 

are required for both TJ establishment and cell polarity. For example, two different 
TJ-associated protein complexes, Crb/PALSl/PATJ and Par3/Par6/aPKC, form a functional 
complex required for proper epithelial cell polarity. Consistent with the fact that an inter­
action between PALSl and Par6 mediates formation of this important functional complex, 
it was recently shown that siRNA knockdown of PALSl expression leads to defects in TJ 
formation and polarity in epithelial cells."̂ ^ Numerous other studies have also shown that 
over-expression of dominant-negative PDZ-protein mutants adversely affects TJ function, 
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Structure, and assembly. ' ' ^ 
Another group of TJ-associated cytoplasmic proteins consists of otherwise unrelated 

adaptor (cingulin,̂ ^ 7H6^ )̂ and signaling proteins (PTEN,"^ heterotrimeric G-proteins,̂ '̂ '̂ ^ 
atypical protein kinase C [aPKC] protein phosphatase 2A [PP2A]^^. Interestingly, aPKC 
and PP2A are believed to phosphorylate or dephosphorylate certain TJ proteins, respec­
tively, and in so doing, regulate cell polarity, as well as TJ assembly^^ and function. Thus, an 
intriguing possible scenario is that, in some cases, the loss of TJs and polarity observed in 
cancer cells stems from dysregulation of aPKC and/or PP2A. 

Importandy, in vitro and in vivo studies of midtiple TJ-associated proteins have revealed 
that changes in their expression and localization can promote tumorigenesis and metastasis 
(Fig. 1). 
TJ Proteins and Cancer 

Some epithelial cells (e.g., those lining the respiratory and gastrointestinal tracts) have con­
stant exposure to the external environment and, therefore, fi-equendy become injured or killed 
by toxins, microbes, and viruses. At sites of epithelial cell damage, loss of TJ integrity represents 
a cue for cells to launch a repair program involving cellular proliferative and migratory activi­
ties at the wound edge, and ending with the reassembly of TJs to reform an intact epithelial 
layer. An elegant molecular mechanism regulating this repair process has been elucidated in 
human airway epithelia. Under normal conditions, TJs in these cells aa to segr^ate a growth 
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Figure 1. Mechanisms of TJ dysregulation that may promote tumorigenesis and metastasis. TJ-associated 
proteins involved in controlling cellular proliferation can be divided into four different groups: transmem­
brane proteins, adaptor proteins, signaling proteins, and transcription factors. Altered expression levels or 
localization of these proteins could adversely affect other TJ components, resulting in increased intercellular 
permeability, loss of polarity and contact inhibition, dysregulated signaling from the TJ, and elevated 
expression of growth-stimulatory genes in the nucleus. 
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factor within the apical membrane compartment away from its receptor in the basolateral 
membrane compartment, thereby precluding receptor activation. ^ Upon injury or death of a 
cell within the epithelial cell layer, the disruption of TJs in adjacent healthy cells permits the 
growth factor to bind and activate its receptor, thereby inducing cellular proliferation and 
migration to repair the wound. In light of this model, one can also easily envision that, in 
epithelial cells, the persistent loss of TJs and polarity caused by mutations in genes encoding TJ 
proteins or their regulators could initiate neoplastic transformation. Supporting this idea, dis­
rupted TJs, as measured by freeze-fracture analyses or by decreased transepithelial resistance 
(TER) of tissues, represent a common alteration of epithelial cell-derived tumor cells, some 
examples of which include hepatocellidar carcinomas, thyroid tumors, colon carcinomas, 
and adenomatous polyps. 

Identification and characterization of the many protein components of TJs should pro­
vide important insights into the molecular mechanisms whereby disruption of TJs can trig­
ger malignant transformation in a wide variety of epithelial cell types. This point can be 
highlighted by studies of the two closely related TJ proteins, ZO-1 and ZO-2. The fact that 
these two proteins showed homology to the Drosophila tumor suppressor protein Dig, muta­
tion of which leads to loss of cell polarity and neoplastic growth, initially pointed to their 
suspected roles as tumor suppressors.^^ Additional usefid insights were gleaned from the 
demonstration that conditions such as cell subconfluency induce TJ-associated ZO-1 and 
ZO-2 to translocate into the nucleus,^^'^^ reminiscent of the ability of Wnt pathway activa­
tion to induce the P-catenin oncoprotein^^ to move from adherens junctions into the nucleus 
and, thereby, to stimulate transcription of the c-myc,^ cyclin X^\P'^^ and c-jun^^ genes. 
Collectively, these observations suggested that ZO-1 and ZO-2 might suppress cellular pro­
liferation by regulating the activity of nuclear factors, a hypothesis for which compelling 
evidence now exists (see below). 

To metastasize, cancer cells must have the capacities to invade surrounding normal tis­
sues, to move into the circulation, and to transmigrate through vascular endothelial cells 
into surrounding tissues. Because reduced intercellular adhesion promotes increased cellular 
motility and invasiveness, disruption of TJs likewise plays a central role in conferring a 
metastatic phenotype to cancer cells. Interestingly, in addition to showing that TJ proteins 
are generally downregulated in metastatic cancer cells, ̂ ''̂ ^ findings also indicate that 
microvessels feeding tumors often display reduced occludin and claudins expression and 
increased permeability.'̂ '̂̂ ^ 

Dysregulated TJ Protein Expression in Cancer 
Numerous reports demonstrate thatTJ proteins are downregulated in both human (Table 

1) and experimental cancers.^^'^^ In most instances, the expression level of these proteins 
directly correlates with the degree of differentiation of the cancer cells. For instance, ZO-1 
expression in infiltrating breast ductal carcinomas was shown to be reduced in 42%, 83%, 
or 93% of highly, moderately, or poorly differentiated tumors, respectively.^ The 
downregulation of ZO-1 in these carcinomas was also proposed to represent a late event in 
cancer progression. 

The upregulation of TJ proteins represents an additional alteration observed in some can­
cers (Table 1). One potential explanation for this somewhat surprising finding may be that 
over-expression of TJ proteins can dominandy negatively interfere with proper TJ formation 
and fimction, thereby potentiating malignant transformation and metastasis. Alternatively, while 
TJ-protein upregidation and increased T] function may decrease the tumorigenic and meta­
static potentials of most cancer cells, it is possible that such effects on the TJ fail to hinder the 
ability of certain cancer cells to thrive. In this regard, the fimctional consequences of TJ-protein 
upregulation in cancer cells likely depend on variables such as the cell type, the presence of 
specific oncogenic mutations, and the subcellular distribution of the TJ protein.^^ Nonethe­
less, whereas downregulation of TJ proteins clearly promotes cancer progression, more work is 
needed to clarify the role of TJ-protein upregulation in this process. 
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Table 1. Changes in TJ protein expression reported in human cancers 

Tight Junction Expression 
Protein Status Type of Cancer Refs. 

Poorly differentiated gastrointestinal adenocarcinomas 168 
Gastric cancer 169 
High-grade prostate cancer (except in cells facing the 170 
lumen) 
Colorectal cancer 171 
Uterine adenocarcinoma 172 
Colorectal cancer 173 
Prostate adenocarcinoma, prostatic intraepithelial 174 
neoplasia 
Ovarian cancer 85,175 
Prostate adenocarcinoma, prostatic intraepithelial 174 
neoplasia 
Ovarian cancer 85,175 
Pancreatic cancer 87,88 
Intraductal papillary-mucinous tumors of the pancreas 176 
Invasive ductal carcinomas of the breast 177 
Head and neck squamous cell carcinomas 178 
Ovarian cancer 179 
Intestinal-type gastric cancer 180 
Infiltrating ductal carcinomas 84 
Poorly differentiated gastrointestinal adenocarcinomas 168 
Colorectal cancer with liver metastasis 181,182 
Primary pancreatic cancer cells 183 
Pancreatic duct carcinomas 184 
Breast adenocarcinoma 185 
Liver cancer cell lines, hepatocellular carcinomas 186 

Occludin 

Claudin 1 
Claudin 3 

Claudin 4 

Claudin 7 

Claudin 16 
Claudin 23 
ZO-1 

ZO-2 

ASIP/Par3 

Reduced 
Reduced 
Lost 

Lost 
Reduced 
Increased 
Increased 

Increased 
Increased 

Increased 
Increased 
Increased 
Reduced 
Reduced 
Increased 
Reduced 
Reduced 
Reduced 
Reduced 
Increased 
ZO-2-A lost 
Reduced 
Par3 Aexon 
17b reduced 

Animal Studies That Reveal Potential Roles for TJ Proteins in Cancer 
To examine the direct consequences of dysregulating expression of TJ proteins in vivo, 

several groups have generated knockout mice unable to express TJ proteins. While such mu­
tant animals typically display various developmental or pathological defects, a predisposition 
for developing hyperproliferative disorders has been observed less frequendy. The studies de­
tailed below represent examples in which dysregulated expression of TJ proteins promotes 
abnormal cellular proliferation, neoplasia, or metastasis in experimental animal model systems. 

TJ Transmembrane Proteins 
Mice lacking both isoforms of occludin are born at Mendelian ratios with no gross ana­

tomical defects. While these mutant mice appear to develop TJs morphologically and func­
tionally indistinguishable from those observed in wild-type mice, demonstrating the dis­
pensability of occludin for TJ establishment and maintenance, careful histological analyses 
revealed that gastric gland epithelial cells fail to undergo normal differentiation in 3-6 week-old 
occludin'' mice and, additionally, become hyperplastic in 40 week-old mutant animals. This 
susceptibility of occludin'' mice for developing hyperplasia but not cancer is not surprising 
considering the ability of these animals to form apparendy normal TTs. In future studies, 
however, it would also be interesting to determine whether occludin' mice have a higher 
predisposition for tumor development following treatment with carcinogens. 
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In one study, it was found that human pancreatic cancer-derived cell lines expressing high 
or low levels of claudin-4 exhibited weak or strong metastatic potential, respectively, following 
tail vein injection into nude mice.̂ '̂  Providing direct evidence that claudin-4 upregulation 
decreases metastatic potential, it was shown that over-expressing claudin-4 in a highly meta­
static pancreatic cancer line that expressed low endogenous levels of this protein significandy 
decreases its capacity to form pulmonary metastases. This finding, however, contradicts the 
residts of a recent study that showed upregulated claudin-4 expression in both primary and 
metastatic pancreatic cancers.^^ Clearly, this discrepancy needs clarification. 

TJ Cytoplasmic Proteins 
The Ras-effector protein AF-6 is encoded by a gene that localizes on human chromosome 

6q27 in a region commonly deleted in ovarian cancer,^^ and was identified as an ALL-1 fusion 
partner in acute myeloid leukemias.^ Whereas AF-6^^' mice exhibit no recognizable defects, 
AF-6 mice die during early embryogenesis.^^ Supporting the notion that the TJ protein AF-6 
functions to suppress inappropriate proliferation in at least some cell types, columnar epithelial 
cells in the neuroectoderm of AF-6 embryos display both morphological and polarity defects, 
which residt in a hyperplasic-like phenotype. 

The TJ-associated MAGUK proteins MAGI-1, MAGI-2 and MAGI-3 have been reported 
to interact with the important tumor suppressor protein PTEN,^'^^ which ftinctions to nega­
tively regulate PI3K signaling.^^ Evidence obtained in cell lines suggests that these MAGUK 
proteins augment the activity of PTEN, possibly by inducing its localization to the membrane 
and thereby increasing access to phosphatidylinositol 3,4,5 phosphate lipid substrates. Consid­
ering that PTEN^^' mice are acutely susceptible to a variety of malignancies including breast 
and prostate cancers and lymphomas,̂ " '̂̂  it will be important in fiiture studies to generate 
MAGI-2 and MAGI-5 knockout mice and to 2s:s^s& whether these mutant animals likewise 
exhibit a predisposition for tumor development. 

Also noteworthy is that studies conducted in Drosophila have revealed a role for the 
TJ-protein ZO-1 in negatively regulating cellular proliferation. Tamou, a Drosophila homo-
logue of the MAGUK protein ZO-1, has been implicated in this process through its impact 
on cell differentiation. This Drosophila protein is required for expression of the transcrip­
tional repressor extramacrochaetae (emc), which inhibits formation of sensory organ precur­
sor cells that differentiate into various sensory organs. Consequendy, the absence of tamou 
decreases emc transcription, resulting both in abnormally high numbers of sensory-organ 
precursor cells and in supernumerary sensory organs. Furthermore, flies hypomorphic for 
both tamou and emc develop multiple extra wing veins, a phenotype possibly caused by 
cellular overproliferation. 

In Vitro Studies That Reveal Potential Roles for TJ Proteins in Cancer 
As the molecular definition of TJs represents a recent undertaking, animal studies investi­

gating the functions of TJ proteins are still somewhat limited. As might be expected, reports 
utilizing in vitro systems are more numerous, and select findings having relevance to cancer are 
summarized below. 

TJ Transmembrane Proteins 
Evidence has been reported showing that occludin downregulation is responsible in part for 

oncogene-mediated transformation of a rat salivary gland epithelial cell line. Expression of 
oncogenic Raf-1 in these cells leads to the functional loss of TJs and the acquisition of a strati­
fied phenotype due to the lack of cell-cell contact growth control,^^ abnormalities that corre­
lated with downregulation of occludin and claudin-1, as well as with altered distribution pat­
terns of ZO-1 and E-cadherin. Importantly, reconstitution of occludin expression in the 
Raf-1-transformed cells promotes reversal of their abnormal growth properties and reacquisi-
tion of normal claudin-1 protein levels, functional TJs, and properly localized E-cadherin at 
lateral membranes. 
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Several studies indicate that ciaudin downreguiation also contributes to the transformed 
properties of tumor cell lines. In breast cancer cell lines, ciaudin-1 expression is absent or 
greatly diminished^^ and, significantly, over-expression of ciaudin-1 not only reduces 
paracellular flux^^^ and increases TER in monolayers^^^ but also promotes apoptosis of 
three-dimensional culture tumor spheroids. ̂ ^̂  Moreover, expression of ciaudin-1 and sev­
eral other TJ proteins are repressed by over-expression of Snail, a transcription factor in­
volved in the epithelial-mesenchymal transition seen in many cancers.^^ Also notable is that 
over-expression of claudin-4 in pancreatic cancer cells is linked to a reduced invasive poten­
tial in vitro and to an inability to form colonies in soft agar.̂ ^ 

TJ Cytoplasmic Proteins 
Studies of the macromolecular TJ complex Par3/Par6/aPKC reveal that dysregulated 

cell-polarity signaling can also cause cell transformation. This complex is crucial for TJ forma­
tion and epithelial cell polarity, '̂  and its activity depends on an association with the 
Rho-family GTPases Racl and Cdc42, which bind to Par .̂" '̂̂ ^^ Consistent with a complex 
whose function relies on proper subunit stoichiometry, over-expression of any individual com­
ponent of the Par3/Par6/aPKC complex acts in a dominant-negative fashion to block TJ for-
mation.^'^^'^^ With respect to a possible link to cancer, it has been reported that this complex 
can also potentiate transformation independent of Raf*̂ ^ in fibroblasts. 

Studies conducted with cell lines have likewise revealed that the suspected mmor suppressor 
proteins ZO-1 and ZO-2 possess several growth-suppressive activities that could be envisioned 
as becoming inactivated by TJ disruption in cancer cells. ZO-1 is known to translocate from 
the TJ into the nucleus of either subconfluent or migrating epithelial cells. "̂^ In confluent 
epithelial cells, however, ZO-1 binds to the nuclear transcription factor ZONAE and seques­
ters it to TJs, an interaction that blocks ZONAB's growth-stimidatory activity, possibly by 
inhibiting cyclin-dependent kinase A}^^ ParalleUng these observations with ZOA, ZO-2 simi­
larly interacts with the growth-stimulatory transcription faaors Jun, Fos, and C/EBP^^^ and, 
in confluent cells, co-localizes with these transcription factors at TJs. Moreover, ZO-2 
over-expression inhibits AP-1-dependent transcription, presumably by functionally inaaivating 
Jun and Fos by sequestering them at TJs. Also noteworthy is that ZO-2 binds to the nuclear 
scaffold attachment factor B (SAFB),̂ ^^ a suspected tumor suppressor whose expression is lost 
in approximately 20% of breast cancers, ̂ ^̂ ' and that ZO-2 over-expression can inhibit the 
in vitro transforming activities of several different oncoproteins, including activated Ras.̂ ^^ 

In addition to having the ability to bind PTEN and augment its activity in cells, the 
TJ-associated MAG UK protein MAGI-1 also interacts with the guanine nucleotide exchange 
factors (GEFs) PDZ-GEF^ ̂ ^ and NETl ,̂  ̂ ^ which function to stimulate the activity of Rapl "^ 
and RhoA,^ respectively. In addition, a NETl truncation mutant was shown to represent a 
novel oncogene expressed in a human neuroepithelioma cell line.^^^ Thus, it is tempting to 
specidate that MAGI-1 sequesters PDZ-GEF and NETl in an inactive state at TJs and that, in 
cancer cells, disruption of TJs may lead to oncogenic, constitutive activation of these GEFs. 

The TJ midti-PDZ protein MUPPl has been shown to interact with claudin-8,^^^ the 
proteoglycan NG2,^^^ and the tyrosine kinase receptor c- kit^2° and, additionaUy, MUPPl 
overexpression in MDCK epithelial cells can reduce paracellular conductance.^^^ Considering 
the known important involvement of claudins in TJ formation, NG2 in cell motility and 
melanoma cell spreading, ̂ '̂ ^ and the c-kit proto-oncogene product in promoting cellular pro­
liferation and survival, '̂  it is possible that dysregulation of MUPPl promotes TJ disruption 
and oncogenesis, although direct evidence supporting this hypothesis is presendy lacking. 

Not surprisingly, several different growth-stimidatory signaling pathways have also been 
shown to interfere with TJ integrity in epithelial cells. Reports using a variety of different cell 
lines demonstrate that stimulation of EGF receptors or the Ras/Raf/ERK pathway, but not the 
PI3K pathway, reduces TJ barrier function. ^^^'"^ It was also recendy shown that activation of 
PKC-alpha and its translocation to the membrane increases TJ permeability in adenocarcinomas 
derived from either rat or human colon.^^ 
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While to date most in vitro studies have relied primarily on either tumor lines having mul­
tiple mutations or cell lines over-expressing individual TJ proteins, the advent of siRNA tech­
nology is expected to play an increasingly prominent role in the design of future in vitro studies 
seeking to delineate roles for TJ proteins in cancer and metastasis. 

The TJ and Viral Oncoproteins 
Because small DNA tumor viruses typically initiate infections in quiescent cells and replica­

tion of their genomes depends heavily on host enzymes specifically expressed during S-phase of 
the cell cycle, these agents have devised a multitude of strategies to force quiescent cells to 
re-enter the cell cycle. In general, the oncoproteins encoded by these viruses serve this function 
by targeting cellular factors having key roles in regulating cell proliferation. Consequendy, 
studies of DNA tumor virus oncoproteins have led to the discovery of several extremely impor­
tant cellular regulatory proteins. Indeed, the well-known tumor suppressor p53 was first dis­
covered through its interaction with the SV40 large T antigen (LTag) oncoprotein,̂ ^ '̂̂ ^ and 
has subsequendy been identified as a target of multiple viral oncoproteins.^ '̂ Other ex­
amples include the discoveries of PI3K^ and p300/CBP^^^ through their interactions with 
the middle T-antigen of mouse polyomavirus and the El A protein of human adenovirus, re­
spectively. In addition, much of what we know about the function of the pRb tumor suppres­
sor was gleaned from studies of its interaaions with SV40 LTag and adenovirus El A. '̂ ^̂  
The more recent finding that TJ'^^ociated PDZ proteins and PP2A are targets for several 
different viral oncoproteins provides additional evidence that functional permrbations of TJs 
can contribute direcdy to the development of cancers (Fig. 2). 

Human Papillomavirus (HPV) 
Numerous epidemiological studies have identified the sexually-transmitted HPV as 

the primary etiologic agent of greater than 90% of cervical cancers. ̂ "̂̂  There are over 75 
different types of HPV, and these are divided into two groups termed "high-risk" and "low-risk" 
based on the frequency of their association with cervical cancers. The E6 and E7 proteins 
represent the major oncogenic determinants of high-risk HPVs, and the oncogenic potential of 
HPV E6 depends not only on its ability to target p53 for degradation^^^ but also on its inter­
action with a variety of other cellular factors. ̂ '̂ 

E6 proteins derived from high-risk but not low-risk HPVs possess a functional 
PDZ domain-binding motif that mediates interactions with several different TJ-associated PDZ 
proteins, including MUPPl,̂ ^^ MAGI-1,̂ ^̂ '̂ °̂ MAGI-2 and MAGI-3.̂ ^^ Such interactions 
promote degradation of these PDZ proteins in cells, and E6 mutants specifically unable to 
bind PDZ proteins exhibit substantially reduced oncogenic potential.^^^''^ Expression of 
high-risk HPV-16 E6 in epithelial cells destabilizes TJs, as evidenced by ZO-1 mislocaHzation,̂ "^ 
although whether this effect on TJs is due to interaaions of E6 with one or more TJ-associated 
PDZ protein is not currendy known. Furthermore, there is evidence that the MUPPl-related 
protein PATJ represents an additional TJ-^^ociated PDZ protein target of HPV E6 (Latorre 
and Javier, manuscript in preparation). It is also conceivable that E6-mediated degradation of 
the adherens junction-localized human homologues of the Drosophila tumor suppressors Dig 
and Scribble contribute to TJ destabilization, considering that disruption of adherens junc­
tions also promotes carcinogenesis and could presumably indirecdy disrupt TJs. Moreover, 
chronic downregulation of Scribble has been linked to progression of normal uterine cervical 
tissue to invasive cervical cancer, su^esting that Scribble degradation by E6 is a contributing 
factor to cervical cancer progression. 

Simian Virus 40 (SV40) 
SV40 infects non-human primates, but many people were exposed to this virus as a con­

taminant of the polio vaccines administered in the 1950 s.̂ ^̂  SV40 can cause a variety of 
tumors including lung and kidney adenocarcinomas in rodent models^ ^ and, in addition. 
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Figure 2. Disruption ofTJs by viral oncoproteins. In normal epithelial cells, TJs are ordered macromolecu-
lar complexes comprised mainly of occludin, claudins, JAMs, PDZ proteins, and other signaling proteins. 
In cells transformed by certain viruses, the viral oncoproteins either aberrantly sequester (Ad9 E4-ORF1, 
HTLV-1 TAX, SV40 sTag) or promote degradation (HPV E6) of various TJ components. Ad9 E4-ORF1, 
HTLV-1 Tax, and HPV E6 direcdy target PDZ proteins, whereas SV40 sTag inaaivates PP2A. With the 
exception of SV40 sTag, the disruption of TJ-associated non-PDZ proteins is hypothetical. 

recent epidemiological and molecular analyses have revealed increasing evidence that SV40 
is likewise associated with human malignancies. ̂ "̂ '̂̂ ^̂  Although LTag is the major oncogenic 
determinant of SV40, under certain conditions, SV40-induced tumorigenesis also requires 
SV40 small t antigen (sTag),̂ "̂ ^ which binds to and inactivates 

PP2A in cells.̂ 5 -̂̂ 53 5 — £ , 
cantly, sTag was also recently found to disrupt TJs in MOCK cells in a PP2A-dependent 
manner, as determined by mislocalization of PP2A and other TJ-associated proteins, 
multilayering and indistinguishable cell borders, decreased TER, and increased paracellular 
permeability of cells. These effects were specific to TJs because SV40 sTag had no effect 
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on adherens junctions. These findings widi SV40 sTag imply a key role for PP2A dysregulation 
in TJ disruption and cellular transformation. 

Human Adenovirus (Ad) 
Adenoviruses naturally infect epithelial cells and, as is the case for many small DNA tumor 

viruses, have evolved several mechanisms to provide a cellular milieu amenable to viral replica­
tion. The El A protein is a major oncogenic determinant for most human adenoviruses, and 
multiple fiinctions contribute to El As transforming activity. ̂ ^̂  Whereas the amino-terminal 
region of El A is responsible for its oncogenic potential, the carboxyl-terminus negatively regu­
lates this activity. Indeed, El A mutants with carbojyl-terminal deletions display enhanced 
transforming, tumorigenic, and metastatic activities. Among the phenotypes acquired by 
deletion of the El A carboxyl-terminal region is the ability to disrupt cell-cell adhesion com­
plexes, including TJs.̂ ^̂  For example, these El A mutants mislocalize ZO-1 and increase 
paracellular permeability in epithelial cells. Two cellular proteins that interact with the El A 
carboxyl-terminus are CtBP,̂ ^ a transcriptional repressor of LEF/TCF, and the dual-specificity 
kinases DyrklA/B.^59 ^ ^ ^ j ^ 

it is not yet clear whether the failure of El A to bind one or both 
of these cellular factors is required for TJ disruption, it has been shown that expression of CtBP 
is lost in malignant melanomas and Dyrks are likely involved in regulating cell-cycle pro­
gression and cell differentiation.̂ ^^ 

Whereas the primary oncogenic determinants of most adenoviruses are El A and ElB, hu­
man adenovirus type 9 is unique in that the E4 region-encoded open reading frame 1 (E4-ORF1) 
oncoprotein is its major oncogenic determinant. ̂ ^̂  Like high-risk HPV E6 oncoproteins, the 
E4-ORF1 oncoprotein has a PDZ domain-binding motif that mediates interactions with sev­
eral TJ-associated PDZ proteins, including ZO-2,̂ ^^MAGI-l,̂ ^^ MUPPl,̂ ^^ and PATJ (Latorre 
and Javier, manuscript in preparation). In addition, disruption of this motif abolishes the tum­
origenic potential of E4-ORFl,̂ ^ '̂̂ ^ and wUd-type E4-ORF1 aberrandy sequesters these PDZ 
proteins in the cytoplasm of cells.̂  ̂ '̂ '̂ ^̂ '̂ ^̂  Importandy, similar to high-risk HPV E6, E4-ORF1 
also disrupts TJs in epithelial cells (Latorre and Javier, manuscript in preparation). 
Human T-Cell Leukemia Virus-l (HTLV-l) 

HTLV-1, the etiologic agent of adult T-cell leukemia, is the only known oncogenic human 
retrovirus. The viral Tax protein is believed to account for the tumorigenic potential of 
HTLV-1.̂ ^^ Similar to a difference between the E6 proteins from high-risk and low-risk HPV, 
the Tax protein of tumorigenic HTLV-1 but not non-tumorigenic HTLV-2 interacts with 
cellular PDZ proteins, and these interactions are linked to its transforming potential in fibro-
blasts.i^Tax was recendy shown to interaa with the TJ-associated MAG UK protein MAGI-3 
and alter its subcellular localization, ̂ '̂̂  hinting that the ability of Tax to perturb TJ-related 
complexes in T-cells may contribute to the development of adult T-cell leukemia. 

Concluding Remarks 
Although the molecular analysis of the TJ is still in its infancy, multiple lines of evidence 

implicate these membrane structures in the control of normal cell proliferation and polarity. 
Furthermore, recent studies have shown that TJ disruption is a hallmark of malignant and 
metastatic cancers, and evidence that some TJ-associated proteins are targeted by viral 
oncoproteins underscores their possible functions as tumor suppressors. While studies thus far 
have mosdy been limited to investigating the effects of TJ protein over-expression in estab­
lished cell lines, the use of siRNA technology is expected to aid in validating these in vitro 
findings and in extending our knowledge about howTJ proteins can regulate cellular prolifera­
tion. The generation of tissue-specific gene knockout mice and midtiple gene-knockout mice 
are additional approaches that promise to broaden our imderstanding of the important roles TJ 
proteins play in cancer. 
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CHAPTER 10 

Regulation of ParaceUular Transport 
across Tight Junctions by the Actin 
Cytoskeleton 
Matthias Bruewer and Asma Nusrat 

Abstract 

The epithelial lining of luminal organs such as the gastrointestinal and respiratory tract 
forms a regulated, selectively permeable barrier between luminal contents and the 
underlying tissue compartments. ParaceUular permeability across epithelial and endo­

thelial cells is in large part regulated by an apical intercellular junction also referred to as the 
tight junction (TJ). The tight junction and its subjacent adherens junction (AJ) constitute the 
apical junctional complex (AJC). The AJC is composed of a multiprotein complex, which 
affiliates with the underlying apical perijunctional F-actin ring. Such AJC association with the 
perijunctional F-actin ring is vital for maintaining its structure and function in health. Stimuli 
such as nutrients, internal signaling molecules and cytokines influence the apical F-actin 
organization and also modulate the AJC structure and paracellular permeability. Here we 
review some of the key stimuli that influence F-actin organization, AJC structure and 
paracellular permeability. 

Introduction 
The tight junction (TJ) is the apical most intercellular junction in epithelial and endothelial 

cells and in association with the subjacent adherens junction (AJ) it constitutes the apical 
junctional complex (AJC). TJs form regulated, selectively permeable barriers between 
two distinct compartments.^'^ Thus, for example in the intestinal and respiratory tract, Tjs 
interface luminal contents and underlying tissue compartments. TJs do not just represent static 
structural elements but they are dynamically regulated to control paracellular solute and ion 
transport in diverse physiologic states. In part such regulation in health and dysregulation in 
disease occurs secondary to signaling events influencing the underlying perijunctional actin 
cytoskeleton.^' 

Columnar epithelial cells have a prominent perijunctional actin-myosin II ring that 
encircles the apical pole of polarized cells. This perijunctional filamentous actin ring is readily 
visualized by fluorescence labeling of filamentous actin and by electron microscopy. In fact the 
major interface of this ring with the lateral membrane occurs just below the TJ in the AJ. 
However, actin filaments project from this ring and interface with specific sites of membrane 
kisses in TJs that represent regions where membranes from apposing cells come into close 
apposition (Fig. 1).^ Thus, it is logical to envision regtdation of TJ structure and paracellular 
solute transport by factors that influence lateral tension within the perijunctional actin-myosin 
II ring.^-^ 

Tight Junctionsy edited by Lorenza Gonzalez-Mariscal. ©2006 Landes Bioscience 
and Springer Science+Business Media. 
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Figure 1. Protein composition and regulation of the apical junaional complex (AJC). Transmembrane 
proteins in the apical junctional complex affiliate with an underlying perijunctional actin myosin ring. 
Signaling molecules and extracellular stimuli such as cytokines, nutrients and pathogens regulate the AJC. 

Our knowledge of TJ protein composition and regulation of paracellular transport is rap­
idly expanding. It is clearly evident that transmembrane proteins in TJs such as occludin, 
claudin(s) and junction adhesion molecule (JAM)-l affiliate with cytoplasmic plaque proteins 
that in turn have been implicated in the association of the TJ protein complex with the actin 
cytoskeleton.^'^^ Prototypes of such actin associating proteins are the zonida occludens pro­
teins (ZO-1, ZO-2 and ZO-3). Cingulin also interacts with the zonula occludens proteins and 
enterocyte myosin heavy chain. ̂ ^ The overall organization of TJ associated proteins is illus­
trated in Figure 1. Structure and functional properties of these proteins are detailed in other 
chapters of this issue. 

Current knowledge of TJs is consistent with a view that they are specialized membrane 
microdomains^" '̂̂ ^ that might function as molecidar platforms involved in actin organization 
(Rho-GTPases, EFA6), cell signaling (c-src and c-yes), membrane trafficking (VAP-33, Rab3b, 
Rabl3, Rab 8, Sec6, and Sec8), and cell polarity (Par3 and Par6). '̂'''̂ ° Thus TJs represent very 
dynamic platforms that regulate paracellular movement of ions and solutes in many physi­
ologic and pathologic states. Diverse stimidi that influence TJ function and its subjacent actin 
cytoskeleton are discussed below. 

Modulation of Myosin Light Chain-Phosphorylation in the 
Perijunctional F-Actin Ring Influences TJ Function 

Circumferential contraction and therefore tension in the apical perijunctional aain-myosin 
ring regulates solute transport across the paracellular space.̂ '̂̂ ^ Such modifications in the 
perijunaional actin-myosin ring are achieved by the phosphorylation of the myosin light chain 
(MLC) of myosin II by MLC kinase (MLCK), which in turn acts on bipolar F-actin fibers in 
the perijunctional F-actin ring. Increased epithelial permeability in MLCK-dependent fashion 
has been demonstrated in model intestinal epithelial cell lines exposed to enteropathogenic 
Escherichia coli^ transmigrating polymorphonuclear leukocytes or cytokines such as interferon 
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gamma (IFN-y) and tumor necrosis factor alpha (TNF-a).^^'^^ In addition, physiologic 
agonists have also been demonstrated to influence paracellular transport by modifications in 
the perijunctional actin-myosin ring. A classic scenario involves the uptake of glucose in the 
intestinal tract.^^ Early idtrastructural examination of the intestinal mucosa has demonstrated 
that intra)unctional dilatations and condensation of the perijunctional cytoskeleton occur with 
Na^-glucose cotransport induced increase in permeabUity."̂ '̂̂ '̂̂ ^ Such modifications in the 
actin cytoskeleton support the concept of cytoskeletal regulation of paracellular permeability. 
In fact, subsequent studies linked the activation of enterocyte Na^-glucose cotransporter with 
phosphorylation of MLC.^^ Na^-glucose co transport induces cytoplasmic alkalinization that is 
dependent on the activation of the brush border Na^/H^ exchanger isoform NHE3.^^ 
Inhibition of the NHE3 exchanger reduces MLC phosphorylation that is associated with an 
increase in transepithelial resistance (TER) to passive ion flow.^^ It has therefore been proposed 
that NHE3 activation may be a critical component of the signaling pathway for Na^-glucose 
cotransport-dependent TJ regulation. Further evidence supporting the role of MLC 
phosphorylation in TJ regulation comes from studies using epithelial cells transfected with 
truncated MLCK gene construa lacking the inhibitory domain required for kinase r^;idation.^ 
Expression of this construa in model epithelial cell lines induced an increase in myosin r^;ulatory 
light chain phosphorylation and an increase in paracellular permeability.^^'^ Upstream regula­
tion of the MLCK by protein kinase C has been proposed as a mechanism regulating the TJ 
permeability.^^ 

Other physiological agonists influencing the cytoskeleton and junctional transport through 
modulation of the actin cytoskeleton include responses to histamine and lysophosphatidic 
acid^^ that induce phosphorylation of MLCs. Ethanol and low concentration of extracellular 
calcium increase activity of MLCK and disrupt the TJ protein complex by influencing ZO-1 
and occludin organization in the AJC.^^'^^ Agonists that influence TJ permeability in rat 
hepatocytes include angiotensin II, vasopressin and epinephrine. 

Modulation of Barrier Function by Rho GTPases 
The Rho family of small GTPases, comprising Rho, Rac and Cdc42, are believed to play an 

important role in regulating and maintaining the perijunctional actin ring, TJ structure/fixnc-
tion, and assembly of polarized epithelial cells.^ Rho function is modulated by a set of 
regulatory proteins and is activated through GDP-GTP exchange, which is promoted by 
guanine nucleotide exchange factors (GEF) and is inactivated through GTPase-activating 
proteins. '̂ ^ Rho guanine nucleotide dissociation inhibitors mediate stabilization of inactive 
GDP-bound form of Rho. ^ Conformational changes then allow the GTPases to interact with 
multiple effector molecules involved in actin cytoskeletal controP^'^^ Rho activity cycles are 
rapidly reversible, and are terminated upon hydrolysis of GTP by GTPase-activating proteins. 

Several insights have been gained, based on the use of diverse pharmacological and 
molecular tools that interfere with function of the Rho family of GTPases. We have 
previously shown that inactivation of Rho GTPases (with Clostridium botulinum C3 
transferase and Clostridium difficile toxins A and B) is associated with a compromised barrier 
function in T84 intestinal epithelial cells manifested both as functional decrease in TER, 
increase in paracellular flux of labeled dextran (3kDa) and a structural redistribution of 
ZO-1 and occludin away from the lateral plasma membrane. This eff̂ ect was associated with 
reorganization of perijunctional F-actin. Moreover, we demonstrated, that disassembly of 
TJs induced by Clostridium difficile toxins A and B reduced the hyperphosphorylated occludin 
species and ZO-1 in "rafi:-like"membrane microdomains.^ The downstream effector of Rho 
referred to as Rho kinase (ROCK) has also been documented to regulate TJ fiinction.^'^ 
However, ROCK inhibition induces profound reorganization of the apical F-actin cytoskeleton 
without influencing TJ protein distribution in the lateral membrane. These findings imply 
that ROCK mediated effects on TJ ftxnction are primarily due to its influence on the apical 
actin cytoskeleton in epithelial cells. These observations were further supported by transfection 
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studies, in which a dominant negative mutant of ROCK induced loss of the apical F-actin-
rich brush border and a reduction in the apical perijunctional F-actin ring without 
influencing occludin localization. Studies using transfected epithelial cell lines expressing 
dominant negative mutants of Rho GTPases demonstrated increase in paracellular 
permeability without influencing the TJ protein organization. In addition to the above 
downstream effector, an upstream GEF of the Dbl family of proto-oncogenes that activates 
Rho has been shown to associate with TJs.̂ "̂  A link between the TJ cytoplasmic plaque 
protein ZO-3 and RhoA related signaling has been proposed.̂ ^ These studies reported that 
transfection of the amino terminal half of ZO-3 (NZO-3) in MDCK cells resulted in 
decreased RhoA GTPase activity and a change in cellular F-actin organization. The authors 
proposed a model whereby altered interactions between ZO-3 and an AJ protein, pi20 catenin 
in NZO-3 expressing cells influences RhoA GTPase activity. 

Recent studies reported, that not only inactivation, but also activation of the Rho family of 
proteins enhances paracellular permeability.̂ '̂̂ '̂̂ ^ Using an elegant inducible transfection 
system in MDCK cells, convincing evidence for an involvement of RhoA, Racl and Cdc42 in 
regulation of epithelial barrier function has been obtained.̂ '̂̂ '̂ In this system, induction of 
dominant-aaive RhoA, Racl and Cdc42 activity was correlated with inability of epithelial 
cells to develop high TER. Moreover, increased paracellular permeability to molecules of 
different sizes was accompanied by redistribution of occludin and ZO-1 from the lateral 
membrane as well as modifications in junctional associated F-actin cytoskeleton. Using the 
same system, we found that activation as well as inaaivation of RhoA, Racl or Cdc42 induced 
time-dependent disruptions in epithelial gate function and distinct morphological alterations 
in apical and basal F-actin pools. Constitutive activation of Rho A and Cdc42 induced 
redistribution of occludin, ZO-1, daudin-l, claudin-2 and JAM-1 from the lateral membrane. 
Constitutively active Racl on the other hand primarily influenced claudin-1 and -2 organization 
in TJs« These structural alterations were accompanied by changes in the biochemical properties 
of theTJ proteins.^^ Interestingly, an increased activation of RhoA has been described in 
biopsies of patients with Crohns disease indicating that RhoA may be involved in the cascade 
that leads to impaired barrier function in these patients. Reported effects of the activation of 
Rho GTPases by Escherichia coli cytotoxic necrotizing factor (CNF)-l on epithelial TER have 
to date been diverse. While one report su^ests a lack of CNF-1 effect on TER, two other 
reports using intestinal epithelial cell lines T84 and Caco2 document CNF-1 induced an 
increase in paracellular permeability.̂ '̂̂ ^ In the latter study, increased paracellular permeability 
was associated with significant redistribution of theTJ proteins occludin, ZO-1, claudin-1 and 
JAM-1 following basolateral exposure of epithelial cells to CNF- 1. In parallel, CNF-1 incubation 
resulted in decreased apical F-actin that was accompanied by formation of prominent basal 
F-actin cables. ^ Thus, increased activation of Rho appears to disrupt the continuity between 
adjacent F-actin pools in microvilli, perijunctional ring and the terminal web that in turn 
could destabilize the "scaffold" of the TJ protein complex. 

Interestingly, CNF-1 treatment induced internalization of TJ proteins into endosomal/ 
caveolar-like membranous structiues, evidenced by colocalization of TJ proteins with caveolin-1 
by immunogold electron-microscopy. By immunolabeling and confocal microscopy TJ 
proteins were observed to colocalize with internalized early and recycling endosomal markers 
(EEA-1, Rab-11). This provides novel evidence that increased activation of Rho-GTPases 
induces internalization of TJ proteins into endosomal structures. Interestingly, dominant-active 
Racl and Cdc42 have been shown to affect endocytic trafficking in epithelial cells.̂ '̂ ' The 
colocalization of TJ proteins with markers of recycling endosomes also suggests that recycling 
of TJ proteins back to the lateral membrane could occur, thereby providing a route for the 
rapid reestablishment of barrier function during the recovery phase following injury and 
internalization of TJ proteins. Given that inactivation as well as aaivation of Rho-GTPases 
adversely affects epithelial barrier function, it is likely that a delicate balance of Rho activity/ 
quiescence is required for the maintenance of the optimal epithelial/endothelial barrier function. 
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Modulation of Barrier Function by Cytokines 
Many cytokines have been shown to influence epithelial TJ function and the actin cytosk­

eleton both in vivo and in vitro. The cytokines IL-1, IL-4, IL-10, IL-13, TNF-a, and IFN-y 
have all been shown to regulate TJs of both epithelia and endothelia. In addition, IL-lp 
influences TJ permeability through an effect on the claudin family of transmembrane proteins 
thought to be important in maintaining junctional integrity in astrocytes.^^ A complete review 
of all the cytokines shown to modulate epithelial barrier function is beyond the scope of this 
article. Our review therefore has focused on the influence of few select cytokines on TJ 
structure/function and its adjoining actin cytoskeleton. 

Intetferon-y 
Interferon-y (IFN-y) is a 20- to 25-kDa glycoprotein released by activated T cells and natu­

ral killer cells in inflammatory states. In vitro models have been extensively used to examine the 
influence of this pro-inflammatory cytokine on intercellidar junctions of epithelial cells. The 
initial studies addressing the influence of this cytokine on TJs utilized model epithelial cell line, 
j g 4 63,66,67 xhese studies demonstrated that IFN-y induced a time-dependent increase in 
paracellular permeability that was accompanied by disorganization of apical F-actin and loss 
of ZO-1 from TJs. ' These morphological effects were associated with a change in the 
differential detergent solubility profiles of ZO-1 and ZO-2. The investigators did not 
observe IFN-y induced change of phosphorylation status of these proteins. This was unex­
pected as phosphorylation status of TJ proteins is considered to modidate assembly of the TJ 
protein complex. Using the model T84 intestinal epithelial cell line, we have recendy re­
ported a IFN-y-induced disruption of epithelial gate and fence function that was associated with 
differential internalization of TJ transmembrane proteins occludin, JAM-1, Claudin-1 and -
4/0 We have also observed a concomitant reorganization of apical F-actin (our unpub­
lished results). In contrast ZO-1 maintained its localization in the TJs. It is intriguing to 
speculate why ZO-1 localization and expression levels in our study were only slighdy affected 
by IFN-y. ZO-1 is a key TJ cytoplasmic plaque protein that provides a scaffold upon which 
other proteins can be assembled. ^̂ ^ We hypothesized that ZO-1 maintains its localization to 
provide this scaffold for efficient reassembly of TJ proteins upon cytokine withdrawal, which 
would be required for rapid and critical reestablishment of epithelial barrier function. Re­
cent results from our laboratory support a IFN-y induced internalization of TJ proteins into 
endosomal structures and this event is in part mediated by restructuring of the apical actin 
cytoskeleton (unpublished observations) (Fig. 2). A similar mechanism of TJ protein 
endocytosis has been observed following depletion of extracellular calcium and disassembly of 
TJs.^^ Thus, die actin cytoskeleton appears to be essential in not only maintaining a functioning 
TJ but is also required for the regulated disassembly and reassembly of the TJ. 

An inflammatory response is regulated by a complex array of inhibitory and stimulatory 
cytokines, and thus it is likely that effects produced by IFN-y are modulated by other cytokines. 
Several studies using different epithelial cell lines have shown, that TNF-a, another 
pro-inflammatorv cytokine, can act synergistically with IFN-y to increase paracellular 
permeability,^'^' '̂ '̂̂ ^ most likely due to TNF-a-induced up-regulation of the IFN-y 
receptor. Coyne et al^ demonstrated in human epithelial airway cells, that combined 
treatment of TNF-a and IFN-y induced profound effects on TJ barrier function, which 
could be blocked by inhibitors of protein kinase C. These studies emphasized the importance of 
the link between the actin cytoskeleton and TJs in regulation of barrier function both in the 
baseline state and following exposure to pro-inflammatory cytokines such as IFN-y and 
TNF-a. In contrast to TNF-a, TGFp or IL-10 have a negative influence on the IFN-y 
induced changes in paracellular permeability.̂ '̂̂ "^ 

The above-described effects of IFN-y and TNF-a on TJs, although complex, might 
have pathophysiological relevance because an increase in paracellular permeability across in­
testinal epithelial cells has been observed in patients with inflammatory bowel diseases 
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Figure 2. Q)localization of internalized occludin with the early endosomal marker EEA-1. T84 cell mono­
layers incubated for 48 h with IFN-y were double-stained for occludin (green) and the early endosomal 
marker, EEA-1 (red) and analyzed by confocal microscopy. Internalized occludin colocalizes with EEA-1 
(yellow, arrowheads) (scale bar 10 p,m). A color version of this figure is available at http://www.Eurekah.com. 

(IBD)7 Since enhanced paracellular permeability across intestinal epithelium also occurs 
in first-degree relatives of patients with Crohn's disease, altered TJ permeability may 
be a contributing factor in this process,^^'^^ whereas disturbed barrier function in patients 
with ulcerative colitis is more likely secondary to the array of inflammatory signals 
that characterize this state/^'^® In this regard it is important, that redistribution of AJC 
proteins has been observed in tissues from patients with active IBD.^^'^^ 

Tumor Necrosis Factor-a 
Tumor necrosis factor-a (TNF-a) is a 17-kDa proinflanmiatory cytokine produced mainly 

by mononuclear cells, and it influences barrier function of some epithelial cells. A biphasic 
response of TNF-a on TER has been reported in a porcine renal epithelial cell line, LLC-PKl P 
In this study, an initial fall in TER and increased paracellular permeability was followed by an 
increase in TER. The latter phase correlated v^th decreased relative anion selectivity of TJs. A 
role of tyrosine kinase and protein kinase A in mediating such effects of TNF-a on this cell 
type were proposed. In contrast to the findings above, TNF-a induced a fall in TER wdthout 
the subsequent rebound in the intestinal epithelial cell lines HT-29 and Caco2. The decrease 
in TER was associated vsdth increased paracellular permeability to mannitol in HT-29 mono­
layers but not in the Caco2 cells. In the latter, fall in TER was associated with increased 
paracellular permeability to Na^ and CI', implying altered charge but not size selectivity in TJs. 
The only morphological correlate in the above studies was a decrease in the number of TJ 
strand complexity by freeze-fracture EM in FiT29 cells.̂ "̂  
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TNF-a has however been implicated in modulating claudin-1 expression and ZO-1 
organization in TJs.^^ Studies in T84 cells did not report an effect of TNF-a alone on barrier 
function,^'^^'^^ indicating diat TNF -a can exert different effects on barrier function depending 
on the target epitheliiun. In contrast to epithelial cells in pulmonary endothelial monolayers, 
TNF-a can induce an increase in permeability by influencing the actin cytoskeleton. In such 
endothelial cells, TNF-a significantly increased MLC phosphorylation, formation of 
prominent stress fiber and paracelltdar gaps.^^ 

Hepatocyte Growth Factor 
Hepatocyte growth factor (HGF) HGF is a 103 kDa disulfide-Unked, heterodimeric pro­

tein, that is produced chiefly by mesenchyme-derived cells and influences epithelial permeabil­
ity in a paracrine fashion via ligation with its receptor, c-met. It was previously documented 
that analogous to IFN-y, HGF induced a delayed decrease in TER of T84 epithelial monolay­
ers over a period of 48 h.̂ ^ Structural studies to analyze the influence of HGF on intercellular 
junctions have not yielded unifying results. Depending on the origin of epithelial cells, variable 
effects of HGF on protein organization in theT] versus its subjacent AJ have been proposed. Oiu-
studies in T84 epithelial cells have suggested an initial effect of HGF on apical F-actin organi­
zation that is accompanied by alterations in epithelial paracellular permeability (our un­
published observation). Such observations further emphasize the importance of apical F-actin 
structures in regidating paracellular permeability. In renal MDCK cells, HGF has been docu­
mented to influence AJC assembly.̂  HGF-induced inhibition of junction assembly was asso­
ciated with an increase in the Triton X-100 insoluble pool of E-cadherin^^ and plakoglobin 
without influencing their total concentration thereby su^esting a cytokine induced change in 
their cytoskeletal association. 

Other Cytokines 
TGFpl has been reported to enhance barrier function in human enterocytes and to 

promote intestinal epithelial restitution.^^ Moreover, TGFpi curtails the effects of barrier 
reducing cytokines such as IFN-y, 11-4 and -10.^ '̂  In contrast, TGFpi has been shown to 
prevent glucocorticoid stimulated TJ formation and to reduce TER in 31EG4 polarized 
murine mammary epithelial cells.̂ '̂̂ ^ Such effects were accompanied by redistribution of ZO-1 
from the lateral membrane and restructuring of perijunctional F-actin.^^ Subsequently, it has 
been demonstrated that glucocorticoid induced downregulation of RhoA was required for its 
r^ulation of TJ and actin cytoskeletal organization.^ 

Exposure of the epidermal A431 cell line to epidermal growth factor (EGF) promotes TJ 
assembly. EGF facilitates restructuring of apical F-actin and induces phosphorylation of TJ 
cytoplasmic plaque proteins ZO-1 and ZO-2.^^ Other cytokines such as interleukin (IL)-l, 
IL-4, IL-13, TGF-alpha, insulin-like growth factor (IGF)-I and -II, PDGF and vascular 
endothelial growth factor (VEGF) have been documented to decrease the barrier properties of 
epithelial cells. Mechanisms ranging from redistribution of TJ proteins to alterations in the 
actin cytoskeletal organization have been proposed to mediate the cytokine-induced effects on 
epithelial barrier function. 
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CHAPTER 11 

Regulation of Tight Junctions 
Functional Integrity: 
Role of a Urinary Factor, Lipids and Ouabam 
Liora Shoshani, David Flores-Benitez, Lorenza Gonzalez-Mariscal 
and Rub^n Gerardo Contreras 

Abstract 

The growing molecular complexity of the tight junaion (TJ), its ability to modulate the 
degree of sealing according to physiological requirements, and the fact that its 
transepithelial electrical resistance (TER) ranges over several orders of magnitude, 

indicate that there must be a number of agents modulating its permeability. The interest to 
find these agents stems from an urgency to make the TJ tighter (e.g., to prevent antigen 
absorption in autoimmune diseases), or to make it leakier (e.g., to allow the absorption of 
orally administered pharmaceutical drugs). In the present chapter we discuss three forms of 
modifying the degree of sealing of the TJ: (1) A peptidic factor extracted from urine that makes 
the TJ tighter, decreases the cellular content of claudin-2, and prompts the relocalization of 
claudin-4; (2) An experimentally induced modification of the lipidic composition of the plasma 
membrane that changes some basic attributes of the TJ; and (3) ouabain, a substance that 
specifically inhibits Na^,K^-ATPase both as an enzyme and as a ion pump, and induces an 
inotropic activity in heart muscle fibers. Yet we discuss here a newly found property of ouabain: 
the triggering of a cascade of phosphorylations that results in the opening of the TJ, as part of 
an overall cell detachment. Interestingly, at concentrations of ouabain within physiological 
ranges that do not fiilly detach the cell, the release of the grip induced by this substance sends 
specific nuclear addressed molecules (NACos) from the diverse sites of attachment to the nucleus, 
where they modulate the expression of genes that influence proliferation and difierentiation. 

Introduction 
Tight junctions (TJs) are located at the most apical region of the lateral membrane of 

vertebrate epithelia and endothelia. They were first described as a seal of intercellular spaces.^ 
The scope has since drastically changed due to a series of observations. First: TJs contribute to 
the selective permeability barrier across epitheUa.^ Second: their de^ee of sealing, usually gauged 
through the transepithelial electrical resistance (TER),^ varies over several orders of 
magnitude in close correlation with the difierence in composition between the two fluid 
compartments separated by the epitheUum (see Table 1). Third: the TJs consist of-so far- 40 
difiirent protein species, arranged in a complex cluster that links the plasma membrane to the 
cytoskeleton.^' '̂  Fourth: some of these molecides have high homology with tumor-suppressor 
proteins, carry nuclear localization signals and PDZ sequences for the assembly of protein 
scaffolds at different sub-cellular locations, and their interactions are accompanied by specific 

Tight Junctions, edited by Lorenza Gonzalez-Mariscal. ©2006 Landes Bioscience 
and Springer Science+Business Media. 
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Table 1. Transepithelial electrical resistance (TER) of different mammalian epithelia 

Tissue Species TER (Q-cm )̂ Refs. 

Proximal renal tubule 
Descending thin limbs of Henle's loop 
Distal convoluted tubule 
Cortical collecting tubules 
Inner medullary collecting duct 
Gallbladder 
Small intestine 

Colon 

Urinary bladder 

Dog, rabbit 
Rabbit 
Rat 
Rabbit 
Hamster 
Rabbit 
Rat (duodenum) 
Rat (jejunum) 
Rat (ileum) 
Rabbit (ileum) 
Rabbit 
Rabbit 
Rabbit 

6-7 
700 
350 
867 
1000 
20 
98 
51 
88 
100 
286 
385 
5000-10000 

130,131 
132 
31 
33 
34 
133 
134 
135 
134 

136 
137 
35 

changes of phosphorylation. These data suggests that, besides of acting as a diffusion barrier, 
the TJ participates in many other important biological functions (for recent reviews see refs. 
6J). Fifth: there is a relatively new group of substances named NACos, pertaining to the 
diverse attaching structures (TJs, adherent junctions, desmosomes, etc.) that respond to a low­
ering of the degree of attachment with a progressive shutding to the nucleus (see Chapter 7). 
Their importance stems from the fact that, once in the nucleus, NACos modidate the expres­
sion of genes involved in proliferation and differentiation. '̂  

Obviously, a structure with a molecular machinery so complex, and adapting to so many 
physiological situations, must be regulated by a number of natural signals. It must be also 
involved in a multitude of diseases caused by the failure of any of its multiple components. 
This explains and justifies the present effort to find natural signals and pharmacological factors 
and procedures to control the hermeticity of the TJ. The present chapter summarizes recent 
studies performed in our laboratory to analyze three regulatory factors that modulate TJ per­
meability: urinary factors, lipids and ouabain. 

Regulatory Factors of the Tight Junctions 
Given the complexity of theTJ structure it is not surprising to find that its funaion is suscep­

tible to be modified by a broad range of extra- and intra-cellular physiological substances (see 
Table 2). Thus, the d^ree of sealing is modulated in response to physiological requirements and 
pharmacological challenge, through modifications in the molecular composition of theTJ. Some 
of the reported extracellular factors that modify the fimction of the TJs include: hormones such 
as the parathyroid hormone-related peptide^ and progastrin;^ cytokinesjike interferon-y and 
tumor necrosis factor^ '̂̂ ^ and grov^ factors as hepatocyte growth faaor (HGF), TGF-P2 and 
TGF-P3,^^ vascular endothelial growth factor (VEGF) and epidermal growth factor (EGF).^^ 

There are also numerous reports in which the r^ulating factor is not completely identified. 
Thus, Marmorstein et al̂ ^ found an epithelial permeability factor (EPF) in human serum that 
lowers the TER and opens the TJs of kidney epithelial cells. EPF is a protein that forms multimers 
that interact with the basolateral surface of the epithelium and causes constriction of the cy-
toskeleton, and an increase in permeability at specific sites along the TJ. Jaeger et al̂ ^ reported 
evidence of a factor secreted at the apical side of epithelial monolayers, which modulates TJ 
structure and permeability. While the factors reported by Marmorstein et al and Jaeger et al, are 
of proteic nature, Gorodeski and Goldfarb^^ studied a lipidic factor in seminal fluid that in­
creases TER acting through a Protein Kinase C (PKC) dependent mechanism. 
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Several intracellular factors have been reported that regulate TJ s functional integrity. Most 
of them are members of known signaling pathways that regulate either the cytoskeleton 
dynamics^^ or the expression of proteins involved in the junctional complex.^^ It seems that, 
the final targets of these modifications are proteins that constitute theTJs. Hence, it has been 
shown that changes in TJs permeability are usually accompanied by variations in the expression 
and/or cellular distribution of occludin,^^ claudins,^^'^^ ZO-l^^'^^ and JAM.^^ 

Urinary Factors 
The manmialian kidney dears the whole volume of plasma several times a day and eliminates 

waste products in the urine. In an adult man, approximately 170 liters of glomerular filtrate 
produced each day are extensively modified as they proceed along the nephron and reduced to 
a mere 1-2 liters of urine. The tubular structural/ftinctional adaptation necessary to perform 
this function is the progressive tightening of the TJs of the segments that the fluid content 
meets in its way to the urinary bladder. This tightening is accounted for by the permeability 
reduction of the paracellular route.̂ '̂"^^ Thus, the TER measured in different mammalian 
nephrons (see Table 1), increases from a mere 5-8 Q.cm^ at the level of the proximal tubule, 
to 150-600 Q.cm^ at the distal one,^^'^^ 860-2,000 at the collecting duct^^'^^ and a fur­
ther increase to 10,000 or even 135,000 Q.cm^ at the level of the urinary bladder.^^'^'^ 
This functional changes on TJs permeability is accompanied by an increase in the num­
ber of junctional strands, as observed in freeze fracture replicas^^ as well as by the differ­
ential expression of specific TJs proteins. While these structural and physiological modifica­
tions of the TJs makes sense from a teleologic point of view, as the wall of the tube 
withstands a progressively steeper gradient between the tubular content and the surrounding 
interstice, we still ignore the factors and mechanisms responsible for these adaptations. 

Differential Distribution of TJ Proteins among the Various Segments 
of the Mammalian Nephron 

Studies with fi-ozen sections and in manually micro-dissected tubules of the kidney have 
shown that the integral TJ protein occludin displays a clear cell border pattern in the distal 
segments of the nephron, whereas in the proximal ones only discrete punctua are detected at 
the cellular boundaries. The adaptor TJ proteins ZO-1 and ZO-2 are instead present at the TJ 
region of leaky as well as tight segments. However the amount of such proteins present at the 
distal portions is significandy higher than in the proximal segment. ̂ ^ 

As has been stated in Chapter 2, the expression of occludin is closely related to the degree of 
junctional sealing. Therefore it is not surprising that this protein is conspicuously present at 
the junctions of the tighter segments of the nephron. However, the role of occludin remains 
somewhat obscure, due to the fact that many epithelia seem unafiected in occludin knock out 
mice. ^ Claudius integrate a family of at least 20 homologous proteins, in which each member 
exhibits a tissue specific distribution. In the mammalian nephron, claudins that decrease 
paracellular permeability for cations tend to concentrate at the tighter renal segments, while 
the opposite is true for those that fiinction as cationic pores (Fig. 1). Thus, the proximal tubule 
of rabbit and mouse, conspicuously expresses claudin-2. ^ This claudin markedly decreases 
TER in epithelial cultured cells by selectively increasing the permeability to cations 
suggesting that claudin-2 is a paracellular cation channel. In contrast, claudin-8, which is char­
acterized for being impermeable to Na^ and other cations,"^^ is expressed in Henle*s loop, distal 
and collecting renal tubules."^'^^ In the distal s^ment, the paracellular barrier is specially tight 
to monovalent cations, resisting transtubular gradients up to 1000:1 for H ,̂̂ ^ 20:1 for K'̂ ^̂  
and 1:30 for Na .̂̂ ^ Therefore the expression of claudin-8 and the absence of claudin-2 in the 
distal segment is in agreement with the paracellidar permeability properties of this tight renal 
segment. Furthermore, the induction of claudin-8 expression in a renal cell line (MDCK), is 
associated with the down regulation of endogenous claudin-2.'^^ Since in this experiment, the 
number and complexity of TJ strands was not altered, it has been proposed that claudin-8 
replaces endogenous claudin-2, inserting into already existing TJ strands. 
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Clauclins-3 and -4 are expressed at the TJ region of relatively tighter renal segments from 
rabbit since the newborn stage. Nevertheless, certain differences in the distribution of claudins-3 
and -4 exist between mouse and rabbit. For example, claudin-3 is present in the descending 
thin limb (DTL) and thick ascending Umb (TAL) of Henle, but is absent in Henles ascending 
thin limb (ATL) of rabbit (Gonzalez-Mariscal and Reyes, unpubUshed observations). While in 
mouse claudin-3 is not found at the DTL, it is present at the ATL segment. Claudin-4 is 
present in the distal tubule of rabbit (Gonzalez-Mariscal and Reyes, unpublished observations) 
but not of mouse^ (Fig. 1). These results might reflect differences that exist between these 
mammals, but could be extensive to other species as well. As expected for its location, claudin-4 
reduces paracellular monovalent cation permeability in cultured epithelial monolayers. This 
effect can be abolished by altering the net charge of the first extracellular loop,^ '̂̂ ^ thus rein­
forcing the hypothesis that the charged residues present in this loop are responsible for the 
paracellular ionic selectivity exerted by claudins. 

WNK4 is a protein kinase homologous expressed on TJs of the distal nefhron. Pathogenic 
mutation of WNK4 causes a rare human hypertension linked to hiperkalemia called 
pseudohypoaldosteronism type II (PHAII). The mutation induces the kinase activity of WNK4 
and a subsequent increase in paracellidar CI- permeability. Mutant WNK is able to bind and 
phosphorylate claudin-1 and 4 in cell cultures, indicating that claudins are important molecu­
lar targets of WNK4 kinase, and that claudin phosphorylation may be the pathogenic mecha­
nism involved in PHAII.^^ 

Claudin-11, like claudin-4, has a positively charged residue on the second half of its first 
extracellular loop, responsible for the discrimination against cations exerted by this claudin 
upon transfection into epithelial cells.^^ In the kidney, claudin-11 like claudin-4 is expressed 
in TAL, however, it is also present in the leakier nephron segment: the proximal tubule. This 
was unexpected, since the proximal tubule is enriched with claudin-2, the paracellular cat-
ionic channel. On the other hand, freeze-fracture studies of the proximal tubule have re­
vealed TJ composed of one or two strands arranged in a parallel manner and mosdy discon­
tinuous with intervening spaces of various widths.^^'^''' It is notorious, that a similar 
pattern is obtained upon transfection of L-fibroblasts with claudin-11. ^ Furthermore, it has 
been proposed that because of branching, TJ networks are capable of generating high TER 
with only a few strands.^^ Therefore the presence of claudin-11 at the proximal tubule might 
contribute to the high permeability of this segment by generating a pattern of unbranched 
TJ strands. 

Claudin-7 is expressed in the same tight nephron segments as claudin-8 (distal and collect­
ing tubules), although minor differences have arisen regarding its distribution along Henle's 
loop (Fig 1). Upon transfection into MDCK cells, claudin-7 generates a decrease of the 
paracellular conductance and mannitol flux. Interestingly, over-expression of claudin-7 is ac­
companied by an up-regulation of claudin-4, another protein that reduces paracellular perme­
ability. In kidney, claudin-7 in contrast to claudin-8, localizes primarily to the basolateral mem­
brane. The significance of such distribution, also encountered in rat uterus (Gonzalez-Mariscal 
and Mendoza, unpublished observations), remains unknown, and might be speculatively re­
lated to an additional role of certain claudins in cell-substrate attachment. 

Claudin-14, initially described for its expression in the sensory epithelium of the organ of 
Corti in the ear,^ is present in the kidney at the collecting tubules. This distribution coincides 
with the fact that in MDCK cells, claudin-14 behaves as a cation restrictive barrier. 

Claudin-16, also called paracellin-1, is specifically expressed in the thick ascending limb of 
Henle's loop where it mediates the specific paracellular conductance of magnesium and cal­
cium. ^ Mutations that interfere with normal claudin-16 expression produce an autosomal 
recessive disease characterized by hypomagnesemia with hypercalciuria and nephrocalcinosis. 
Mutations that inactivate the carboxyl terminal PDZ binding motif of claudin-16 disable its 
association with ZO-1 and lead to its lysosomal mistargeting. Under this condition the pa­
tients display a serious but self-limiting hypercalciuria. 
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Figure 2. Human urine contains at least one faaor that increases the degree of sealing ofTight Junctions 
(TJs) by changing claudin composition and localization. A) Transepithelial Electrical Resistance (TER) 
of MDCK cells plated on nitrocelluloce filters after 24 h of incubations with an human urine extensively 
dialyzed, lyophilized and reconstituted in complete culture medium (hDLU, 10 p-g of protein/ml). B) 
Immunoblot of MDCK cell extracts treated as indicated above. C) Fluorescence confocal lateral views 
of MDCK cells incubated with hDLU and stained with antibodies against claudin-4. 

Urinary Factors Capable to Modulate Tf Sealing 
Gallardo et al̂ ^ have found a peptidic factor in dialyzed and lyophilized urine (DLU) of 

several mammalian species (Fig. 2A), that enhances the TER of monolayers of MDCK cells in 
a dose dependent manner, and may therefore provide a clue to the gradually progressive sealing 
of TJs along the mammalian nephron. Because the volume of intratubular fluid is drastically 
reduced and concentrated in its way along the nephron, this factor would make the TJs of 
distal segments more hermetic. It consists of a thermo-resistant peptide of 30-50 kDa that 
bears negative charge. This factor that, as mentioned above is detectable in the urine from 
different animal species, including human, is able to increase the TER of monolayers prepared 
with established cell lines derived from different animal species. The factor seems to be con­
tinuously required, as its effect is reversed upon removal. 

Although the intrinsic mechanism of action of the urinary factor is yet under study, it has 
been found that the freeze fracture pattern of TJ as well as the distribution of ZO-1 are not 
modified by DLU. Nevertheless, DLU induces changes in the composition and localization 
of claudins. Figure 2 shows that MDCK cells, often taken as a culture model system for the 
distal nephron segments, decrease their cellular content of claudin-2 (Fig. 2B) and localize 
claudin-4 in the lateral membrane domain (Fig. 2C) after incubation in media containing 
DLU. Of course the extract could also act by changing other aspects of TJ, such as the phos­
phorylation state of some junctional proteins. 

Jeager et al̂ ^ have found that MDCK cells secrete a substance that enhances TER when 
applied to a second MDCK monolayer. This observation supports the idea that the substance 
found in DLU may in fact originate from kidney tubules. Epithelial Growth Factor (EGF) is 
abundantly expressed in urine and in MDCK cells it binds to its receptor (EGFR) and in­
creases TER through a mechanism resembling the one used by hDLU. Thus, it inhibits the 
expression and junctional localization of claudin-2 and increases claudin-1,3, and 4 expression 
and cellular redistribution to the TJs.^^ 

Lipids 

The Lipid Model versus the Protein Model of TJ 
TJs appear in freeze-fracture repUcas as continuous anastomosing strands. These strands 

have been proposed to be composed of either proteins'̂ ^ or lipids.^ The "protein model" 
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depicts the strands as polymers of protein molecules in the plane of the plasma membrane that 
join, through their external domains, to the corresponding polymer of the neighboring cell. 
This protein model is strongly supported by the demonstration that the transmembrane pro­
teins occludin'̂ ^ and claudins''^ are main constituents of the strands. While fibroblasts trans-
fected with claudins form abundant strands resembling those of epithelial TJs, ' those trans-
feaed with occludin express a scarce niunber of small strands.^^ Co-transfection of both proteins 
induces the formation of abundant long strands where claudin and occludin copolymerize. 
However, transfected fibroblasts never form a ring of strands circumventing the cell, indicating 
that transmembrane proteins are not sufficient for the formation of complete anastomosing 
strands and that some other factor, perhaps the plaque formed by intracellidar TJ s proteins and 
the cytosqueleton, are required. 

The "lipid modeF depicts the strands as cylindrical inverted micelles where the polar groups 
of lipids are directed toward the axis, and the hydrophobic tails are immersed in the lipid 
matrix of the plasma membrane of both neighboring cells.̂ ^ The lipid model is in keeping with 
the fact that the lipid-soluble probe dipicrylamine diffuse, with the aid of an applied voltage, 
from the cell membrane of a previously loaded cell to the plasma membrane of the neighboring 
one.^^ It is also consistent with photobleaching experiments of large areas of the cell membrane 
of MDCK cells, that were previously loaded with the lipid fluorescent probe, to measure then 
the fluorescence recovery or the ability of the probe to diffuse to neighboring cells. Grebenkamper 
and Galla'̂ ^ found with this system that the probes diflfuse in the plane of the membrane of the 
same cell, as well as towards neighboring ones, provided temperature is kept above the melting 
point of the hydrophobic chains. This result indicates that the lipid probe is able to diffuse 
through the TJ from one cell to the neighbor, as expected for a TJ of lipidic nature.^^ In 
agreement with these evidences, phospholipids at the TJ are cytochemically detected with the 
aid of PLA2 complexed with gold.^^ 

However, several classical studies have failed to support or discard the lipid model. Dragsten 
et al̂ '̂̂ ^ studied the diffusion of fluorescent lipid probes added to the outer leaflet of the apical 
membrane of MDCK cells. These probes were unable to diffuse into the basolateral mem­
brane, presumably due to the barrier formed by the polymerized proteins of theTJ. Only lipid 
probes with the ability to flip-flop from the outer into the cytoplasmic leaflet were able to 
circumvent the tight junaion. '̂ ^ Although the results appear inconsistent with the lipid model, 
it was argued that the first type of lipid probes do not diffiise across strands made of lipids, for 
the same reason that they are not able to flip-flop between the two leaflets of the membrane, 
i.e., their hydrophilic heads are too large.̂ ^ In another classical study, van Meet et al̂ ^ co-cultured 
at confluence different clones of MDCK cells, one of them expressing the glycosphingolipid 
Forssman antigen (GFA). It was expected that if junction strands were composed of lipids, the 
outer leaflet of neighboring cells woidd constitute a sort of lipidic continuum, and co-culture 
should allow diffusion of GFA from a cell that expresses this molecule towards the neighbors 
that do not. However, this was not the case. Although this result appears inconsistent with the 
lipid model, it may not disprove the model because, as pointed out by Grebenkamper and 
Galla,^^ GFA may be too large to diffuse across the cylindrical lipid micelle. Taken together, the 
available evidences to support the lipid model are rather conflictive. 

Lipids as Membrane Components That Regulates the TJs 
Lipid and protein models seem to be the extreme idealizations of an ample range of 

possibilities. Therefore, strands might not be made exclusively of proteins or lipids; on the 
other hand, lipids may participate indirecdy as a source of second messengers that may in 
turn regulate TJs' integrity. In agreement with both possibilities, it was observed that changes 
in the total composition of phospholipids, sphingolipids, cholesterol and fatty acids, do not 
alter either TER or the structure of the strands. Nevertheless, enrichment with linoleic acid 
does increase the paracellular flux of dextran without modifying either the TER or the TJs' 
strands.^ This apparently contradictory effect of linoleic acid on TER and permeability is 
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similar to the observed by Balda et al in MDCK cells transfected with chicken occludin 
tagged with an epitope. In this cells, TER and paracellular permeability to dextran increase, 
demonstrating that, contrary to the prospect, electrical resistance and junctional permeabil­
ity can be dissociated. The mechanism of action of linoleic acid on TJs' permeability remains 
unclear, but a possible explanation may be that alterations in the viscosity of the lipidic 
component may modify the functional propenies of the paracellular channels. 

Leung et al̂  have investigated the participation of glycosphingolipids (GSLs) in the TJ of 
cell strains with different degree of sealing. MDCK I and Fisher rat thyroid cells spontaneously 
express high TER in normal culture conditions, yet when the synthesis of GSLs is inhibited by 
the fungal metaboHtes PPMP, ISPl or FBI, TER markedly decreases to values similar to the 
low TER, MDCK type II cells. Interestingly, this was not accompanied by structural changes 
in TJs.̂ ^ ISPl and FBI act at early steps in the synthesis of GSLs, hence inhibit the production 
of ceramide, a GSLs precursor known to aa as a lipidic second messenger,̂  whereas PPMP 
functions at a later stage therefore causing ceramide to accumidate. These results suggest that 
GSLs and not ceramide r^ulate the TER due to changes in the lipidic environment of the TJs-

In some cases, lipid modifications change TJ structure. This is illustrated by the increased 
TER, accompanied by changes in detergent solubility of occludin and ZO-1, when 
alkylphospholipids are incorporated to the plasma membrane.̂ ^ 

Lipids as Sources of Second Messengers That Regulate TJs* Integrity 
On the other hand, there are several evidences that support the role of lipids, as sources of 

second messengers that may in turn regulate TJs' integrity. In this regard, diacylglycerol plays a 
role in TJs' formation^ '̂̂ ^ and increments TER through a mechanism that involves protein 
kinase C.̂ '̂̂  Interestingly, the lipid phosphatase PTEN (phosphatase and tensin homologue), 
originally described as tumor suppressor, is associated with theTJ,̂ '̂̂ ^ suggesting the involve­
ment of 3-phosphoinositide lipid second messengers in tight junction regulation. Moreover, 
MDCK cells depleted of cholesterol by incubation with methyl beta-cyclodextrin, an agent 
that promotes cholesterol efflux from the plasma membrane, accelerate Ca^ -̂induced TJ for­
mation and transiendy increase the TER of mature monolayers,̂  both phenomena attribut­
able to alterations of signaling pathways by lipid second messengers. Although TJs' strands are 
mainly formed by transmembrane proteins, TJ comprises also a lipidic compartment enriched 
in GSLs that is able, together with the lipids of the plasma membrane, to activate signaling 
pathways with strong functional consequences and/or structural changes of TJ. 

The TJs Are Lipidic Microdomains 
Membrane fractions resistant to cold solubilization with detergents and enriched in choles­

terol, GSLs and proteins like caveolin-1, are known as lipid "rafts" or triton-insoluble floating 
fractions (TIFF). Nusrat et al̂ ^ have shown that hyper-phosphorylated TJs' proteins, occludin 
and ZO-1, co-precipitate from TIFF and partially co-localize with caveolin-1, indicating that 
TJs' proteins are included in a raft-like lipidic compartment. Occludin and ZO-1 are displaced 
from these rafts after TJ disassembly by calcium chelating, leading to the conclusion that TJs 
are specialized lipid microdomains. The TJ microdomain also includes the exocyst, a site of 
active vesicle fusion.^ '̂ '̂  The exocyst seems to interact with other raft like compartments lo­
cated in its vicinity. Interestingly, apical GPI-anchored proteins are delivered from the trans-Golgi 
network to a place near to TJs at the basolateral membrane, in which they are transiendy 
retained. Subsequendy, the GPI-anchored proteins are rapidly internalized by a non-clathrin 
dependent pathway to be finally transcytosed to the apical plasma membrane.̂ ^ 

Lipidic modifications of TJs' may play a role in some pathological situations. Patients with 
Chrons' disease express high levels of PLA2 at intestinal epithelia. PLA2 modifies lipid compo­
sition in TJs and decreases the degree of sealing. Under conditions where intestinal TJs' seal is 
compromised, bacterial translocation through weakened TJs may be favored. That is the case 
in epithelial cells cidture models, in which TJs weakness, induced by excessive PLA2 treatment. 
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results in increased bacterial translocation through the paracellular route.^^ Alkylphospholipids, 
that modify TJs' lipid composition and function, are anti-tumor lipidic drugs. They modulate 
cancer cell invasion through changes in TJ and adherens junctions. "̂  Nevertheless, there is still 
a lot of research to do for better understanding the role of lipids as TJs regulators. 

Ouabain 
Ouabain is a steroid of the digitalis family identified in plant-extracts, that has been used for 

centuries to treat congestive heart failure because of its inotropic effect. Ouabain specifically 
inhibits the ubiquitous Na^,K^-ATPase, producing an increase in cytosolic Na^ and, through 
the involvement of the Na^/Ca^^ exchanger, causes a rise in the intracellular concentration of 
Ca^^ ([Ca^^li) which in turn results in the positive inotropic reaaion of the cardiac muscle. ̂ '̂̂ ^^ 
Recent works suggest that the action of ouabain on the sarcoplasmic reticulum membrane 
system, ̂ ^̂ '̂ ^̂  or on a membrane receptor different from the Na-pump,^^ may also play a 
significant role. The high specificity and affinity of ouabain for the Na^,K^-ATPase led to 
suspect that it would mimic an endogenous molecule. In keeping with this expectation, a 
ouabain-like compound was purified from human plasma, adrenals and hypothalamus. ̂ ^̂ '̂  
Immunoassays indicate that ouabain concentration in plasma is around 1 nM, '̂ ' although 
elevated concentrations of endogenous ouabain have been found in numerous physiological 
and pathological conditions such as physical exercise, hypertension, ̂ ^̂  chronic renal failure, 
hyper-aldosteronism, congestive heart failure, and preeclampsia (For review seê  ^). A plasma 
concentration as high as 0.7 (xM was measured in a patient with an adrenal tumor. ̂ ^̂  Ouabain 
release to the bloodstream is regulated by the sympathetic nervous system.̂ ^^ 

The discovery of endogenous ouabain(s) prompted an effort to find its physiological roles. 
In this respect, we have found a mechanism, termed P—>A, that transduces the occupancy of 
the Na^,K^-ATPase (?) by ouabain, into an activation of intracellular signaling pathways that 
lead to cell detachment by altering molecules involved in cell-cell and cell-substrate attachment 
(A) (Fig. 3).̂ ^^ The reason to include a brief description of P—>A in this chapter, stems from the 
fact that one of the structures that is early and deeply affected by this mechanism is the TJ. In 
other words, the hormone ouabain, or some other molecule closely involved in its physiologi­
cal synthesis and degradation, appears to play a paramount role in the control of the TJ. 

The P—>A Mechanism 
To grasp the intrinsic mechanism of P-^A we shall now make a digression to describe 

succincdy the interrelationship between TJs, adherent junctions and signaling. Recent works 
from different laboratories^^' '̂ ^̂  have shown that MAPK pathway modulates the barrier 
function of tight junctions. Thus, in Ras-transformed MDCK cells, occludin, claudin-1, and 
ZO-1 are absent from cell-cell contaas. Treatment with PD98059, which blocks the activation 
of MAPK, recruites these proteins to the cell membrane. Moreover, inhibition of MAPK activ­
ity stabilizes occludin and ZO-1 by differentially increasing their half-lives. Electron micros­
copy and TER analysis, show formation of functional tight junctions after MEKl inhibition. ̂  ̂ ^ 
During this process tyrosine phosphorylation of occludin and ZO-1 increases significandy. 
With regards to claudin-1, while some have observed no change in its tyrosine phosphoryla­
tion, others have identified a putative phosphorylation site for MAP kinase in Thr-203, that is 
required to promote the barrier function of TJs. ̂ ^̂  Interestingly, in human corneal epithelial 
cells studied by Wang et al,̂ ^ activation of ERKl/2 MAP kinase pathway also induces TJ 
disruption. Nevertheless, Macek et al̂ "̂̂  found that in human breast tumor cells, the Ras-MEKl 
pathway does not affect the expression and function of TJ-associated molecules. 

In MDCK cells, ouabain increases the amount of both active MAPK and pl90^° '^ '^ . The 
latter is a Rho GTPase activating protein. Ouabain also causes redistribution and degradation 
of theTJ components occludin and ZO-1, and of other cell-cell junctions proteins (desmoplakin, 
cytokeratin, p-actinin, vinculin and actin). Genistein, an inhibitor of protein tyrosine kinases, 
and U0126 that inhibits the kinase of ERKl/2 (MEK) block the cell detachment produced by 
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Figure 3. Ouabain induced detachment may participate in cell migration. A, left) An epithelial cell is 
attached through cell-cell and cell-substrate adhesion molecules and RhoA helps to maintain these mol­
ecules ftmaional. Center) Ouabain binding to the Nâ ,K -̂ATPase inhibitis the transport of K* and Na ,̂ 
produces ion imbalance, cell swelling and the translocation of the enzyme to a caveolae like domain, where 
it associates with c-src. C-src is then able to transaaivate the Epithelial Growth Faaor Receptor (EGFR) 
and, consequendy, the ERKl 12 pathway. Activated ERKs inhibit RhoA provoking the internalization (small 
circles) and degradation of TJ's and other adhesion proteins. Right) The cells detach from each other and 
from the substrate. B) Ouabain facilitates wound healing. Mature and confluent MDCK monolayers were 
scratched at cero time (CONTROL Oh). Wound healing was observed 24 h latter in control conditions 
(CONTROL 24h) or in the presence of 10 nM ouabain (OUABAIN 24h). In this condition ouabain seems 
to increase cell migration and accelerate the wound healing. 

ouabain. The content of pi 9 0 ^ ° ' ^ ^ is increased by ouabain, suggesting that both the ERKl/ 
2 and Rho pathways are involved. 

Another group of observations that may shed light on the possible role of Na ,̂K'̂ -ATPase in 
r^ulatingTJ assembly comes from the group of Rajasekaran, ^̂  which found that in MDCK 
and human RPE cells, inhibition of Na^,K^-ATPase either by ouabain or by K^ depletion, 
prevents the formation of TJs and desmosomes and maintains the cells in a non-polarized state. 
Their findings also confirm a decrease in RhoA activity, that correlates with a failure to form 
actin stress fibers, previously demonstrated by Contreras et al.̂ ^^ 

A role for GTPases in Tf junction assembly, was first suggested by Balda et al,̂ ^ using a Câ "̂  
switch protocol.^^^ Their observation was followed by numerous works linking both the 
regulation of junction assembly and the regulation of seleaive paracellular permeability to the 
Rho-family GTPases.^ ̂ '̂̂ ^̂  Interestingly, one of the main signaling pathways that regulate TJs 
is the small GTPase Rho pathway. This Rho-dependent pathway involves Rho effectors such as 
Rho kinases as well as Rho-specific guanine nucleotide exchange factors (GEFs).^^^ Changes in 
paracellidar permeability induced by Rho, might also involve modulation of myosin activ-

well as a modulation of actin cytoskeleton (for review see ref. 7). In summary, 
ouabain inhibition of the pump might regulate TJs assembly and fiinction, either directly by a 
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yet unknown mechanism, or indirectly via modulation of the cytoskeleton induced by de­
creased RhoA activity. This implies that the Na'̂ jK^-ATPase would function not just as an 
ion-pump, but as a signal-transducer as well. As recendy reviewed by Xie^^ '̂̂ ^^ binding of 
ouabain to Na^,K^-ATPase changes the interaction of the enzyme with neighboring membrane 
proteins, and induces the formation of multiple signaling modules, resulting in activation of 
Src, transactivation of the EGF receptor (EGFR), and increased production of reactive oxygen 
species (ROS). Interactions between these signaling pathways lead to activation of several other 
cascades, including ERKl/2 and p38 MAPKs, phospholipase C, and protein kinase C isozymes, 
in a cell-specific manner. Ouabain also increases [Ca"̂ ]̂! and contractility, induces some 
early-response protooncogenes, and activates transcription factors AP-1 and NF-kappaB. 
Interestingly, these two transcription factors are also involved in the regulation of TJs 
functionality.^ '̂̂ '̂  Taken together, ouabain activation of growth-related genes may be part of 
the interplay between TJs' components and the processes of proliferation and differentiation 
discussed below (for review see refs. 6J). 

The Possible Physiological Role ofP—>A Mechanism 
We may now specidate on the possible overall physiological role of P-^A mechanism. Since 

junctions maintain the architecture of tissues by holding together neighboring cells, they would 
need to relax the grip whenever a change in the position or shape of the cells is required to heal 
a wound, or during organogenesis where different cell types adopt the architecture of a given 
tissue. '̂ Furthermore, P->A mechanism may speculatively play a role during the 
development of metastasis, as cells must dislodge themselves from the mass of the main tumor, 
and home among cells of distant organs. Since ouabain is a hormone normally present in the 
blood, ̂ ^ it is conceivable that endogenous ouabain-like substances may also promote detachment 
and removal of damaged epithelial cells. The recendy described union of ouabain to a receptor 
different from Na^,K^-ATPase, whose function is not yet elucidated,^^ could even allow the 
P—>A mechanism to be tri^ered by a receptor other than the a-subunit of the Na^,K^-ATPase. ̂ ^̂  

The complete detachment of a cell promoted by the P—>A mechanism may be an extreme 
situation resulting from the relatively high concentrations of ouabain (1-10 ^M) used in 
physiological studies to characterize this mechanism. Yet we have recendy found that this 
mechanism may play a subder physiological role.̂ ^^ In this r^ard, there is a group of proteins 
(NACos for Nuclear and Adhesion Complex) pertaining to some of the several types of cell-cell 
and cell-substrate junctions, that shutde to the nucleus whenever the adhesion of these sites is 
decreased. One of the best known NACos is p-catenin, a protein belonging to adherens junc­
tions, that also participates in the Wnt signaling pathway. We have found that ouabain causes 
P-catenin to travel from adherens junctions to the nucleus and accumulate in discrete spots.^^^ 
This effect seems to be a specific one, as another type of NACos, e.g., ZO-1, is not displaced to 
the nucleus under the effect of ouabain. Remarkably, the effect on p-catenin is observed with 
ouabain concentrations as low as 300 nM, that does not cause complete detachment of the 
cells, but whose effect on cell-cell adhesion is revealed by a significant decrease in TER (c.a. 
60%). Therefore NACos shuttling induced by ouabain may in principle activate nuclear 
factors involved in the functional regulation of the TJs. This subde release and signaling to the 
nucleus may also play a role in other processes such as wound healing, illustrated in figure IB, 
where a confluent monolayer of MDCK cells was scratched (CONTROL Oh) and allowed to 
recover 24 hours under control conditions (CONTROL24), or in the presence of 10 nM 
ouabain. In this condition ouabain seems to increase cell migration and accelerate wound 
healing. 

Concluding Remarks 
In the present chapter we focused on three distinct elements that seem to play a major role 

in the assembly and regulation of the TJ: a mammalian factor extracted from urine, lipids and 
ouabain. The urinary factor may account for the progressively higher hermeticity of the TJs 



158 Tight Junctions 

along the renal tubule. Lipids play a double role as components and regulators of junctional 
function. Finally ouabain, an hormone known to specifically inhibit the Na ,̂K -̂ATPase, disas­
sembles the TJ and detaches epithelial cells fi-om the substrate through a complex signaling 
pathway that sends information to intracellular structures including the nucleus. 
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CHAPTER 12 

Tight Junctions during Development 
Bhavwand Sheth, Judith Eckert, Fay Thomas and Tom P. Fleming 

Abstract 

During early development, tight junaion biogenesis and the differentiation of the first 
epithelium in the blastoq^st is critical for embryonic patterning and organization. 
Here, we discuss the programme of exactly timed transcription, translation, and 

post-translational modification of specific junctional proteins that regulates the stepwise 
membrane assembly of tight junctions during cleavage in the mouse model. Underlying 
mechanisms that coordinate these processes are discussed along with newly emerging data 
from other mammalian species. In the mouse embryo, junction assembly follows the 
establishment of cell polarity at the 8-cell stage and is charaaerized by sequential membrane 
delivery of JAM-1, ZO-la- and Rabl3, cingulin and ZO-2 followed by ZO-la+ and occludin. 
Tight junction assembly occurs over three developmental stages; compaction, first differentiative 
division and cavitation. Post-translational modification of occludin, the late expression of 
ZO-la+ isoform and their intracellular colocalisation may all contribute to the rapid 
coordinated delivery of these two proteins to the membrane, resulting in the final sealing of 
the tight junction followed by blastocoel cavitation. This coordinated delivery of these two 
tight junction-associated proteins may therefore provide a rate limiting step for the sealing of 
tight junctions and regulated timing of blastocoel cavitation. Tiken together, our studies in 
mouse, human and bovine embryos surest that defects in the tighdy controlled programming 
of early development may contribute to reduced embryo viability. 

Introduction 
The construction of a compartmentalised body plan during early development in many 

organisms requires the creation of several types of specialised epithelia. These epithelia are 
important to the embryo not just for their polarized transport function but because they pro­
vide two-dimensional tissue layers which can be further moulded into complex three-dimensional 
shapes. Basic embryological transitions such as blastida formation (or blastocyst in mammals), 
gastrulation, neurulation and organogenesis, all rely on the shaping of epithelial tissues into the 
correct form at the correct time in development. Another important step in the making of an 
organism is the epithelial to mesenchymal interconversion of cells. This process allows for 
regulated movement of cell layers and changes in cellular organization and morphology. The 
formation or loss of epitheUa contributes to all the processes mentioned above in the embryo 
and to later organogenesis, for example, the development of the kidney. 

R^ulation of the epithelial phenotype, either in the shaping of tissues during early develop­
ment or organogenesis, is primarily coordinated by the intercellular junctions and the associated 
cytoskeleton. The central role played by the E-cadherin/catenin system of the adherens junaion 
is now well established as the key to regulating epithelial tissue formation and developmental 
signalling.̂ '̂  Ti^ht junctions (TJs), in contrast, have historically been r^arded as static mem­
brane complexes maintaining the integrity of the transepithelial permeability barrier and the 
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apicobasal polarity inherent within each cell. However the study of epithelia over the last decade 
has resulted in the view that TJs are highly dynamic, not only during development but also in 
the normal functioning of an organism (see Chapters 3, 4, 8 and 9 for examples). This view has 
come about pardy due to the characterisation of many novel proteins and their interactions at 
theTJ, and pardy from the expression/localisation profiles of these proteins. One major finding 
of these studies has been the discovery that, depending on the cellular environment, several 
TJ-associated proteins are localised in the nucleus where they may play a role in cell signalling 
(see Chapter 7). 

In this chapter, we examine the molecular events underlying TJ biogenesis during the dif­
ferentiation of the first epithelium in the manmialian embryo. The relationship between TJ 
assembly and the formation of a blastocyst will be discussed with respect to the pivotal role 
played by the adherens junction. For a comparison of mammalian early epithelial and TJ devel­
opment, with that of the amphibian embryo, Xenopus, see Fleming et al. 

Epithelial DifFerentiation in the Mouse Embryo 
After fertilization, the mouse zygote reinitiates cell cycHng, activates the embryonic genome 

and undergoes five cell divisions to generate the blastocyst; a spherical cyst consisting of an 
outer epithelium (trophectoderm), an inner cell mass (ICM) and a fluid-filled cavity called the 
blastocoel (Fig. 1A,B) 

In the three cell divisions leading to the 8-cell embryo, the blastomeres are undifferentiated 
and spatially nonpolar. It is only towards the end of the 8-cell stage that cell-cell adhesion 
begins for the first time in development and polarization of the cell surface and cytoplasm is 
initiated. During the next cleavage (16-cell) a process of difFerentiative cell division allocates 
cells to either the outer trophectoderm layer or to the interior of the embryo, constituting the 
ICM.5'^ These inner cells are completely surrounded by neighbouring cells and the ICM at this 
stage of development is nonepithelial in phenotype. Finally, at the 32-cell stage when the tro­
phectoderm layer completes its differentiation, it has an outward-facing apical membrane and 
initiates vectorial transport of fluid across from the maternal uterine cavity into the embryo 
interior to form the blastocoel. 

This transport activity is dependent on two aspects of epithelial differentiation which occur 
exclusively in the trophectoderm lineage; (a) development of tight junctions (Fig. IC) ensure 
intercellular sealing required for cavitation, and (b) development of a polarized transport path­
way operating across the trophectoderm epithelium driven by the Na^,K^-ATPase enzyme, 
localised at the basolateral membranes.^'^^ Hence, at this stage, the ICM is dependent upon 
the trophectoderm cells for influx and efflux of molecules and ions. Indeed, transport systems 
between the maternal environment and the blastocoel cavity for amino acids, sugars, ions. 

Figure 1. A) Diagrammatic picture of a blastocyst indicating the position of the polar trophectoderm 
(TE), nonpolar inner cell mass (ICM) and the blastocoel cavity (b). B) Brightfield image of a mouse 
blastocyst. C) Confocal staining of an early blastocyst showing occludin protein at the TJ sites between 
all trophectoderm cells. 
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water (aquaporins), growth factors and other macromolecules have been identified. ' The 
blastocoel therefore, is a controlled microenvironment providing the necessary nutrients and 
growth factors that may facilitate subsequent differentiation of the ICM. It also provides a fluid 
environment that the derivatives of the ICM (visceral and parietal endoderm, embryonic ecto­
derm) can expand into, immediately after implantation. After fiill expansion of the blastocoel, 
it is the trophectoderm that initiates implantation into the uterine wall and continues to differ­
entiate into the extraembryonic lineages comprising the trophoblast, ectoplacental cone, and 
ultimately the chorio-allantoic placenta. The protected ICM gives rise to the entire fetus and 
the extraembryonic endoderm lineages.̂ ^ Thus, forming the blastocoel is an integral compo­
nent of early development. This in turn is dependent upon tight junaion biogenesis in the 
trophectoderm to generate the necessary permeability seal.̂  '̂ ^ 

Compactioii: A Prerequisite for Tight Junction Formation 
Trophectoderm differentiation in the mouse embryo begins at the 8-cell stage when activa­

tion of the E-cadherin/catenin system results in the adherence of cells into a tight ball (called a 
morula); a process known as compaction.̂ '̂̂ ^ This coincides with the redistribution of 
E-cadherin and catenin proteins from a uniform membrane localisation to cell contact sites 
and the formation of a nascent apicolateral junctional complex.̂ ^ During compaction, the cells 
become polarized and exhibit an outer apical membrane rich in microvilli and a basolateral 
membrane devoid of microvilli.̂ "̂̂ ^ The cytoskeleton and specific organelles within the cyto­
plasm also polarize along the apicobasal axis.̂ '̂̂ '̂̂ Îtis the initiation of the cadherin adhesion 
that catalyses the onset of polarization and regulates its apicobasal orientation.̂ ^ Similarly, 
adherens junction formation is also a prerequisite for the membrane assembly of most of the TJ 
constituents, which begins close to the time of compaction. 

Three Phases of Tight Junction Biogenesis 
In the mouse embryo, membrane assembly of TJ proteins develops over three developmen­

tal stages, with a further maturation of the junction occurring at each subsequent cleavage. For 
details on the molecular composition of TJs, see the reviews by Matter and Balda, D'Atri and 
Citi,̂ ^ Gonzalez-Mariscal et al,̂ ^ and Chapters 2-6 in this book. 

Immediately following compaction, ZO-1 ̂ "̂̂  is detected for the first time at the apicolateral 
membranes of 8-cell blastomeres. ^ ZO-1, one of a family of MAGuK (membrane-associated 
guanylate kinase) proteins (see detailed review by Gonzalez-Mariscal et al,̂ '̂̂ )̂ associates cyto-
plasmically with the C-terminus of all three transmembrane proteins at theTJ, occludin, claudin 
and JAM. ZO-1 is expressed as two alternatively spliced isoforms, ' either with or without 
an 80 amino acid a-domain (ZO-la+/-). Our studies have shown that it is exclusively the 
shorter isoform ZO-1 a-, which initiates assembly following compaction. This isoform is 
expressed both from the maternal genome (inherited from the oocyte) and also an early tran­
script from the embryonic genome, which in the mouse is activated around the 2-cell stage. 
ZO-1 a- is therefore detectable at all stages of cleavage at mRNA and protein levels. Immunof­
luorescence using an isoform-specific antibody, indicated that ZO-1 a- first assembles at the 
apicolateral contact sites as punctuate foci which coalesce several hours later (probably after 
division into the 16-cell stage) to become a continuous belt-like ring around adjacent cells. '̂ ^ 
The polarized assembly of ZO-1 a- is dependent upon stable E-cadherin adhesion. Thus, inhi­
bition of compaction with an E-cadherin neutralising antibody will randomise the site of ZO-la-
membrane assembly and delay its occurrence. 

Rab GTPase proteins are involved in the targeting of proteins to specific destinations dur­
ing intracellular transport. In fact Rab 13 has been reported to associate with the TJ in 
mature epithelial cells, where it is thought to have a specific role in targeting and docking of TJ 
proteins ' Rab 13 is also expressed throughout mouse cleavage and assembles at the apicolateral 
sites in precise colocalisation with ZO-la-.^^ The early assembly of Rab 13 in the embryo may 
suggest that it is involved not only in maintaining the integrity of the junction in mature cells 
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but also in the specification of this domain during differentiation and TJ biogenesis. Rabl3 is 
isoprenylated in vivo, which may facilitate its anchorage to the lipid bilayer during membrane 
attachment.^ Regulation of membrane association and disassociation of Rabl3 is achieved by 
the 17kD protein, A-phosphodiesterase (5-PDE), which in turn exhibits C-terminal sequences 
necessaiy for interaction with PDZ motifs found on ZO-1 and other members of the MAGuK 
family.̂  Rabl3 is therefore suitably equipped to initiate ZO-1 targeting to the site of junction 
formation. 

In recent studies, we have found that the TJ transmembrane protein JAM-1 (also known as 
JAM-A, ), a member of the immunoglobulin superfamily,̂ '̂  also assembles at the cell mem­
branes of the early 8-cell embryo.^^* Immunolocalisation of JAM-1 during the 8-cell stage was 
unusual in that its membrane assembly initiated prior to compaction (Fig. 2A), in fact within 
the first hour of the fourth cell cycle. Thus, unlike any other member of the TJ constituents 
analysed in our developmental model, JAM-1 assembly at the cell-cell contacts does not re­
quire cadherin-mediated adhesion. Also of interest is the fact that JAM-1 colocalises transiendy 
with the apical microvilli pole (Fig. 2B), suggesting an involvement in the establishment of 
epithelial cell polarity, consistent with experimental studies on mature cell lines.̂ '̂̂ ^ The ex­
pression pattern observed for JAM-1 protein may indicate that it participates in the recruit­
ment ofTJ plaque proteins (ZO-1 a-, cingulin) to the membrane contacts, through its binding 
sites at the C-terminus.^^ 

In the second phase of TJ assembly at the 16-cell stage, cingulin, a cytoplasmic plaque 
protein,^^'^^ colocalises with ZO-1 a- at the apicolateral contacts.^^ Cingulin protein, like 
ZO-1 a-, is expressed from both the maternal and embryonic genomes of the mouse. The 
maternal pool localises to the cytocortex of the egg membrane, where it may bind to myosin. 
This pool of protein is internalized through endocytosis and degraded during cleavage such 
that it does not appear to participate direcdy inTJ biogenesis. Embryonically expressed cingidin, 
once assembled in the 16-cell morula, exhibits a longer half-life compared with that of the 
maternal pool.^ Moreover, the turnover time of this assembled protein decreases if E-cadherin 
adhesion is abolished. These data suggest that E-cadherin adhesion in the early embryo is 
required not only for spatial organization of the tight junction but also for stabilization of 
assembled components. 

In addition to cingulin, ZO-2 protein also assembles at theTJ in the 16-cell morula where 
it colocalises with the E-cadherin complex.^^ At the mRNA level, mouse ZO-2 is transcribed 
in the zygote and throughout cleavage. ZO-2 was first identified as a ZO-1 binding protein in 
coprecipitation experiments.^ The two proteins interact through their PDZ2 domains form­
ing a highly stable complex that can be detected even under harsh extraction conditions in cell 
lines.̂ '̂̂ ^ Like odier members of the MAGuK family,^ ZO-2 sequence has recendy been shown 
to possess nuclear localisation motifs which allow it to shutde between the nucleus and the TJ, 
depending on the cell proliferation status of the cells.̂ '̂̂ ^ During early development, we have 
also deteaed ZO-2 in the nuclei of 2, 4 and 8-cell embryos by inmiunofluorescence. Nuclear 
staining persists during compaction at the 8-cell stage and gradually diminishes as ZO-2 begins 
to assemble at cell-cell contacts in the trophectoderm (Fig. 2C,D). Our data indicate that 
ZO-2 may contribute to both nuclear signalling and structural organization associated with 
epithelial differentiation (Sheth et al, manuscript in preparation). 

The third and final phase of TJ maturation in the early embryo is critical for the timing of 
blastocyst cavitation. During the late 16- and early 32-cell stages, the second ZO-1 isoform, 
ZO-la+, is transcribed de novo, rapidly translated and detected at the protein level by immu-
noprecipitation and inmiunofluorescence techniques. Carefiil examination of the timing of 
ZO-la+ membrane assembly showed that assembly first occurs at the early 32-cell stage. Just 
prior to this, ZO-la+ is detected at perinuclear sites and its assembly at the membrane is 
sensitive to brefeldin A, an inhibitor of protein transport from the Golgi to the cell surface. The 
critical nature of ZO-1 a+ delayed expression and membrane assembly in the timing of TJ 
formation has been revealed by its intracellular colocalisation with the transmembrane proteins 
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Figure 2. Confocal z-series showing JAM-1 protein assembles at the cell-cell borders (arrow) in 8-cell 
embryos before compaaion (A, 0 hour after division into 8-cell) and at the apical poles in the compaa 8-cell 
embryo (B, 9 hours after division). Immunolabelled 16-cell morula (C) showing initial assembly of ZO-2 
at the cell-cell contacts (arrows, mid-plane) and apical localisation at the 32-cell stage (D, arrows). 

occludin and claudin 1/3 ^'^^Thomas et al, manuscript in preparation). Occiudin^^ and 
ciaudin^^ genes encode unrelated proteins, both possesing four transmembrane domains with 
two extracellular loops and intracellular N-and C-terminal domains, the latter interacting with 
a series of cytoplasmic plaque proteins which link the TJ to the actin cytoskeleton (see Chap­
ters 2, 3 and 6). Claudins represent a multi-gene family with diflPerent isoforms expressed and 
localised within distinct tissue TJs. Here they constitute the major component of the 
freeze-fracture strands and the inherent tissue-specific variability in the paracellular barrier 
fiinction.^^'^^ 

In contrast to ZO-la+, occludin is transcribed and translated throughout cleavage but 
membrane assembly of occludin is delayed until after its colocalisation with ZO-la+ in the 
Golgi. Immunoblotting studies revealed that occludin protein exists as four separate bands 
ranging from 58-72kD and varying in their relative amounts during cleavage. Post-translational 
modification of occludin has been reported in many cell types.^ In the embryo, one occludin 
band in particular (65-67kD) becomes prominent and undergoes phosphorylation close to the 
time of blastocyst formation. It is this form of occludin that exclusively enters a Triton-insoluble 
pool and appears to be the form involved in TJ formation, since only the assembled occludin is 
detergent-insoluble.^^ 
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Occludin assembly at the TJ in the 32-cell embryo is followed very rapidly by polarized 
fluid transport across the trophectoderm layer and the onset of blastocoel cavitation. Recent 
studies using a commercial antibody, recognising both claudin 1 and 3 isoforms, have shown 
that the TJ transmembrane protein claudin-1/3 also assembles during this late phase of TJ 
biogenesis. It is only from the time of cavitation that the embryo becomes impermeable to 
electron dense tracer and vital dyes.̂ ^ This suggests that the timing of occludin membrane 
assembly (and possibly also that of caudin-1/3) may act as a limiting factor in TJ sealing and 
thereby regulate the timing of cavitation in the embryo. In order to achieve this, the delayed 
transcription and rapid translation of ZO-la+ may play an important role as the rate-limiting 
step. Intracellular colocalisation of ZO-la+ and occludin in the Golgi could aid the rapid 
delivery to the membrane of both proteins as a complex to be inserted into the TJ site. ^ Indeed 
inhibition of membrane assembly by transient brefeldin A treatment, results in inhibition of 
cavitation. The timing of ZO-la+ transcription may therefore regulate the transition from 
morula to blastocyst and the timing of completion of TJ biogenesis in the early embryo. 

The late timing of occludin membrane assembly during trophectoderm differentiation raises 
the question of the membrane binding partners of ZO-1 a- and cingidin during earlier cleav­
age. ZO-1 binds direcdy to the C-terminus of occludin^ ̂  while interaction between cingulin 
and occludin, either direct or indirect, has been identified in Xenopus epithelial cells.^^ 
Double-label confocal microscopy has shown that ZO-1 a- colocalises with both a- and 
P-catenins at the 8- and 16-cell stages but s^regates to a distinct, more apical site once occludin 
assembly has occurred. Following occludin assembly, all tight junction proteins studied 
(ZO-1 a-, ZO-la+, cingidin and ZO-2) are precisely colocalised at a site apical to and separate 
from proteins of the adherens junction. Thus, we and others,^^ have concluded that during 
epithelial differentiation, the adherens junction and TJ emerge from a common, single junc­
tional complex, activated from compaction in the case of the embryo, and characterised by 
colocalisation of TJ plaque proteins (ZO-1 a-) with E-cadherin/catenin complexes. 

Cell Adhesion and Regulation of Tight Junction Assembly 
The trophectoderm model for TJ assembly during development has provided strong 

evidence for E-cadherin adhesion as a permissive state for subsequent assembly of the TJ. 
Thus, if E-cadherin adhesion during the 8-cell stage is prevented by neutralising antibodies, 
membrane assembly of ZO-1 a- is delayed and occurs in a nonpolarized, irregular manner. ^ 
Moreover, in E-cadherin and a-catenin knock-out embryos, normal trophectoderm differen­
tiation is inhibited^ and ZO-1 assembly is disturbed. E-cadherin nidi embryos were able 
to compact and undergo delayed cell polarization due to the maternal pool of protein, al­
though subsequent differentiation of the trophectoderm layer was disorganised. These studies 
clearly demonstrate that E-cadherin adhesion plays a pivotal role in the differentiation of 
the first epithelium which in turn is essential for further embryonic development. How­
ever, our recent demonstration that JAM-1 assembly is independent of E-cadherin adhesion 
(see above) suggests that not all TJ constituents require cadherin adhesion to be active. 

Activation of E-cadherin/catenin adhesion in the embryo, unlike the completion of TJ forma­
tion, does not appear to be regulated by the timing of expression of any particular protein con­
stituent. Indeed, E-cadherin, a- and P-catenins are all present on membranes throughout cleav-
^ g 28,29,88 j^^gj.^ phosphorylation of one or more components may be involved since protein 
kinase C (PKC) activation with phorbol esters induces premature compaction at the 4-cell stage 
and PKCa isoform redistributes to the cell contact sites at the time of compaction.^^ 

Many TJ proteins are also phosphorylated in a manner that may affect their binding to each 
other and their assembly at the junction.^''^^'^^ Although a large amount of work in this area 
by many investigators suggests a critical role of phosphorylation on the function of TJ proteins, 
the physiological relevance of this phosphorylation remains unclear. Several PKC isoforms 
have even been localised close to theTJs in cell-lines. ̂ '̂̂ ^ Indeed, spatial and temporal expression 
patterns of several PKC isoforms appear to be developmen tally regulated in the early embryo. 
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Figure 3. Colocalisation of cGEF-Hl with a-catenin (A1-A3) showing a more apical localisation (arrow­
head, Al) compared to the apicolateral catenin staining (arrow, A2). An overlay of the two images shows 
the segregated positioning of the two proteins (A3). Double-labelling cGEF-H 1 (B1) with ZO-1 (B2) shows 
the precise colocalisation of these two proteins at the apical tight junaion sites (arrowhead and yellow 
overlay, B3). A color version of this figure is available online at www.Eurekah.com. 

Applying PKC activators and inhibitors to the embryo model we have recently shown that 
PKC signalling is involved in regulation of ZO-2 and ZO-la+ membrane assembly. Moreover, 
the results indicate a role for PKC8 and ^ isoforms in the synthesis of TJs and an involvement 
of different PKC isotype networks for each TJ component.^^ 

The Rho-family of GTPases is well known for their regulation of the actin cytoskeleton 
and although a large body of evidence indicates that Rho GTPases are important regulators of 
epithelial TJs, litde is known about the mechanisms that control these GTPases. Activation of 
Rho GTPases generally requires a guanine nucleotide exchange faaor (GEF) and aTJ-associated 
GEF for Rho has recently been identified and shown to regulate paracellular permeability of 
small hydrophilic tracers.̂ '̂  Colocalisation studies of cGEF-Fil with either ZO-1 or a-catenin 
in mouse blastocysts revealed its presence apical to the adherens junction in the trophectoderm 
cells whilst the ICM was devoid of staining for cGEF-FIl (Fig. 3). These experiments revealed 
the association of a GEF with a mature TJ. Future smdies to investigate the spatial and temporal 
expression of cGEF-Hl during earlier stages of development may shed light on the role of 
GEFs and therefore Rho-GTPases, in the synthesis of aTJ. 

Tight Junctions in Other Mammalian Preimplantation Embryos 
All mammalian embryos undergo compaction but at different cell cycles. In the pig, 

compaction and cell polarization occur more gradually than in the mouse and coincide with 
relocation of E-cadherin to contact sites.^^ Bovine embryos also compact somewhat later^^ 
than in the mouse (16-32-cell stage). E-cadherin expression and membrane localisation have 
also been identified in human embryos ̂ ^ and compaction occurs on day 4 when approxi­
mately 16-cells are present. ̂ ^̂  

These other models of early embryo TJ biogenesis are broadly comparable with the mouse 
and illustrate a similar ontogeny of stage-dependent expression of TJ components. ̂ ° '̂̂ ^^ In the 
bovine model, we have also shown that environment factors (eg in vitro maturation or type of 
culture medium) influence the level of expression of TJ genes which may have important 
developmental and biotechnological implications. In the human embryo cultured in vitro, 
abnormality in gene expression for TJ constituents has also been identified and may impact on 



Tight Junctions during Development 171 

developmental potential. Two alternatively spliced isoforms of occludin, either with or without 
the fourth transmembrane domain have been identified in the human ̂ ^ but are absent in the 
mouse. Interestingly, ZO-la+ and both ocxludin isoforms appear sensitive to loss of detectable 
expression in a number of human embryos. ̂ ^̂  In addition, failure in membrane assembly of 
occludin^^^ and ZO-1 a+^^^ protein at trophectoderm TJs has been identified in human 
embryos which may further compromise viability, and may indicate failure in normal 
intracellular signalling, for example, involving PKCs.̂ '̂̂ ° '̂̂ ^^ 
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CHAPTER 13 

Tight Junctions and the Blood-Brain Barrier 
Hartwig Wolburg, Andrea Lippoldt and Klaus Ebnet 

Abstract 

The blood-brain barrier protects the neural microenvironment from changes of the blood 
composition. It is located in the endothelium which is both seamless and intercon­
nected by tight junctions. The restrictive paracellular diffusion barrier goes along with 

an extremely low rate of transcytosis and the expression of a high number of channels and 
transporters for such molecules which cannot enter or leave the brain paracellularly. 

Many tight junction molecules have been identified and characterized including claudins, 
occludin, ZO-1, ZO-2, ZO-3, cingulin, 7H6, JAM and ESAM. Signaling pathways involved 
in tight junction regulation include G-proteins, serine-, threonine-, and tyrosine-kinases, 
extra- and intracellular calcium levels, cAMP levels, proteases, and cytokines Most of these 
pathways modulate the connection of the cytoskeletal elements to the tight junction 
transmembrane molecules. Additionally, crosstalk between components of the tight junction- and 
the cadherin-catenin-system of the adherens junction su^ests a close functional interdependence 
of the two cell-cell-contact systems. 

The blood-brain barrier endothelial cells are situated on top of a basal lamina which 
contains various molecides of the extracellular matrix. Pericytes and astrocytes direcdy contact 
this basal lamina; however, litde is known about the signaling pathways between these cell 
types and the endothelium which possibly are mediated by components of the basal lamina. To 
understand the interplay between astrocytes, pericytes, the basal lamina and the endothelial 
cells is a big challenge for understanding the blood-brain barrier in the future. 

Introduction 
The blood-brain barrier (BBB) protects the microenvironment of the central nervous 

system from toxins and buffers fluctuations in blood composition.^'^ The main structures 
responsible for the barrier properties are the tight junctions (Figs. 1,1)?'^ The most important 
cells responsible for the establishment of the barrier and interconnected by these tight 
junctions are the capillary endothelial cells in case of the BBB (Figs. 1A,B, 2B) and the epithelial 
(glial) cells in case of the blood-cerebrospinal fluid barrier (Fig. 2C). 

The notion that endothelial cells form an efficient permeability barrier originally came 
from electron microscopical tracer experiments.^ Then, Nagy et al^ investigated the tight 
junctions of the BBB using the freeze-fracture method and found them the most complex ones 
in the whole vasculature of the body. In addition to the complexity of the tight junction 
network, the association of the tight junction particles with the inner (protoplasmatic: P-face) 
or outer (external: E-face) leaflet of the endothelial membrane has been described as a further 
parameter of the quality of the permeability barrier in the brain.^ The BBB tight junctions are 
unique among all endothelial tight junctions by their specific rate of P-face association (Fig. 
2B) which is slighdy higher than the E-face association. Interestingly, the P-face/E-face-ratio of 
BBB tight junctions continuously increases during development and is strongly reduced in 

Tight Junctions^ edited by Lorenza Gonzalez-Mariscal. ©2006 Landes Bioscience 
and Springer Science+Business Media. 
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Figure 1. Elearon microscopy of the blood-brain barrier. A) Ultrathin section of a mouse brain capillary. 
The arrows point to two tight junaions. The nucleus of the endothelial cell is at the left-hand side. Bar: 1 
p,m. B) Freeze-fracture replica of mouse brain capillary. The arrow points to the tight junction (for more 
details, see Fig. 2). Bar = 0.5 M̂m. C) Freeze-fraaure replica of a rat brain capillary. L = lumen; PE = P-face 
of the endothelial cell; PA = P-face of the astrocytic endfoot membrane adjacent to the endothelial cells. The 
arrow points to a tight junaion, which is hidden and not exposed as in (B). Bar = 0.5 M-̂ d. D) Freeze-fracture 
replica of a perivascular astrocytic endfoot membrane from rat brain. Many orthogonal arrays of intramem-
branous particles (OAPs) are a charaaeristic feature of astrocyte endfoot membranes. Bar = 50 nm. 

ceil culture (Fig. ID)? The P-face/E-face -ratio of tight junctions of BBB endothelial cells in 
vitro is identical with that of nonBBB endothelial cells in vivo^^ indicating that the association 
of the strand particles with the membrane leaflets reflects the quality of the barrier and is under 
the control of the brain microenvironment (compare Figs. 2B, 2D). 

In this chapter we will give a brief overview on structural and molecular features of the BBB 
tight jimctions. Since most data on tight junction regidation were published from epithelial 
cells, ̂ ^ we will discuss some topics on whether these regidatory mechanisms may be valid for 
BBB endothelial cells as well. 

Structure of Blood-Brain Barrier Tight Junctions 
Tight junctions are domains of occluded {**Zonula occludens**) intercellular clefts '̂̂ ^ between 

endothelial and epithelial cells forming intramembrane networks of strands in freeze-fracture 
replicas (Fig. 2). If sectioned transversally, the tight junction appears as a system of fusion 
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Figure 2. Freeze-fracture replicas of epithelial (A,C) and endothelial (B,D) tight junctions. EF = E-face; 
PF = P-face; Bar =100 nm. A) Epithelial tight junctions of EPH4 cells. The strands are associated almost 
completely with the P-face. B) Endothelial blood-brain barrier tight junaions from capillary fragments 
freshly prepared from bovine brain. Most strand particles are associated with the P-face. C) Epithelial 
tight junaion from the rat choroid plexus, the site of the blood-cerebrospinal fluid barrier. Most particles 
are associated with the P-face, forming a poorly anastomosing pattern of mostly parallel strands. This is 
characteristic of claudin-11 based tight junctions.'̂ ^^ D) Rat brain capillary endothelial cells in culture 
have tight junctions almost completely associated with the E-face. This is also typical for nonBBB 
endothelial tight junaions. Arrows label partide-free ridges of tight junaions on the P-face, double-arrows 
point to strands which are interrupted where the fraaure plane switches from the E- to the P-face 
underlining the observation that the anchorage of tight junction strands is stronger at the E- than at the 
P-face under culture conditions. 

("kissing") points each of which represents a sectioned strand. Two parameters which can be 
visualized by freeze-fracture electron microscopy determine the ftmctional quality of tight junc­
tions: the complexity of strands and the association of the particles with the P- or E-face. Tight 
junction strands of most epithelial cells are associated with the P-face leaving grooves at the 
E-face which are occupied by only few particles (Fig. 2A,C; e.g., refs. 13-16). Epithelial cells in 
culture form tight junctions with identical properties as in vivo, namely high P-face associa­
tion, high electrical resistance and low permeability. ̂ '̂̂ ^ The P-face association seems to be 
dependent on the energy metabolism of the cells: after ATP depletion, Madin-Darby canine 
kidney (MDCK) cells suffer from both deterioration of the paracellidar barrier ("gate") func­
tion ' and a decreased P-face association of the tight junctions. Also, tight junctions of low 
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and high resistance MDCK cells differ by their association with the membrane leaflets. Low 
resistance tight junctions had a discontinuous and high resistance tight junctions a continuous 
particle association at their P-face.̂ *̂̂ ^ However, the causal relationship between the degree of 
particle association to the P-face and the observed transepithelial resistance is imperfecdy un­
derstood so far. 

Tight junctions of endothelial cells have a much lower degree of P-face strand association 
than those of epithelial cells (compare Fig. 2A,C with Fig. 2B,D). The P-Face/E-face ratio of 
particle association depends on the vascular bed investigated. In peripheral endothelial cells, 
the particles of the tight junctions are predominandy associated with the E-face.̂ '̂'̂ ^ On the 
P-face, these tight junctions can be recognized only by particle-poor ridges (Fig. 2D). In con­
trast, the tight junctions of the BBB endothelial cells of mammalian species reveal the highest 
P-face association found in the vasculature of the body (Fig. 2B). This particle distribution is 
not maintained in vitro (Fig. 2D). Instead, the freeze-fracture morphology of cultured BBB 
endothelial cells is similar to nonBBB endothelial cells.̂  This shift in favor of the E-face asso­
ciation of tight junction particles seems to be the most sensitive parameter found so far to 
characterize the compromised barrier: In asymptomatic adult stroke-prone spontaneously 
hypertensive rats (SHRSP) a strong reduction of the P-face/E-face ratio went along with a 
reduced polarity of BBB endothelial cells as assessed by the distribution of the glucose trans­
porter isoform Glut-1. However, an increased permeability for lanthanum as well as an alter­
ation of the immunoreaaivities of tight junction proteins were not observed. In this case, the 
altered E-face/P-face ratio may reflect an alteration of the cytoskeletal anchorage of the tight 
junctional particles and/or the integrity of tight junaional strands without loss of tight junc­
tional proteins which was described under pathological conditions such as glioblastoma and 
encephalomyelitis.̂ ^ The importance of the cytoskeletal integrity for BBB maintenance in vivo 
was clearly demonstrated using cytochalasin B and colchicine treatments. Whereas cytochala-
sin infusions led to increased BBB permeability in acute hypertension, colchicine pretreatment 
of acutely hypertensive rats attenuated the permeability changes.̂ ^ 

In vitro models of the BBB have been established to investigate r^^latory mechanisms.̂ '̂ '̂̂ ^ 
Hanun et al̂ ^ demonstrated an increased transendothelial permeability for horseradish peroxi­
dase (HRP) after discontinued coculture with astrocytes, but this change in permeability was 
not paralleled by a change in tight junction protein expression. The authors concluded that loss 
of localization of tight junction associated proteins from the BBB tight junctions might be a 
relatively late event, which is not yet observed in the comparatively short term in vitro experi­
ments. Consequendy, early and more subde changes at the tight junctions as discussed above in 
the SHRSP rat̂  being distinct from the complete loss of tight junction proteins may cause an 
increase in paracellular permeability towards small molecides. 

Some studies have shown that astrocytes or related neuroepithelial cells participate in the 
induction of barrier properties in endothelial cells (for reviews see refs. 4,6). Humoral factors 
released from astrocytes were suggested to contribute to tight junaion formation,̂ '̂ '̂̂ "̂̂ ^ but 
are not sufiicient to induce and maintain BBB characteristics.̂ '̂ ^ Nevertheless, the glial cell 
line-derived neurotrophic factor (GDNF) seems to be necessary for BBB induction.̂ -̂̂ ^ Re-
cendy, the src-suppressed C-kinase substrate (SSeCKS) in astrocytes has been reported to be 
responsible for the decreased expression of the angiogenic permeability factor vascular endot­
helial growth factor (VEGF) and the increased release of the anti-permeability factor 
angiopoietin-1 (Ang-1). SSeCKS overexpression was shown to increase the expression of tight 
junction molecules and to decrease the paracellidar permeability in endothelial cells. '^ 

Molecular Composition of Blood-Brain Barrier Tight Junctions 
In the last ten years the knowledge of the molecular composition and regulation of the 

tight junctions has exploded (Table l).i2,46-57 Qccludin and the claudin family are the most 
important membranous components both of which are proteins with four transmembrane 
domains and two extracellular loops. It seems generally accepted that both loops in one mem­
brane touch the appropriate loops in the adjacent membrane occluding the intercellular cleft. 
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Figure 3. Hypothetical model of occludin/claudin folding in the tight junction. A) conventional protein 
model, showing both extracellular loops within the intercellular cleft. B) protein/lipid-model assuming 
an inverse lipidic micelle allowing the external leaflets of the membranes of two partner cells to be in 
continuity. The difference is that the protein domain between the transmembrane domains M2 and M3 
(labelled by *) is in the cytosol (A) or in the micelle (B). Model B may explain the extremely high 
transcellular electrical resistance of some tight junctions, which are believed not to be realized by the pure 
protein model A. See text for details. 

However, whether this simple molecular contact of peptide chains can serve as the basis of an 
extremely high transcellular electrical resistance, must seriously be questioned. Instead, there 
is unequivocal evidence for the continuation of outer membrane leaflets of two adjacent 
junction-connected partner cells^ '̂̂ ^ suggesting that lipid structures such as inverse micelles 
are involved in the formation of tight junctions. These micelles could be stabilized by proteins 
as was proposed recently by Wolburg et al, the hydrophilic domain between transmembrane 
domain two and three (M2/3) could be located within the micelle instead of the cytoplasm 
(Fig. 3). In both models, the conventional protein model (Fig. 3A) and the lipid/protein-model 
(Fig. 3B), the extracellidar loops have free access to the intercellular cleft. Indeed, experiments 
reported by Lacaz-Vieira et al and Wong and Gumbiner^'^ demonstrated that peptide mol­
ecules homologous to segments of the first external loop of occludin interfere with the reseal-
ing of tight junctions opened by Ca^^ removal. This increase of the intercellular permeability 
could be interpreted in favor of the assumption that the mode of protein folding can change 
and the equilibrium between two folding mechanisms is under the control of the cell. On the 
other hand, Colegio et al̂ ^ were able to demonstrate recently that extracellular claudin do­
mains determine the paracellular charge selectivity and resistance without changing the fibril 
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architecture. This was done by interchanging the first extracellular loop between claudins-4 
and - 2 . The way by which extracellular peptide loops can alter the paracellular permeability is 
not clear so far. In any case, combining the protein with the lipidic model of tight junctions 
seems necessary and overdue in order to explain the highly variable electrical resistances found 
in epithelial and endothelial cells. Indeed, Kan demonstrated the presence of phospholipids 
in cylindrical tight junction strands using freeze-fracture labeling with gold-labeled phospho-
lipase A2. In addition, Yamagata et al̂  reported on the induction of tight junctions and 
increase of both the transendothelial electrical resistance and the expression level of occludin 
in brain capillary endothelial cell by polyunsaturated fatty acids. 

Occludin 
Occludin was the first tight junctional transmembrane molecide discovered. ^ The tight 

junctions in occludin-deficient mice^ were not affected morphologically, and transepithelial 
resistance as measured in small and large intestine epithelial cells was not altered compared to 
wild-type mice. However, the mice developed chronic inflammation and hyperplasia of the 
gastric epithelium, calcifications in the brain and around brain vessels, thinning of bones, 
postnatal growth retardation, testicular atrophy and abnormalities in sexual behavior. The 
authors concluded that occludin might have a function in tight junction modulation via the 
induction of intracellular signaling. Moreover, occludin is not required for the formation of 
tight junction strands. In a number of reports, posttranslational modifications of occludin such 
as phosphorylation of its cytoplasmic domains or binding to a ubiquitin-ligase^^ have been 
described as parts of tight junction regulation.̂ '̂̂ '̂̂ '̂̂ ^ For example, DeMaio et al̂ ^ reported 
on a clear reduaion of occludin content in cultured aortic endothelial cells by shear stress (10 
dyn/cm^), but a time-dependent increase of occludin phosphorylation which could be attenu­
ated by dibutyryl cAMP. As well, an increase of occludin phosphorylation has also been de­
scribed after treatment with VEGF'̂  suggesting that hormonal and mechanical changes are 
able to increase the paracellular permeability by an early increase of occludin phosphorylation 
and a subsequent decrease of the occludion content. Taken together, it seems that mature cells 
need occludin to regulate rather than establish their barrier properties. 

The Claudin Family 
The claudins are the tight junction molecules which seem to fulfill the task of establishing 

barrier properties (Table l).22.48.49,5i.75 ciaudins share with occludin die overall organization 
with four transmembrane domains, but have no sequence homology to occludin. The first 
claudins identified were isolated from chicken liver junctional fraaions and were called claudin-1 
and claudin-2. Since then a number of related proteins has been identified and at present the 
claudin family contains more than 20 members.̂ '̂̂ '̂  It is now believed that claudins are re­
sponsible for the regulation of paracellidar permeability through the formation of homotypic 
and heterotypic paired strands (for reviews, see refs. 51-53). In this model, ion selectivity is 
achieved through the selective expression and combination of distinct claudins in certain tis­
sues. ̂ ^ Therefore, it is not surprising that the claudins are not randomly distributed through­
out the organs, but at least in part show a tissue-specific expression pattern. For example, 
claudin-5 was originally described to be restricted to endothelial cells, ^ although it was re-
cendy also found in surface cells of the stomach and of the large and small intestine.̂ ^ In 
addition, claudin-16 is selectively expressed in the thick ascending limb of Henle in the kidney 
where it regulates selectively the permeability for Mĝ ^ ions.̂ ^ 

Functional investigations support the view that the composition of the claudin species di-
recdy determines barrier fimaion.^^ Tight junction-native L-fibroblasts when transfected with 
claudin-1 or claudin-3 form tight jimctions which appeared in freeze-fracture replicas associated 
with the P-face.̂ ^ When transfected with claudin-2 or claudin-5, the cells form tight junctions 
associated with the E-face. ' In contrast, occludin was found to be localized at both fracture 
faces.̂ ^ Whereas occludin induced the formation of short strands, the claudin-induced strands 
were very long and branched resembling endogenous tight j unctions. ̂ '̂̂ ^ Transfeaion of MDCK 
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cells with claudin-1 increased the transepitheUal resistance about 4-fold and reduced the 
paracellidar flux.^^ Transfection with claudin-2 of high-resistant MDCK I cells that normally 
express claudin-1 and claudin-4, mimicked both the resistance behavior and the tight junction 
morphology of low-resistant MDCK II cells.̂ ^ Claudin-4 was formerly known as the Clostridium 
perfringens entero toxin receptor (CPE-R). By treatment of MDCK I cells, Clostridium perfringens 
enterotoxin (CPE) selectively removed claudin-4 from the tight junctions. Tight junctions were 
disintegrated to a simple network with only few anastomosing strands, and the transepitheUal 
electrical resistance (TER) was decreased. After CPE removal, barrier properties were reestab­
lished.^^ These results suggested that the combination and stoichiometry of the claudins might 
be responsible for the outcome of a given resistance or permeability. 

The claudins detected in endothelial cells were initially claudin-1 and claudin-5. 
However, soon it turned out that the anti-claudin-1 antibody employed recognized claudin-3 
as well (for methodological aspects of antibodies against claudins, see re£ 25). The specificity of 
the anti-claudin antibodies was verified by irrmiunofluorescence staining and western blot analysis 
of transfected mouse L cells expressing either miu-ine claudin-1 or murine claudin-3 (Engelhardt, 
Wolburg, Furuse, unpublished). Thus, claudin-3 has been recognized as a novel molecule of 
BBB endothelial tight junctions.̂ ^^ A novel anti-claudin-1 antibody also stained BBB endothe­
lial cells, but the staining was not restricted to the tight junctions^^ suggesting that the mol­
ecule is present in the cell but not targeted to the junaion. Additionally, claudin-12 has been 
described in the BBB endothelial cell, so that at least claudin-3, -5 and -12 are the BBB-specific 
claudins. 

Concerning claudin-5, the deficiency of this molecule as reported by the Tsukita group^ 
coidd be expected to be compromising the quality of the BBB and therefore the viability of the 
animal. However, astonishingly the newbom knockout animals did not differ from the wildtype 
in terms of macroscopic morphology, and even the electron microscopy of the tight junctions 
was normal. However, since a low molecular weight tracer (e.g., Hoechst dye) and not the 
higher molecular weight tracer microperoxidase extravasated in the claudin-5 knock out mouse 
out of the brain vessels, it was concluded that the claudin-5 based tight junctions restrict the 
permeability for small molecules < 800 Da.^^ Claudin-12 which was detected as a constituent of 
the BBB tight junctions, was postulated to be responsible to be seleaively restrictive for mol­
ecules > 800 Da. Thus, the concept of BBB tight junctional components as seleaively regulated 
molecular sieves is arising which may be important for therapeutic procedures in the future. 

As mentioned above, claudin-3 if transfected into cidtured fibroblasts is associated with the 
P-face, whereas claudin-5 is associated with the E-face.̂ '̂̂ "̂  BBB endothelial cells in vivo reveal 
a P-face/E-face ratio of about 55/45%;^^ as well, claudin-3 and claudin-5 are well expressed. In 
nonBBB endothelial cells, tight junctions are almost completely associated with the E-face, 
and claudin-3 is rarely or not expressed. BBB endothelial cells cultured in vitro develop tight 
junctions which are associated with the E-face^ and express less claudin-1;^ however, an anti­
body was used now known to recognize claudin-3 as well. Under pathological conditions such 
as malignant glioma or experimental allergic encephalomyelitis, claudin-1/3 was found to be 
lost and/or the tight junctions were E-face associated.^ '̂̂  

Immunoglobulin-Like Proteins at Ti^t Junctions 
Almost simidtaneously with the identification of claudins, junctional adhesion molecule 

(JAM) has been reported as the first member of the immunogloblin (Ig)-superfamily to be 
present at tight junctions (Table 1).^^ JAM, which is now called JAM-A, localizes at homo-
typic cell-cell contacts of endothelial and epithelial cells and is highly enriched at tight junc-
tions.^ '̂̂ ^ Two Ig-like proteins closely related to JAM-A, JAM-B and JAM-C, have been iden­
tified recendy.^-^^ Widi respect to multicellular tissues, JAM-B and JAM-C are restricted to 
endothelial cells and are largely absent from epithelial cells. Although ultrastructural analyses 
for JAM-B and JAM-C in endothelial cell are still missing, the colocalization of JAM-C with 
occludin and ZO-1 upon ectopic expression in MDCK epithelial cells suggests its localization 
at tight junctions.^^ 
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Table 1. Molecular composition of tight junctions 

Integral 
Membrane Proteins 

Tight junction strand 
proteins 
Ocdudin 
Claudins 
{Cl'3, -5, -12) 

Ig-superfamily members 
JAM-A 

JAM-C 

CAR 
ESAM 
JAM4 
CLMP 
Crumbs homologues 

CRB1 CRB3 
Unknown 
? 

? 

— 

Adaptor 
Proteins 1st 
Order (Direct) 

ZO-t -2, -3 
ZO-1 

ZO-2 

ZO-3 
MUPP1 

AF-6, ZO-1 
PAR-3, MUPP1 
ZO-1, PAR-3 

? 
? 

MAGI-1 
? 

Pals-1 
Pals-1, PAR-6 

MAG 1-2 
MAG 1-3 
? 

? 

Adaptor 
Proteins 2nd 
Order (Indirect) Signaling Proteins 

AF-6, cingulin 
AF-6, cingulin 

cingulin 

PATJ, cingulin 

PAR-6 

PAR-6 

ZO-1 

PATJ, PAR-6 
PATJ, PAR-6 

Regulatory 
Proteins 

PI3-kinase, CK2, PKC Itch 
c-Yes, Gai2 

aPKC, PP2A 
Cdc42 
aPKC, PP2A 
Cdc42 

Rap-GEF 

aPKC, PP2ACdc42 
aPKC, PP2A 
Cdc42 

PTEN 
PTEN, RPTPp 
CGEF-H1 
Rab3B. Rab13 

ZONAB 

c-Jun, c-Fos, 
C-EBP, SAF-B 

huASHI 
symplekin 

Gas 
Gai2 
GaO 
RGS5 

The molecular components identified attight junctions are grouped into different classes based on their 
structures and functions. The first column displays integral membrane proteins. The second column 
displays adaptor proteins and distinguishes between 1 st order and 2nd order adaptors based on their 
director indirect association with the integral membrane proteins. The third column contains signaling 
proteins which include tyrosine and serine/threonine kinases as well as heterotrimeric G-proteins, 
small GTP-blnding proteins and guanine-nucleotide exchange factors. Molecules in the fourth column 
include regulatory proteins such as transcription factors, transcription regulatory proteins or proteins 
regulating posttranslational modifications. The inclusion of the molecules listed in the third and fourth 
column in the table is based on either their association with adaptor proteins or their localization at 
tight junctions. Note that the mere association with a tight junction associated protein does not 
necessarily mean that the two proteins are associated at tight junctions. Actin-binding proteins such 
ascortactin, synaptopodinora-actinin which associate with tight junction proteins and which link the 
tight junctions to actin cytoskeleton are not included in the table. Molecules which are written in bold 
and italics were described to occur in the blood-brain barrier. 

continued on next page 
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Table 1, Continued 

Abbreviations are: AF-6 = ALL-1 fusion partner from chromosome 6; aPKC = atypical PKC; ASH1 = 
absent, small, or homeotic 1; CAR = coxsackie- and adenovirus receptor; C/EBP = CCAAT/enhancer 
binding protein; CK2 = casein kinase 2; CLMP = coxsackie- and adenovirus receptor-like membrane 
protein; CRB = Crumbs; ESAM = endothelial cell-selective adhesion molecule; GEF = guanine 
nucleotide exchange factor; JAM = junctional adhesion molecule; MAGI = membrane-associated 
guanylate kinase inverted; MUPP1 = multi-PDZ-domain protein; Pals = protein associated with 
Lin-7; PAR = partitioning defective; PATJ = Pals-1 -associated tight junction protein/protein associated 
with tight junctions; Pl= phosphatidyl-inositol; PKC = protein kinase C; PP2A = protein phosphatase 
2A; PTEN = phosphatase and tensin homologue deleted on chromosome 10; RGS = regulator of 
G-protein signaling; RPTP = receptor protein tyrosine phosphatase; SAF-B = scaffold attachment 
factor-B; ZO = zonula occludens; ZONAB = ZO-1-associated nucleic acid-binding protein 

One role of JAMs in endothelial cells might be related to their predicted function in 
regulating leukocyte-endothelial cell interaction during inflammation through homophilic and 
heterophilic interactions. This role is based (i) on the findings that anti-JAM-A and anti-JAM-C 
antibodies reduce transendothelial migration of leukocytes, and (ii) on the identification of 
integrin ligands expressed on leukocytes for all three JAMs (see refs. 95,96 for recent 
reviews). However, additional evidence suggests a role for JAMs in the formation of tight 
junctions. This is based on the observation that anti-JAM-A antibodies negatively affect 
the formation of functional tight junctions after Ca^^-switch-induced cell-cell contact forma-
tion^ '̂̂ '̂  and on the identification of cytosolic proteins which associate with JAMs and which 
are implicated in the formation/function of tight junctions. 

All three JAMs associate with ZO-1 in a PDZ domain-dependent manner.^^'^^ ZO-1 most 
likely acts as a scaffolding protein that helps to organize large protein complexes consisting of 
transmembrane and cytosolic proteins at tight junaions (see Chapter 6 by A. Fanning), and 
the direct assocation with JAMs might serve to localize these at the subapical complex. JAM-A, 
JAM-B and JAM-C also associate with ASIP/PAR-3,^^^'^^'^ and this interaction might be 
important for tight junction biogenesis. PAR-3 is part of a ternary protein complex which is 
conserved through evolution and which localizes to tight junctions of vertebrate epithelial 
cells. ̂ ^̂  This complex consists of PAR-3, atypical PKC (aPKC) and PAR-6. Overexpression of 
dominant-n^ative mutants of all three components during cell-cell contact formation results 
in the mislocalization of tight junction proteins as well as in functional defects of tight 
junctions such as a decrease in TER, increase in paracellular permeability and a loss of 
membrane polarity.^^^^^ The findings that the dominant-negative mutants in all cases are 
effective when overexpressed in the process of cell contact formation but not in fully polarized 
epithelial cells implicates a role of the PAR-3-aPKC-PAR-6 complex for the formation of tight 
junctions rather than for their maintenance.^^^ The recruitment of the PAR-3-aPKC-PAR-6 
complex to early cell-cell contact sites and the subsequent activation of aPKC by Cdc42/Rac-1 
might promote the formation of tight junctions from primordial adherens junctions and thus 
the polarization of the cell. In accordance with this, primordial, spot-like adherens junc­
tions can be formed in the presence of dominant-negative aPKC, but their maturation into 
adherens junctions and tight junctions is blocked. ̂ ^̂  JAM-A which is present early at cell-cell 
contact sites at primordial, spot-like adherens junctions could serve to recruit the 
PAR-3-aPKC-PAR-6 complex to early sites of cell adhesion. ̂ ° '̂̂ ^^ 

The roles of JAM-B and JAM-C in tight junction formation is less well understood. As 
mentioned above, both are predominandy expressed by endothelial cells. Like JAM-A, both 
associate with PAR-3 through PDZ domain 1 of PAR-3 and JAM-C recruits endogenous PAR-3 
to cell-cell contact sites in CHO cells^^ suggesting that JAM-B and JAM-C contribute to the 
recruitment of the PAR-3-aPKC-PAR-6 complex in endothelial cells. It is striking that among 
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all integral membrane proteins analyzed so far, including JAM-A, JAM-B, JAM-C, occludin, 
claudin-1, claudin-4, claudin-5, CAR and ESAM, PAR-3 associates exclusively with JAM-A, 
JAM-B and JAM-Ĉ ^̂ '̂ ^̂  suggesting a specific role for JAMs in tight junction formation. 

More recendy, four additional Ig-superfamily members have been identified at tight junc­
tions (Table 1). These include the coxsackie- and adenovirus receptor (CAR,̂ ^ ), endothelial 
cell-selective adhesion molecule (ESAM,̂ ^ )̂, junctional adhesion molecide QAM) 4̂ ^̂  (see 
also Chapter 4) and coxsackie- and adenovirus receptor-like membrane protein (CLMP).̂ ^^ 
They share with JAM-A, JAM-B and JAM-C a similar organization with two Ig-like domains. 
However, they are more closely related among each other than to the three JAMs and thus form 
a subfamily within tight junction-associated Ig-superfamily members. Interestingly, CAR, 
ESAM and JAM4 end in a type I PDZ domain-binding motif whereas JAM-A, JAM-B and 
JAM-C end in a type II motif which suggests functional differences between the two subfami­
lies. The fiinction of these four Ig-superfamily members at tight junctions is not clear. CAR, 
JAM4 and CLMP are predominandy expressed by epithelial cells, whereas ESAM is expressed 
exclusively in endothelial cells including those in brain capillaries.̂ ^̂ '̂ ^̂  Endothelial cells de­
rived from ESAM-deficient mice display defects in endothelial tube formation suggesting a 
role for ESAM in endothelial cell contact formation.̂  ̂ ^ How this function relates to its specific 
localization at tight junctions is not yet clear. 

Peripheral Membrane Components at Ti^t Junctions 
The transmembrane proteins associate in the cytoplasm with peripheral membrane com­

ponents which form large protein complexes, the cytoplasmic "plaque" (Table 1). One type 
of plaque proteins consists of adaptors, proteins with multiple protein-protein interaction 
domains such as SH-3 domains, guanylate kinase (GK) domains and PDZ domains. ' ^ 
The adaptor proteins include members of the MAGUK (membrane-associated guanylate 
kinase,̂  and MAGI (membrane-associated guanylate kinase with an inverted orientation 
of protein-protein interaction domainŝ ^^ families, such as ZO-1, -2, -3, Pals-1, MAGI-1, 
-2, -3, as well as proteins with one or several PDZ domains such as PAR-3, PAR-6, PATJ and 
MUPPl.^^^ The latter two proteins contain ten and 13 PDZ domains,̂ ^̂ '̂ ^̂  respectively, 
and thus seem to be particularly well suited to assemble large protein complexes. The adap­
tor proteins serve as scaffolds to organize the close proximity of the second type of plaque 
proteins, the regulatory and signalling proteins. These include small GTPases like Ras, Rabl3 
or Cdc42,̂ ^^ and their regulators, e.g., guanine nucleotide exchange factors, protein ki­
nases and phosphatases such as aPKC, PP2A and PTEN^^ as well as transcriptional regu­
lators like ZONAB, huASHl, Jun, Fos and the CCAAT/enhancer binding protein (C/ 
EBP).̂ ^̂ '̂ ^̂  In many cases, the role of the regulatory and signaling proteins in tight junction 
biology is still poorly understood, and it is to be expected that they are involved in com­
pletely different aspects of tight junction biology. Some proteins might be involved in the 
regulation of tight junction formation from preexisting primordial adherens junctions, for 
example the proteins of the PAR-3-aPKC-PAR-6.̂ °^ Some proteins might be necessary for 
signaling to the cell interior, for example the transcription factors ZONAB and huAshl. 
Information on the maturation state of cell-cell contacts is required for many cellular events 
which are regulated by cell density (e.g., proliferation), and transcription factors associated 
with the cytoplasmic plaque at tight junction provide a direct link between tight junctions 
and the nucleus. ̂ ^ In summary, the large number of scaffolding and signaling proteins at 
tight junctions points to a highly complex protein machinery that is required to regulate the 
formation and maintenance of tight junctions; it also points to tight junctions as signalling 
centers that influence various cellular processes. 

Regulatory Mechanisms in the Blood-Brain Barrier 
Tight junctions have long been considered as static barriers responsible for both the com-

partmentalization of the intercellular cleft (gate function) and the polarity of cell (fence func­
tion). But in the last years it came out that the tight junaions are under the control of multiple 
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regulatory systems in which many molecular systems such as adhesion molecules, extracellular 
matrix components and signal transduction pathways are involved.̂ "̂ '̂ ^^ Most data were gath­
ered in epithelial cells. In endothelial cells, in particular in those of the BBB, less data are 
available, probably due to the fact that the system is considerably more complex as it includes 
pericytes and astrocytes and a special composition of the extracellidar matrix, and not well 
established in vitro. 

G'Protein Signaling 
G-proteins play an essential role in maintaining barrier integrity of epithelial cells. ̂ "̂  The 

G-proteins involved are the classical heterotrimeric G-proteins and the small G-proteins/ small 
GTPases (Ras superfamily). Several Ga subunits have been localized within the tight junctions 
of cultured epithelial cells, such as Q<X\2,^^^ Gas,^^^ Ga^^ and Goto? when transfected into 
MDCK cells.̂ ^^ Moreover, Goto could be coprecipitated with ZO-\}^^ The activation of 
heterotrimeric G-proteins leads to activation of second messengers like cAMP/cGMP or Ca^^ 
and to an increased transepithelial resistance of the cell monolayer. Additionally, GOCQ acceler­
ated tight junction biogenesis, whereas G(Xi2 was important for development and maintenance 
of the tight j unctions. ̂ '̂̂ ^^ The inhibition of the protein kinase A (PKA) has been shown to 
result in the preservation of tight junctions and low permeability in MDCK cells during re­
moval of calcium,^ suggesting that in epithelial cells the PKA could be involved in the desta-
bilization of tight junctions. ̂ ^'i\s activated Gotj evokes a decrease in cAMP and thus probably 
a decrease in the amount of activated PKA, G-protein signaling could influence epithelial 
permeability via inhibiting the cAMP/PKA-pathway. In contrast, in endothelial cells elevation 
of cAMP by forskolin resulted in a stabilization of tight junctions and decrease of permeabil­
ity.̂ '"̂  .138 Accordingly, elevation of cAMP by forskolin or cholera toxin was able to reverse the 
permeability increasing effect of pertussis toxin (PTX) on cerebral endothelial cells in vitro. ̂ ^̂  
PTX is known to inhibit G-protein signaling by ADP-ribosylation of Gai proteins. The path­
way by which PTX permeabilized the barrier was shown to include the protein kinase C 
(PKC),^^^ probably by operating via extracellular signal-regulated kinase (ERK)-activation.^ ^ 

Recendy, a family of G-protein regulating proteins has been identified. These so called RGS 
proteins (regulators of G-protein signaling) interact with the Ga subunit of heterotrimeric 
G-proteins. They inactivate the Ga subunit by accelerating GTP hydrolysis. ̂ ^̂  Interestingly, a 
genomic suppression subtractive hybridization (SSH) approach has been used to identify spe­
cific genes expressed at the BBB. ̂  ^ Among other genes, RGS5 was found to be expressed at the 
BBB but also in other tissues. By using the same approach in hypertensive rats, the RGS5 
mRNA was identified in isolated brain capillaries and localized in the BBB endothelial cells. ̂  ^ 
Inmiunocytochemical detection of RGS 5 at the light and electron microscope level revealed its 
occurrence in tight junctions of BBB endothelial cells (Lippoldt et al, in preparation). How­
ever, the function of RGS 5 in endothelial cells is not yet clear, nor the signaling pathway RGS 5 
is acting on. 

SmaU GTPases 
The RhoA and Racl small GTPases were shown to play a promoting role in the regulation 

of tight and adhesion jimction structure and function. ̂ ^ ' ' In MDCK-cells expressing RhoA 
and Racl mutants, the organization of tight junctions is disturbed and the permeability for 
inulin, anionic or neutral dextran increased and the TER decreased. ̂ ^̂ '̂ '̂ '̂  In T84 cells, the 
inhibition of the Rho pathway by Clostridium botulinum toxin C3 transferase resulted in a 
disorganization of the perijunctional actin ring and ZO-1 distribution, whereas the transient 
expression of RhoC resulted in actin concentration at intercellidar contacts. ̂ "̂^ On the other 
hand, E. coli cytotoxic necrotizing factor-1 (CNF-1) activated the Rho pathway, but reduced 
the gate function of tight junctions in T84 cells and impaired tight junction assembly in the 
calcium switch assay. In addition, a guanine nucleotide exchange factor (GEF) has been 
identified which activated Rho, associated with tight junctions, and increased the paracellular 
permeability in MDCK cells. ̂ ^̂  
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Regarding cerebral endothelial cells, the activation of the Rho pathway in vitro by 
lysophosphatidic acid (LPA)̂ ^̂  disrupted the paracellular barrier, ̂ ^̂  Accordingly, the inhibi­
tion of the Rho pathway prevented the LPA-induced increase in permeability/^ Inflammation, 
as caused by bradvkinin, thrombin, histamin cytokines, matrix metalloproteinases, ' or by 
bacterial toxins '̂ ^̂ '̂ ^̂  increases the transendothelial permeability by affecting tight and 
adherens junctions via reorganization of the aain cytoskeleton and formation of intercellidar 
gaps. As well, the transendothelial migration of lymphocytes was shown to be dependent on 
Rho signaling: when activation of Rho as a consequence of leukocyte binding to the adhesion 
receptor ICAM-1 was blocked by C3-transferase the leukocyte transmigration was compro­
mised/^ Whereas the extracellular domain of endotheUal ICAM-1 suffices to mediate T cell 
adhesion, the cytoplasmic domain is required to mediate transmigration of T cells probably by 
inducing Rho-signaling within the endothelial cells/^^ In human umbilical vein endothelial 
cells (HUVECs), affection of the permeabilitv requires the activation of the Cdc42-, rac-, 
Rho-cascade following stimulation by TNF-a. ^̂  Furthermore, in vitro studies demonstrated 
that a Rho/Rho kinase-dependent pathway is a central target for an increase of vascidar perme­
ability by inactivating the myosin light chain (MLC) phosphatase, thus enhancing MLC phos­
phorylation. This leaded to endothelial cell contraction and increased permeability. 

The Putative Role of the Extracellular Matrix on BBB Regulation 
The BBB is under the strict control of the brain microenvironment which is composed of 

neuronal and glial cells, pericytes, and the extracellular matrix (ECM). The basal lamina of 
cerebral endotheUal cells is very complex and consists of various collagens, laminin, fibronectin, 
entactin, thrombospondin, as well as heparan and chondroitin sulfate proteoglycans.̂ ^ '̂̂ ^ 
Many informations on the functional impact of the ECM on the vascidature in the brain came 
from cell culture studies or those investigating conditions during aging, tumor growth or in­
flammation (e.g., see refs. 165,167-171). For example, the matrix metalloproteinase (MMP)-9 
deficient mice were protected from transient focal ischemia by attenuation of serum extravasa­
tion via the BBB and reduction of the lesion volume demonstrating the beneficial role of ECM 
components on the integrity of the BBB under these conditions. 

The heparan sulfate proteoglycan agrin originally characterized as the essential molecule for 
clustering acetylcholine receptors at the motor endplate,̂ ^̂ '̂ ^ has also been described as im­
portant within the CNS and for the integrity of the BBB.̂ ^̂ '̂ ^̂ '̂ ^̂  The agrin isoform YOZO 
was reported to be specifically present in the CNS capillary endothelial cell basal lamina. ̂ '̂ '̂  
Agrin binds to a-dystroglycan, but also to some integrins and heparin. ̂ ^ a-dystroglycan is 
a member of the dystrophin-dystroglycan complex which localizes at glial endfeet membranes. ̂ ^̂  
Under conditions of BBB disruption, agrin is lost.̂ ^̂ '̂ ^̂  The possible implication of this agrin 
loss for the integrity of the BBB will be discussed in the following paragraph of this chapter. 

The Astroglial Cell as an Organizer of the BBB 
It is generally accepted now that the astrocytes play a decisive role in the maintenance if not 

induction of die BBB.5'7'38'45,46,i38.i8i-i83 Unfortunately diere is Utde known about die mol­
ecules that are involved in this induction process. An interesting correlation exists between astroglial 
differentiation and BBB matiuation. The astroglial cells form processes to many compartments 
of the CNS including synapses, Ranvier nodes, and neural-mesenchymal borders at the surface 
of the CNS and around vessels (Fig. IC). These extensions at the glial limiting border are called 
"endfeet". Their membranes are characterized by a very special molecidar architecture. Thq̂ ^ 
carry plenty of transporters and ion channels, but also the dystrophin-dystroglycan complex,̂  
aquaporin-4, the so-called orthogonal arrays of particles (OAPs) (Fig. ID), and a recendy 
identified member of the immunoglobulin superfamily, limitrin.̂ ^^ Within the neuropil, the 
parenchymal astroglial membranes do not express these molecides and membrane structures or 
only at a very low level. This polarization of astrocytes arises concomitandy with the maturation 

is not maintained by cultured astrocytes. ̂ "̂̂  Regarding the OAPs, it is 
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well-known that they consist of the water channel protein aquaporin-4 (AQP4). Aquaporins 
mediate water movements between the intracellular, interstitial, vascular and ventricular com­
partments which are under the strict control of osmotic and hydrostatic pressure gradients. ̂ ^̂ '̂ ^̂  
The involvement of AQP4 in the OAP formation was demonstrated by the absence of OAPs in 
astrocytes of the AQP4-deficient mouse, ̂ ^ by formation of OAPs in chinese hamster ovary cells 
stably transfected with AQP4 cDNA,̂ ^^ and by the immunogold fracture-labeling technique 
showing that AQP4 is a component of the arrays. ̂ ^̂  Moreover, Nielsen et al̂ ^̂  were able to 
demonstrate by immunogold immunocytochemistry that the distribution of the AQP4-related 
immunoreaaivity was identical to that of the OAPs. It should be stressed that AQP4 is the only 
member of the aquaporin family which is associated with a membrane structure demonstrable 
by electron microscopy (Fig. ID). 

The OAP/AQP4-related polarity of glial cells has been demonstrated to decrease under 
brain tumor conditions. ̂ ^̂  The density of OAPs in membranes of glioma cells was found to be 
extremely low,̂ ^ whereas the AQP4 content as detected by immunocytochemistry was in­
creased.^^ These findings, if taken together, suggest that under glioma conditions AQP4 exists 
separated from the OAP in the membrane and is no more restricted to the glial membranes 
contacting the basal membrane. There was a clear positive correlation between AQP4 restric­
tion at the endfoot membrane and presence of agrin in the vessel basal lamina.^ Importandy, 
agrin does not bind to AQP4, but to a-dystroglycan.^^^ AQP4 is connected to the 
dystrophin-dystroglycan complex via a PDZ-binding domain in the C-terminus of 
a-syntrophin. ^̂  Therefore, we believe that loss of agrin reduces the OAP/AQP4-related polar­
ity of astrocytes leading to a redistribution of "free" AQP4 outside the OAP structure, and that 
this may be one reason for the loss of capability of the glial cell to maintain the BBB properties 
within the endothelial cell. Indeed, loss of agrin has been demonstrated to correlate with loss of 
different tight junction molecules in glioma capillary endothelial cells.̂ ^^ 

Conclusions 
It has been 120 years since the discovery of the BBB by Paul Ehrlich.^^^ In the following 

period blood-brain barrier research has focused on the morphological description of the barrier 
using mainly conventional histological and electron microscopical methods e.g '̂̂  as well as 
methods to demonstrate the tightness of the barrier against a variety of low and high molecular 
weight substances (for review see re£ 199). Tight junctions have been described as a network 
of protein particles using freeze-fracture electron microscopy. But, it needed almost 30 years 
and a great methodological advance in molecular biology to discover protein components of 
the tight junctional complex and to identify the protein particles within the replicas. Moreover, 
due to the advances in molecular biological methods like knock out and GFP-technologies it is 
now possible to recognize the tight junctional complex as a very dynamic structure. Using these 
approaches^^^ it turned out that paired claudin strands are the molecular equivalents of the so 
called "kissing points** seen in transmission electron microscopy. In vitro time laps studies of 
annealing tight junction strands possessing different types of claudins for the first time demon­
strated the high dynamic organization potential of the tight junctional complex."^^ Now, it 
might be possible to go more into detail to characterize the interplay of these molecides and 
their regulation by and association with cellular signaling cascades and cytoskeletal compo­
nents. These data then will allow us to use this knowledge for therapeutic interventions in 
pathologies influencing blood-brain barrier integrity. 

The enormous complexity of the endothelial barrier in the brain and its regulation seems to 
be clearly different from that in epithelial barriers. The simple observation that epithelial, but 
not endothelial cells, are able to form a high resistant and low permeability barrier in vitro, 
sheds light to the importance of the brain microenvironment in the formation and mainte­
nance of the barrier in vivo. This microenvironment consists of a cocktail of neuronal, astroglial, 
microglial, pericytic factors and those of the extracellular matrix which itself forms a microcos-
mos of its own. All components may or may not operate together or at certain periods during 
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development or during padiological derangements in certain combinations which are not rec­
ognizable to us so far. It will be a great challenge in the future to characterize the mechansims 
involved in BBB differentiation and derangement and to understand the interplay of the BBB 
components in the adult CNS. 
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CHAPTER 14 

Tight Junctions in CNS Myelin 
Jeff M. Bronstein and Seetna Tiwari-Woodniff 

Abstract 

M yelin in the central nervous system (CNS) is composed of a complex multilamellar 
sheath wrapped around axons facilitating axonal conduction. Tight junctions (TJs) 
between plasma membrane layers of myelin were recognized over 40 years ago but 

only recendy has the molecular composition been determined. CNS myelin TJs stain with 
anti-OSP/claudin-11 antibodies and are absent when the OSP/claudin-11 gene is disrupted. 
These TJs, along with PLP/DM20, serve an adhesive fiinaion maintaining myelin compac­
tion. In addition to its structural role in mature myelin, OSP/claudin-11 associates with a 
member of the tetraspanin superfamily and pi integrin, and regulates proliferation and 
migration of oligodendrocyte progenitor cells. 

Introduction 
Myelin is composed of a complex multilamellar sheath essential for normal neuronal 

function. The formation of myelin occurs early in development and requires oligodendrocyte 
and Schwann cell proliferation, and migration followed by the wrapping and compaction of 
the plasma membrane around axons. This myelin sheath completely covers the axon except at 
specialized gaps called the nodes of Ranvier. Myelin is essential for normal axonal function by 
increasing the resistance facilitating saltatory conduction at the nodes and its multilaminar 
structural organization is similar in the peripheral and central nervous system (PNS and CNS) 
with some important differences. In the CNS, oligodendrocytes extend processes that myelinate 
several axons whereas Schwann cells in the PNS only myelinate a single axon. Oligodendro­
cytes do not have a basal lamina but do have a distinctive structure not seen in the PNS called 
the radial component (see below). The protein composition of CNS and PNS myelin also 
differs. In the CNS, 80-90% of total myeUn protein corresponds to myelin basic proteins 
(MBPs) and proteolipid proteins (PLP and DM20) and 7% corresponds to OSP/ 
claudin-11 (Fig. 1).^' There are also several other minor proteins such as 2'3'-cyclic 
nucleotide-phosphodiesterase (CNPase), myelin/oligodendrocyte glycoprotein (MOG), and 
myelin-associated glycoprotein (MAG) but litde is known about their structure and function. 
In the peripheral nervous system (PNS), protein zero (PQ) and peripheral myelin protein 22 
(PMP-22) are highly expressed specifically in Schwann cells; along with the MBPs, they form 
the bidk of peripheral myelin protein. 

The Radial Component of CNS Myelin Are Tight Junctions 
The 1st report of a radial structure in myelin was made by Peters in 1961.^ Using electron 

microscopy (EM), he described a series of plaque-like thickenings of the intraperiod line and 
later confirmed that these thickenings run parallel to the length of the axon in a spiral manner. 
Dermietzel and Reale et al used freeze-fracture to demonstrate that these thickenings observed 
in CNS myelin were in fact zona occludens or TJs.̂ "^ Evidence for a barrier function of the 

Tight Junctions^ edited by Lorenza Gonzalez-Mariscal. ©2006 Landes Bioscience 
and Springer Science+Business Media. 
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Figure 1. Schematic representation of the predicted struaure and orientation of CNS myeUn proteins. 
The proposed composition of the major dense and intraperiod hnes observed by electron microscopy is 
shown on the right. B) Diagram of the cross section of a myeHnated axon in the CNS showing the 
orientation of the radial component and the adherens-like junctions between laminar sheaths. 

radial component was later described by Tabira et al who demonstrated that the junctions 
provided a diffusion barrier between the lamellar components of the myelin sheaths. Further­
more, they demonstrated that when hexachlorophene was administered to the animals, 
intramyelinic vacuolation occurred but the myelin splitting was limited by the TJs. These early 
reports suggested that the radial component of CNS myelin were composed of TJs that 
provided structural support as well as a diffusion barrier. 

OSP/Claudin-ll Is Essential for the Formation of CNS Myelin TJs 
Oligodendroyae-Specific Protein (OSP) was first identified from a subtractive hybridization 

library from mouse spinal cord enriched with cDNAs coding for proteins expressed during 
myelination. OSP was frxrther characterized because sequence and structural homology was 
found to PMP-22 suggesting that it may be the CNS homologue to this important peripheral 
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Figure 2. OSP/claudin-11 is localized to tight junaions in CNS Myelin Sheaths. A) Confocal images of 
monkey CNS. a) extended-focus image of a paranodal OSP-stained channel viewed along the axon, b) The 
data set in (a) rotated 90 degrees to show the node of Ranvier and paranodal OSP staining, c) extended focu 
image of monkey myelinated fibers firom brainstem stained for PL? (red) and OSP (green). An OSP-stained 
channel extends away firom the paranode and bifiircates near apparent Schmidt-Lanterman incisures (as­
terisk). Magnification (a) and (b) 2,600 x; (c) 1,500 x. B,C) Schematic representations of salient features 
of OSP-stained channels derived fi-om the data in (A). Arrow, bifiircating OSP-stained channel, arrowhead, 
node of Ranvier, asterisk; Schmidt-Lanterman incisure. From Gow et al. Cell 1999; 99(6):649-659,̂ ^ 
© 1999 with permission from Elsevier. A color version of this figure is available online at www.Eurekah.com. 

myelin protein. Mutations in the PMP-22 gene cause Charcot Marie-Tooth Disease lA, a 
common form of peripheral neuropathy. ̂ ^ OSP was found to be expressed in high concentrations 
in CNS myelin (7% of total myelin protein) and testes in the adult but was more widely 
distributed during development,^'^ ̂  Developmental expression of OSP includes premyelinating 
oligodendrocyte progenitor cells (OPC). During the time we were making the OSP knockout 
(KO) mouse to help determine the function of OSP, Furuse et al reported the discovery of two 
22-kD proteins (claudin-1 and 2) that were capable of forming TJs in cultured epithelial cells. 
Soon later, database searches revealed other cDNAs with similar sequences su^esting that they 
belonged to a new gene family called the claudin family. ̂ ^ OSP was quickly identified by 
Morita et al and us as a distant member of this new family of TJ-associated proteins and was 
renamed OSP/claudin-11.^^'^^ 

Several lines of evidence support the concept that OSP/claudin-11 plays an instrumental 
functional and structural roles in CNS myelin. Anti-OSP/claudin-11 antibodies stained a lin­
ear structure in CNS myelin reminiscent of the radial component previously described by 
Peters ̂ '̂ '̂ ^ (Fig. 2), Furthermore, freeze fracture replicas of CNS myelin TJs stained specifically 
with anti-OSP/claudin-11 antibodies (Fig. 3).̂ "̂  The most compelling evidence that OSP/ 
claudin-11 is an essential component of CNS TJs came from the creation of the OSP/claudin-11 
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Figure 3. Freeze-fracture immunolabeling of CNS myelin with an antibody against OSP/claudin-11. Slices 
of mouse brainstem were rapidly frozen, digested with SDS buffer and the anti-OS P/claudin-11 antibodies 
were visualized with 10 nM diameter gold-conjugated Protein A. The gold particles labeled specifically the 
rows of intramembane particles representing the tight junaions. The protoplasmic surface (P) contained 
larger number of gold particles than the external face (E). Image produced by Dr. Guido Zampighi. 

KO mouse. These mice did not formTJs in CNS myelin or in the testes (Fig. 4).^^ In fact, this 
was the first demonstration that claudins were necessary to form TJs. 

The OSP/claudin-11 KO mouse offered an important opportunity to study its function. 
The phenotype of these mice was relatively subtle and consisted of mild hindlimb weakness, 
sterility of males, and deafness (unpublished data). The weakness is likely due to slow conduc­
tion velocities although the myelin appeared normal except for the absence of radial compo­
nent and TJs noted by EM. On the other hand, the structure of the testes was abnormal in 
the OSP/claudin-11 KO mice. Seminiferous tubules were narrow, lumina were ill defined, and 
spermatozoa were never found. Interestingly, some of the components of the testes TJ plaques 
were still targeted to the proper place. Specifically, ZO-1 and occludin staining was present in 
a parallel array in Sertoli cells suggesting that OSP/claudin-11 is not necessary for targeting of 
these TJ-associated proteins. ZO-1 and occludin are not expressed by oligodendrocytes and 
therefore are not OSP/claudin-11-associated proteins or components of CNS myelin TJs. The 
neurological phenotype of the OSP/claudin-11 KO mouse supports the hypothesis that TJs 
serve as a diffusion barrier but does not support a mechanical structural role. 

Myelin Compaction Is Dependent on Both OSP/Claudin-11 
and PLP/DM20 

Like OSP/claudin-11, PLP/DM20 is an integral four transmembrane domain protein that 
is expressed in high levels by maturing oligodendrocytes. It contributes up to 60% of total 
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Figure 4. Freeze fraaure of tight junaion strands in wild-type and knockout mice. A) Optic nerve from 
a wild-type mouse. Black arrow, internodal myelin; white arrows, tight junaion strands; asterisk, outer 
wrapping of the sheath; a, axon. Inset: the strands are comprised of linear arrays of intramembranous 
particles. B) Optic nerve from a knockout mouse. Tight junction strands are absent. C,D) Outer wraps 
of myelin sheaths in spinal cords of knockout mice. Tight junction strands are absent. E) Testis from an 
adult wild-type mouse. Arrowheads: parallel tight junction strands similar to those in CNS myelin. F) 
Testis from an adult knockout mouse. Tight junction strands are absent. Arrowheads: ripples in the 
replica surface exhibit an organization similar to normal Sertoli cell junctions. Bar = 0.2 jim. From Gow 
et al. Cell 1999; 99(6):649-659,̂ ^ ©1999 with permission from Elsevier. 

myelin protein in the CNS but is not present in significant quantities in the PNS. The PLP gene 
gives rise to two alternatively spliced transcripts that encode for PLP and a smaller isoform 
DM20.^^ It has been proposed that PLP/DM20 plays an important struaural role in holding 
the myelin sheaths together in a manner similar to adherens junctions even though there is no 
cadherin present. ̂ ^ Insight into the ftinction of PLP/DM20 has come from the targeted disrup­
tion of the gene and spontaneous deletions or mutations that cause a stop codon resulting in 
complete lack of protein expression. Surprisingly, these mutations result in relatively mild dis­
ease both in mice and man. Compact myelin formed normally in the PLP/DM20-null mice 
but ultrastruaural examination revealed condensed intraperiod lines and reduced stability and 
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susceptibility to fixation artifaas.^^'^^ There were no motor abnormalities in one stud)r while 
mice demonstrated impairment in motor coordination in another. ̂ ^ The differences between 
these two models may be due to the faa that the later study produced a RNA splice defea similar 
to that ofxhejimpy mouse, which causes an abnormal protein that is toxic to oligodendrocytes. 

Given that the lack of expression of the two best candidates for the adhesive function main­
taining myelin compaction (OSP/claudin-11 and PLP/DM20) failed to result in significant 
abnormalities, we hypothesized that these proteins could be compensating for each other. This 
idea is supported by their similar structure, localization, and high abundance in CNS myelin. 
To test this hypothesis, we created an OSP/PLP double KO (dKO) transgenic mouse. Interest­
ingly, when either of these proteins was absent, the expression of the other was up-regulated 
while MBP expression remained unchanged. The dKO mice developed early hindlimb weak­
ness followed by forelimb weakness after a few months. Conduction velocities, measured by 
visual evoked potentials (VEPs), were markedly delayed compared to the normal values mea­
sured in the wild-type and PLP KO animals, and the mildly delayed VEPs measured in the 
OSP/claudin-11 KO mice. Most strikingly, CNS myeUn compaction was severely disrupted 
and no normal appearing myelin was observed in the OSP/PLP dKO brains.^^ We conclude 
from these experiments both OSP/claudin-11 and PLP/DM20 play a redundant mechanical 
role in maintaining myelin compaction. 

Regulation of Migration and Proliferation; OSP/Claudin-ll 
and Associated Proteins 

We first hypothesized that OSP/claudin-11 may have more than simply a structure role 
based on its homology with PMP-22.^ PMP-22 is a four transmembrane domain protein that 
appears to regidate proliferation of Schwann cells.̂ '̂̂ "̂  As with PMP-22, transfection of cell 
lines with OSP/claudin-11 constructs resulted in marked changes in rates of proliferation. ̂ '"̂ ^ 
This potential role of OSP/claudin-11 in growth regulation is further supported by the fact 
that OSP/claudin-11 expression is up-regtdatcd in mesenchymal, meningeal, and testicular 
cells dmring times of active growth, as well as being expressed during proliferation of OPC. ̂  ̂ ' ' 
Interestingly, OSP/claudin-11 expression in meningeal cells in the adult is low but is markedly 
increased in meningeal tumors (Fig. 5).^^ Furthermore, expression of claudin-3 and 4 were also 
found to be highly up-regidated in some cancers^^ and claudin-7 is down regulated in some 
carcinomas. ^ Further support for a role of TJ proteins and growth regidation comes from 
transgenic flies and mice. '̂ ^ Mutations in dig or TamA, components of Drosophila septate 
junctions (functional equivalent to vertebrate TJs) result in abnormal proliferation.^^ Mice 
lacking occludin, another TJ-associated integral membrane protein, have a complex phenotype 
that includes gastric hyperplasia.^^ It is unclear whether the association of OSP/claudin-11 
expression with proliferation is dependent on TJ formation or if it exerts a proliferative effect in 
the absence of TJ formation. In vivo, OSP/claudin-11 is expressed in OPC before myelin TJ 
form and within mature myelin sheaths, much of the claudin pool localizes to TJ strands but 
some does not (Fig. 3).^^ It is clear that in cell cultures grown at low density, OSP/claudin-11 
can have a powerful effect on cell growth rates in the absence of TJ formation.^ 

Regulation of growth, migration, and the cytoskeleton by TJs presumably would occur 
via interacting proteins on the cytoplasmic face. Several signaling molecules have been im­
plicated including ZO-1, 2, and 3, MUPPl, protein kinase C, phospholipase C, Cdc42, 
Par3, Par6, Symplekin, Rab8, Rabl3, and Rab3b. Direct interactions have been found be­
tween the C-terminus of claudins 1-8 (ending in YV) and the PDZ domain containing 
proteins ZO-1, ZO-2, and ZO-3.^^ MUPPl is another PDZ domain containing protein 
that has been found to interact with claudins 1, 5, and 8. OSP/claudin-11 ends in AHV and 
thus contains the second class of PDZ binding domains on the C-terminus but has not been 
shown to directly bind to ZO 1,2, and 3. The lack of interaction with PDZ domain binding 
proteins and OSP/claudin-11 is supported by the fact that ZO 1 is targeted to TJ region in 
Sertoli cells even in the absence of OSP/claudin-11. 



202 Tight Junctions 

hOSP 

hOSP 

18s 
B T G M G M O O M A O O O A G O G G B T N M 

B 
B r G M G M O O M A O O O A G O G O B r N M 

hOAP-1 

18S 

Figure 5. OSP/claudin-11 and OAP-l/Tspan-3 expression in brain tumors. A) Human OSP/claudin-11 
(hOSP) cDNA was used to probe Northern blots and tumor seaions. Tumors were quickly frozen 
following reseaion and prepared for RNA isolation and in situ hybridization. Top) Northern blot analysis 
of tumors and nontumor brain. Each lane represents tissue from different patients. Br = nontumor brain 
and NM = nontumor meninges obtained from an autopsy less than 6 hrs postmortum; O and Oligo = 
oligodendroglioma; G and GBM = glioblastoma multiforme; M and Men = meningioma. Note the high 
level of expression of OSP/claudin-11 in meningiomas compared to normal brain (Br) and meninges 
(NM). Bottom) Representative micrographs of tumors following in situ hybridization with ^S-hOSP 
cRNA. Bright field ims^es are shown in the top row and the corresponding dark field images are shown 
below. There was excellent correlation between expression levels measured using Northern blot analysis 
and in situ hybridization. B) Northern blot analysis of human OAP-l/Tspan-3 (hOAP-1) expression in 
brain tumors. A = astrocytoma. Note the high level of expression in all tumors compared to normal brain 
and meninges. 
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Figure 6. Confocal images of mouse brainstem seaion stained with anti-OSP/claudin-U (green) and 
anti-OAP-l/Tspan-3 (red) antibodies. The images were fused and areas of colocalization are shown in 
yellow. Note the spiral pattern of staining for both OSP/claudin-11 and OAP-l/Tspan-3 (arrows) in the 
myelin sheaths suggesting that OAP-l/Tspan-3 localizes to tight junctions. A color version of this figure 
is available online at www.Eurekah.com. 

In order to determine the pathway that OSP/claudin-11 may exert its effect on prolifera­
tion, migration and the cytoskeleton, we used the yeast-two hybrid system to identify associ­
ated proteins. Two OSP-interacting proteins (OAP) were identified using a cDNA that coded 
for the 2nd extracellular domain and intracellular C-terminus of OSP/claudin-11 as bait but 
none were identified using the 1st extracellular domain.^^ OAP-1 was the 1st clone to be 
characterized and was found to code for a novel member of a recently identified family of four 
transmembrane domain proteins called the tetraspanin super family (TM4SF). Given the high 
homology of OAP-1 with a human EST in GenBank termed Tspan-3, we refer to this protein 
as OAP-l/Tspan-3.^^ Members of TM4SF are widely expressed membrane proteins that are 
implicated in a number of basic biological phenomena including proliferation, migration, sig­
nal transduction, cell activation, and tumor invasion.̂ ^"^^ Most, if not all, TM4SF proteins 
associate with integrins but they may also associate with other TM4SF members (e.g., CD4, 
CDS, Peta-3, NAG-2, and CR2/CD19).^ 

The association of OSP/claudin-11 with OAP-l/Tspan-3 was confirmed using 
coimmunoprecipitation (IP) under relatively stringent conditions and by double-labeled 
immunohistochemistry (IH).^^ This interaction surprisingly dose not occur at the intracellular 
C-termini of OSP/claudin-11 but at the 2nd extracellular domain and is dependent on a 7 
amino acid peptide. Substitution of two of these results in loss of OSP-OAP-1 interactions as 
determined by the yeast-two hybrid system (unpublished data). TM4SF members interact 
with integrins at their large 2nd extracellular loop in a similar manner as with OSP/claudin-11.^ 
When we performed IP with either anti-OSP/claudin-11 or OAP-l/Tsapn-3 antibodies, we 
were able to bring down pi-integrin as well. These 3 proteins also colocalized using IH 
suggesting that they form a complex and biotinylation experiments confirmed the surface 
localization of this complex.^^ OSP/claudin-11 and OAP-l/Tspan-3 not only colocalize in cell 
culture, but also in CNS myelin (Fig. 6). We still have to confirm that OAP-l/Tspan-3 localizes to 
TJs using freeze fracture IH but these preliminary results suggest that it may represent another 
TJ-associated protein. Based on these results and others in cell culture, we hypothesize that 
OSP/claudin-11 targets OAP-l/Tspan-3 and other associated proteins to TJs. 

The identification of a TM4SF member as an OSP-interacting protein added additional 
support for the concept that OSP/claudin-11 regulates OPC migration and proliferation. 
Functional experiments confirm this. OPC from OSP/claudin-11 KO mice lose 
integrin-dependent migration. Antibodies that bind to OSP/claudin-11, OAP-l/Tspan-3 or 
pl-integrin dramatically inhibit migration OPC. Finally, over-expression of either OSP/ 



204 Tight Junctions 

claudin-11 or OAP-l/Tspan-3 promotes cell growth in a cell line. The precise signaling 
pathways by which this complex exerts its effects is not known but some good candidates have 
been identified for other members of theTM4SF. Interestingly, PKC and tyrosine kinases have 
been reported to be associated withTM4SF members andTJs.̂ '̂̂ ^ Phosphatidylinositide 4-ki-
nase (PI 4-kinase) has also been reported to interact direcdy with TM4SF members. ^ Several 
signal transduction molecides have also been reported to be associated with integrin signaling, 
the 3rd member of the OSP/OAP-1/integrin complex and are also good candidates. 

The yeast-two hybrid screen resulted in the identification of two OSP/claudin-11-interacting 
proteins. The 2nd cDNA identified coded for the voltage dependent potassium channel Kv3.1. 
Recent studies have demonstrated that this channel is expressed in OPC but not in significant 
amounts in mature oligodendrocytes and therefore does not appear to be part of the TJ. Kv3.1 
appears to regidate OPC proliferation and migration and the association with OSP/claudin-11 
alters its current. 

Summaiy 
OSP/claudin-11 localizes to TJs and is essential for TJ formation and ftmction in the CNS 

and testes. OSP/claudin-11, along with PLP/DM20, provide the adhesive component between 
myelin sheaths and are necessary for normal myelin compaction. OSP-associated proteins have 
been identified and appear to regulated oligodendrocyte progenitor cell proliferation and mi­
gration. Identification of other OSP/claudin-11-associated protein and signal transduaion path­
ways will lead to a more comprehensive understanding of the function of CNS myelin TJs and 
their components. 
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CHAPTER 15 

Tight Junction Modulation and Its 
Relationship to Drug Delivery 
Noha N. Salama, Natalie D. Eddington and Alessio Fasano 

Abstract 

I n order for therapeutic agents to exert their pharmacx)iogicai effects, they have to cross the 
biological membranes into the systemic circulation and reach the site of action. Drugs 
cross the membranes by one of two pathways; paracellular or transcellular. Most drugs are 

transported transcellularly depending on their physiocochemical properties, however the 
paracellular route is usually the main route of absorption for hydrophilic drugs (proteins, pep­
tides, etc.). The paracellidar pathway is governed by the tight junctions (TJs). The modulation 
of the TJs by absorption enhancers for paracellular drug transport enhancement and hence 
drug delivery improvement has been hampered for so many years by lack of comprehensive 
understanding of the structure and function of the TJs. The TJs are a midtiple unit structure 
composed of multiprotein complex that affiliates with the underlying apical actomyosin ring. 
TJ proteins identified include transmembrane proteins occludin and claudin and cytoplasmic 
plaque proteins ZO-1, ZO-2, ZO-3, cingulin, and 7H6. Among the new absorption enhancers 
that evolved in the past few years is Zonula Occludens toxin, Zot. In vivo and in vitro studies 
have shown that Zot and its biologically active fragment AG could be effectively used to 
increase the transport/absorption of paracellular markers and low bioavailable drugs across the 
intestinal epithelium and the blood brain barrier endothelium. Zot was also shown to be an 
excellent mucosal adjuvant. Above all, the transient opening of the TJs by Zot suggests that it 
could be used as a novel approach for the safe drug delivery of therapeutic agents. 

Introduction 
The identification of therapeutic agents has been sometimes compromised by their biological 

behavior following administration. For drugs to be therapeutically effective, they have to 
possess favorable characteristics to cross the biological membranes into the systemic circulation 
and reach the site of action. Drugs cross the membranes via the transcellular or the paracellidar 
routes (Fig. 1). The transcellular pathway involves the passage of the drug across the cells, while 
the paracellular pathway refers to the passage of drugs in between the adjacent cells. The major 
pathway for absorption or transport of a drug depends on its physicochemical characteristics as 
well as the membrane features. In general, lipophilic drugs cross the biological membrane 
transcellularly while hydrophilic drugs cross the membrane paracellularly. In order to ameliorate 
drug absorption via the transcellular pathway, the physicochemical features of the drug have to 
be manipulated (lipophilicity, pKa, conformation, H-bond characteristics, etc.) or the 
membrane characteristics have to be altered. 

Agents used to increase the penetration or absorption of drugs are called absorption/pen­
etration enhancers. In most cases, those that act via alteration of the characteristics of the 

Tight Junctions^ edited by Lorenza Gonzalez-Mariscal. ©2006 Landes Bioscience 
and Springer Science+Business Media. 
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Figure 1. A schematic representation of the paracellular transport (1) and the transcellular transport of drugs 
(|iiii>[ ^ l) or solutes (* *) across the epithelial cells of the GI tract into the systemic circulation. 2) 
transcellular passive diffusion, 3) transcellular endocytosis followed by exocytosis (4), 5) carrier-mediated 
transport processes between a specific carrier ( • ) and a drugCf^^). 

membrane to be more permeable, tend to compromise cell viability. On the other hand, 
manipulation of the paracellular pathway could be used to increase the transport of hy-
drophilic drugs and modify the absorption route of the fraction absorbed paracellularly for 
other drugs. The manipulation of the paracellular route has only been explored recently 
because the structural features of the TJs governing the permeation via this route have been 
partially imraveled in the past few years. In this chapter, we will focus on the use of the paracellular 
pathway to increase the bioavailability of therapeutic agents. Novel absorption enhancers will 
be discussed with emphasis on Zonula occludens toxin. 

The Paracellular Route 
Paracellular transport is the transport of drugs through the intercellular spaces. The 

paracellular pathway is governed by TJs. TJ or Zonula occludens constitute the major 
rate-limiting barrier towards the paracellular transport for permeation by ions and larger 
solutes. The dimensions of the paracellular space lie between 10 and 30-50 °A, su^esting that 
solutes with a molecidar radius exceeding 15 °A (--3.5 kDa) will be excluded from this uptake 
route. TJs are dynamic structures, which normally regulate the trafficking of nutrients, 
medium sized compounds (< 15 °A) and relatively large amounts of fluids between the intesti­
nal lumen and the submucosa.^ TJs serve two primary functions in epithelia and endothelia. 
They form a regulated barrier in the spaces between cells (the paracellular space), restricting the 
movement of molecules as small as ions across cell sheets and they act as a boundary within the 
plasma membrane itself, separating the compositionally unique apical and basolateral 
cell surface domains. TJs play a role in the transduction of signals in one or more directions 
across cell membranes and in regulating links to the cytoskeleton of the cells.^ 

Structural Characteristics of Tight Junctions 
The TJs are a multiple unit structure composed of multiprotein complex that affiliates with 

the underlying apical actomyosin ring. Among the TJ proteins identified so far are transmem­
brane proteins occludin and claudin and cytoplasmic plaque proteins ZO-1, ZO-2, ZO-3, 
cingidin, and 7H6. In vitro, the electrical resistance is a measure of charge flow across the 
membrane and thus reflects the permeability of the paracellular shimt pathway^ and the tightness 
of the tight junctions. 
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TJ assembly is the result of a complex cascade of biochemical events that ultimately lead to the 
formation of an organized network of TJ elements, the composition of which has been only 
partially charaaerized. Two candidates for the transmembrane protein strands, occludin and 
claudins, have recendy been identified.^Several proteins have been identified in a cytoplasmic 
submembraneous plaque underlying membrane contacts, but their function remains to be estab­
lished. Zonula ocdudens-1 (ZO-1) and Zonula occludens-2 (ZO-2) are the best charaaerized 
proteins within the cytoplasmic plaque of the T7. Most inmiunoelearon microscopic studies 
have localized ZO-1 to precisely beneath membrane contacts.^ Both ZO-1 and ZO-2 belong to 
the membrane-associated guanylate kinase (MAGUK) family of proteins. ̂ ^ They are bound to 
each other^^ and to 130-kDa protein (ZO-3). ZO-1 and ZO-2 each exists as a heterodimer^^ in 
a detergent-stable complex with ZO-3. ZO-1 is a phosphoprotein having a species-dependent 
relative mass between 210 and 225 K.̂ '̂̂ ^ ZO-1 binds direcdy to the COOH-terminal cytoplas­
mic tail of occludin. ZO-2 is a 160K phosphoprotein peripherally associated with the cytoplas­
mic siuface of the TJ.̂ '̂̂ ^ ZO-2 shares strong sequence homology with ZO-1.^^ The expression 
of ZO-2 is restricted exclusively to TJs, whereas ZO-1 is also observed at some types of 
cadherin-based junaions, such as the intercalated discs of cardiac myocytes. ZO-1 and ZO-2 
are involved in creating the proper organization of proteins within the tight jimctional plaque so 
that signaling events can be propagated.^^ ZO-3 (130K, pi30), shares strong sequence homology 
with both ZO-1 and ZO-2, and direcdy interacts with ZO-1 but not ZO-2.^^ 

Several other peripheral membrane proteins have been localized to the TJs, including 
cingulin,^^ 7HG, rabl3,^^ Ga.1.2^^ and PKC.^^ Actin , although not exclusively localized to 
the TJs, was actually the first protein shown by morphological techniques to be associated with 
the junctional membrane.^ The architecture of the actin cytoskeleton appears to be critical for 
TJ ftinction. Most of the actin is positioned under the apical junctional complex where myosin 
II and several actin binding proteins, including a-catenin, vinculin and radixin have been 
identified.^^ These actin binding proteins, concentrated direcdy under the adherens junction, 
could serve as links to the plasma membrane. ̂ ^ Myosin movement along aain filaments is 
regidated by ATP and phosphorylation of the r^ulatory light chain by Ca^^-calmodulin-activated 
myosin light chain kinase.^ Increases in intracellular Ca^^ can affect phosphorylation of 
myosin regulatory light chain contraction of perijunctional actin and cause increased paracellular 
permeability.^^ 

Occludin is a transmembrane phosphoprotein of TJs of'-65kDa.^'^ It is expressed in the TJs 
of both epithelial and endothelial cells. The proposed folding topology places both NH2 and 
COOH terminals within the cytoplasm, allowing the polypeptide to pass out and back inside 
twice within the NH2 terminal half "̂̂  The two extracellular loops, 44 and 45 residues in length, 
lack consensus sites for glycosylation and although lacking obvious sequence homology with 
each other, share an extremely high hydrophobic residue and glycine content (25% tyrosine 
and 36% glycine in the first loop). The cytoplasmic domains are heavily charged, whereas the 
two extracellular loops contain a total of only one positive and three negative side chains. 
Occludin has recendy been shown to fiinction as a cell-cell adhesion molecule and appears to 
participate in maintaining the intramembrane difiiision barrier.^^ Occludin is likely involved 
in establishing the seal at the sites of junctional strands.^^ 

Claudins interact with ZO-1, ZO-2 and ZO-3 and are able to polymerize and form TJs 
strands in the absence of their ZO binding region. Two additional cytoplasmic plaque proteins, 
cingulin (l40kDa phosphoprotein) and 7H6 antigen (155kDa-175 K polypeptide) have been 
localized precisely to TJs using immuno-electron microscopic techniques. Two others are 
Symplekin (126.5kDa) and ZA-lTJ. The novel protein, Symplekin^^ has been described to 
associate withTJ and to the nucleus. Similar to ZO-1, Symplekin is also expressed by cells that 
do not form TJs, where it appears to be only in the nucleus. ZO-1 also can be localized to the 
nucleus, but unlike Symplekin, only in growing but not in differentiated epithelial cells.̂ ^ This 
dual localization for these TJ components suggests that TJs might also be involved in the 
regulation of gene expression, cell growth, and differentiation.^'^ Another set of proteins has 
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been localized only at the resolution of the light microscope to the apical junction complex and 
includes the small GTP-binding proteins Rabl3 and Rab3B (25kD), the tyrosine kinase 
protooncogenes c-Src and c-Yes, and the Src substrate pi20, which can bind cadherin/p-catenin 
complex. ̂ '̂  These proteins are presumably involved in signal transduction and cell adhesion, 
although implications for regulation of the tight junction remain unclear. Beside rab 13, the 
other small GTP-binding proteins are known to regulate the cortical cytoskeleton; Rho 
regulates actin polymerization and focal adhesion formation.^^ In polarized epithelial cells, 
Rho also r^ulates TJ organization and permeability.^ Other proteins, such as Rac and focal 
adhesion kinase (FAK), play a role in plasma membrane ruffling and focal adhesion formation.^^ 

Enhancing Drug Delivery via Modulation of the TJs 
Absorption enhancers are compounds capable of increasing the absorption of therapeutic 

agents and hence improve therapeutic effectiveness. Many studies focused on evaluating ab­
sorption enhancers based on the extent of bioavailability enhancement achieved, the influence 
of formulation and physiological variables, toxicity associated with permeation enhancers and 
the mechanism of permeation enhancement. Many studies focused on the investigation of 
absorption enhancers with compounds acting via one or more mechanisms, including influ­
ence on the thermodynamic activity of the drug in solution, alteration of the molecular struc­
ture of the cell membrane ranging from temporary membrane pore formation to complete 
membrane destruction, loosening of the TJs between epithelial cells, inhibition of the protease 
activity present in the mucosa, and alteration of the characteristics of the mucus in ways which 
reduce its difiiision barrier properties. ̂ '̂  Ideally, the action of an absorption enhancer should be 
inmiediate and should coincide with the presence of the drug at the absorption site. '̂ ^ For a 
thorough evaluation of absorption enhancing compounds, it is important to study the extent 
of improved drug absorption and the absorption-enhancement-time profile as well as the tox­
icity of the enhancer.^^ In most cases, drug absorption enhancement is accompanied by mu­
cosal damage induced by the enhancer.^ ' Numerous classes of compounds with diverse chemi­
cal properties, including detergents, surfactants, bile salts, Ca^^ chelating agents, fatty acids, 
medium chain glycerides, acyl carnitine, alkanoyl cholines, N-acetylated a-amino acids, 
N-acetylated non a-amino acids, chitosans, mucoadhesive polymers, and phospholipids have 
been reported to enhance the intestinal absorption of small drug molecules and large polypep­
tide drugs.^ Many of these absorption enhancers act as detergents /surfactants to increase 
the transcelluar transport of drugs by disrupting the structure of the lipid bilayer and rendering 
the cell membrane more permeable and/or by increasing the solubility of insoluble drugs. 
Others act as Ca^^ chelators and improve the paracellular transport of hydrophilic drugs by 
disrupting the TJs after the removal of extracellular Ca^^ from the medium or upregulation of 
intracellular Ca^^. Ca^^ depletion induces global changes in the cells, including disruption of 
actin filaments, disruption of adherent junctions, and diminished cell adhesion. In the case 
of surfactants, the potential lytic nature of these agents may cause exfoliation of the intestinal 
epithelium, irreversibly compromising its barrier ftmctions.^^ Reports about some enhancers 
including fatty acid sodium caprate and long chain acylcarnitines, have been shown to improve 
absorption without obvious harmful effects to the intestinal mucosa.^^ Sakai and coworkers 
tested the cytotoxicity of three absorption enhancers; sodium caprate, dipotassium glycyrrhizinate 
and sodium deoxycholate by the trypan blue exclusion test, the protein-release test, the 
neutral-red assay, the DNA-propidium iodide staining assay and the test for recovery of 
transepithelial electrical resistance (TEER).^"^ Among the three enhancers, dipotassium 
glycyrrhizinate was foimd not to be cytotoxic They reported that sodium deoxycholate (0. l%w/ 
v) and sodium caprate (0.5%w/v) were cytotoxic to the plasma membrane and nuclear mem­
brane as indicated by the trypan blue exclusion, the protein release tests and the DNA-propidium 
iodide staining test. Sodium glycolate (1%) has been shown to increase the absorption of insu­
lin and glucagons from the nasal cavity. Sodium glycolate induces slight cellular disruption 
in both in vitro and in vivo tests. '̂̂  With respect to the mucus and mucous membranes. 
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enhancers may aa by alteration of the properties of the mucus layer, by opening the TJs be­
tween epithelial cells or by increasing membrane fluidity, either by creating disorders in the 
phospholipid domain in the membrane or by facilitating the leaching of proteins and lipids 
from the membrane. ̂ '̂  Sodium lauryl sulfate is known to be capable of lysing biological mem­
branes by a mechanism which appears to be a stepwise process involving both lipid solubiliza­
tion and subsequent protein denaturation and solubilization.̂ '̂̂ ^ Sodium lauryl sidfate was 
chosen as a positive control that promotes serious skin damage. 

Based on these studies, it woidd appear that a transient opening of TJs would seem less 
damaging than a disruption of cell membrane structure.̂ ^ Absorption enhancers include 
palmitoyl carnitine. It has been one of the most extensively studied and used absorption 
enhancers, which increases the intracellular concentration of Câ ^ ions however the exact mecha­
nism of action is yet to be understood.̂ '̂̂ '̂̂ ^ Some studies reported no separation between 
toxic and eflFective concentrations.̂ ^ Duizer et al conducted absorption enhancement studies 
for palmitoyl carnitine with paracellular markers, mannitol and PEG4000, along with 
cytotoxicity studies (LDH, TEER reversibility). Their studies showed that palmitoyl carnitine 
expressed clear signs of cell damage at all effective (mannitol or PEG4000 transport enhancing) 
concentrations with LDH leakage and inability of the cells to recover full viability after 
exposure to the enhancer.̂ ^ 

Several studies introduced sodium dodecyl sulfate, sodium caprate, and long-chain 
acylcarnitines to increase permeability through the paracellular pathways.̂ ^ Sodium caprate 
(10-13mM) increased the permeability of mannitol, PEGs, argovasopressin, and FITC-dextrans 
of 4000 and 20,000 molecular weight (MW) and compounds with MW< 1200 across Caco2 
cells. Tomita et al and Lindmark et al proposed that the mechanism of paracellular 
transport enhancement by sodium caprate was via phospholipase C activation and upre^ation 
of intracellular Câ ^ leading to contraction of calmodulin dependent actin-myosin filaments 
and opening of TJs. Dodecylphosphocholine increases the permeability of hydrophilic 
compounds across Caco2 cells by modulation of the TJs direcdy or through perturbation in 
the apical membrane and not by disruption of the cell membrane. ̂ ^ The enhancing effects by 
Quillaja saponin, dipotassium glycyrrhizinate, 18 beta-glycyrrhetinic acid, sodium caprate and 
taurine were determined by changes in TEER and the amount of heparin disaccharide 
transported across Caco2 cells. The results showed that these absorption enhancers can widen 
TJs and improve the transport of macromolecules and hydrophilic drugs.^ 

An approach built on understanding the mechanisms by which TJ solute permeation is 
naturally r^ulated may provide insights into simple everyday problems, including improved 
bioavailability of orally administered drugs. ̂  The discovery of an absorption enhancer which 
functionally and irrmiimologically mimics an endogenous modulator of the TJs appears to be 
the ideal approach to use for the manipulation of TJs as a means to improve drug delivery. 
Among the recent absorption enhancers displaying this principle and exhibiting the most safe 
and effective promising results in enhancing drug delivery is Zonula Occludens Toxin or Zot. 

Discovery of Zonula Occludens Toxin 
Pathogenic Vibrio cholerae {V. cholerae) strains produce several endotoxins, e.g., cholera toxin 

(CT), zonula occludens toxin (Zot), and accessory cholera enterotoxin (Ace), as well as a 
haemolysin that may have enterotoxic effects.^ Zot is a single polypeptide chain of 44.8 kDa, 
399 amino acids (AA) in length, with a predicted pi of 8.5, of bacteriophage origin, present in 
toxigenic stains of V. cholerae^^ with the ability to reversibly alter intestinal epithelial TJs, 
allowing the passage of macromolecules through mucosal barriers. It was first identified by 
Fasano et al in the outer membrane of V. cholerae whUe searching for other factors responsible 
for the residual diarrhea observed in CT- V cholerae vaccine candidates. Tjot possess multiple 
domains that allow a dual function as a morphogenetic phage protein and as an enterotoxin.̂ ® 
After cleavage at AA residue 287, a carboxyl terminal firamient of 12 kDa is excreted, that is 
probably responsible for the biological effect of the toxin.^ The ''33kDa N- terminal left after 
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cleavage, is probably involved in CTXO assembly'̂ ^ and remains associated to the bacterial 
membrane. Studies in Ussing chambers have shown that the activity of Zot is reversible, 
heat-labile, sensitive to protease digestion, and found in culture supernatant fractions contain­
ing molecules between 10 and 30kDa in size.̂ ^ To identify the Zot domain(s) direcdy involved 
in the protein permeating effect, several Zot gene deletion mutants were constructed and tested 
for their biological activity in Ussing chamber assay and their ability to bind to the target 
receptor on intestinal epithelial cell cultures/^ With these studies, the Zot biologically active 
domain was localized toward the carboxyl terminus of the protein and coincided with the 
predicted cleavage product generated by V. cholerae. It was hypothesized that Zot may mimic 
the effect of a functionally and immunologically related endogenous modulator of epithelial 
TJs7^ The combination of affinity-purified anti-Zot antibodies and the Ussing chamber assay 
revealed an intestinal Zot analogue that was named 2x)nulin7^ 

Insights into the Zonulin System 
When Zonulin was studied in a nonhuman primate model, it reversibly opened intestinal 

TJs after engagement to the same receptor activated by Zot and therefore aas with the same 
effector mechanism described for the toxin/^ Comparison of the amino termini of the secreted 
Zot fragment (AA288-399) and its eukaryotic analogue, zonulin, governing the permeability of 
intercellular TJ,''^ revealed an 8-amino acid shared motif corresponding to 291-298 AA region, 
identified by the binding experiments as the putative binding domain. Zonulin has a molecular 
weight of A7 kDa, an N-terminal receptor binding motif that is structurally and functionally 
similar to the Zot binding motif'̂ ^ and a C-terminal domain probably involved in the 
rearrangement of the cytoskeletal elements functionally connected to the intercellular Tfs-^ 
Zonulin was detected in the human intestine, heart and brain. The physiological role of the 
zonulin system remains to be established but it is likely that this system is involved in several 
functions, including TJ regulation during developmental, physiological, and pathological 
processes, including tissue morphogenesis, protection against microorganisms' colonization, the 
movement of fluid, macromolecides, and leucocytes between the bloodstream and the intestinal 
lumen and vice versa.^ Dysregulation of this conceptual zonulin model may contribute to 
disease states that involve disordered intercellular communication including developmental and 
intestinal disorders leading to autoimmune disease (ceUac disease and type 1 diabetes), tissue 
inflammation, malignant transformation, and metastasis.""^ It was hypothesized that zonulin has 
multiple funaions with the adidt form mainly in charge of the regulation of the paracellular 
permeability and its fetal counterpart possibly more involved in the regulation of molecules 
trafficking between body compartments during embryogenesis.^^ The fact that the interaction 
of bacteria with the intestinal mucosa induces zonulin release, irrespeaive of their pathogenic 
traits or viability, can be interpreted as a bacteria independent mechanism of defense of the host 
that reacts to the abnormal presence of microorganisms on the surface of the small intestine. 
Following zonulin-induced opening of TJs, water is secreted into the intestinal lumen following 
hydrostatic pressure gradients^"^ and bacteria are flushed out from the small intestine.^ The 
increase in intraluminal zonidin was found to be age related, to be detectable only in the small 
intestine (jejunum and ileum) but not in the colon, to correlate with an increase in intestinal 
permeability of the intestine, to precede the onset of diabetes by at least 3-4 weeks, to remain 
high in these diabetic prone rats, and to correlate with progression towards full-blown diabetes."" 

Identification of the Zot Receptors 
Zot binding to the surface of rabbit intestinal epithelium has been shown to vary along the 

different regions of the intestine.^^ Zot increases tissue permeability in the ileum but not in the 
colon where the presence of the colonic microflora and /or their bio-products could be harmful 
if the mucosal barrier is compromised.^^ This binding distribution coincides with the regional 
effect of Zot on the intestinal permeability and with the preferential F-actin redistribution 
induced by Zot in the mature cells of the villi.""̂ '""̂  



212 Tight Junctions 

The identification of Zot receptor was initiated by binding studies using [̂ ^̂ I] maltose 
binding protein (Mbp)-Zot in different epithelial cell lines, including IEC6 (rat, intestine), 
Caco2 (human, intestine), T84 (human intestine), MDCK (canine, kidney), and BPA endot­
helial cells (bovine, pulmonary artery)/^ The Zot receptor was purified by ligand-affinity chro­
matography/ Only IEC6 cells (derived from rat crypt cells) and Caco2 cells (that resemble 
mature absorptive enteric cell of the villi), but not T84 (crypt-like cells) or MDCK, express 
receptors on their surface. Zot action is tissue specific, it is active on epithelial cells of the small 
intestine (jejunum and distal ileum) and on endothelial cells but not on colonocytes or renal 
epithelial cells.^ Moreover, Zot is active only on the mucosal side.^ Zot showed differential 
sensitivity among the enterocytes with the mature cells of the tip of the villi being more sensi­
tive than the less mature crypt cells/'^ The number of Zot receptors may decrease along the 
villous crypt axis, and this explains why the effea of Zot on IEC6 cells requires longer exposure 
time compared to whole tissue.^ Fluorescence staining of Zot binding to the intestinal epithe­
lium is maximal on the surface of the mature absorptive enterocytes at the tip of the villi and 
completely disappears along the surface of the inmiature crypt cells, su^esting that the expres­
sion of Zot/Zonulin receptor is up-regulated during enterocyte differentiation/^ It was pro­
posed that the 66-kDa Zot/Zonulin putative receptor identified in intestinal cell lines is an 
intracellular modulator of the actin cytoskeleton and of the tight junctional complex, whose 
activation is tri^ered by the ligand engagement and subsequent internalization of the ligand/ 
receptor complex/^ Earlier studies discussed the partial characterization of the Zonulin recep­
tor in the brain and revealed it is a 45 kDa glycoprotein containing multiple sialic acid residues 
with structural similarities to myeloid-related protein, a member of the calcium-binding pro­
tein family possibly Unked to cytoskeletal rearrangements/^ The fiinctional significance of 
glycosylation of the Zonulin/Zot receptor remains unknown, however, sialic acid residues may 
contribute to the stabilitv (proteaion from proteolysis) or assist in translocation to the cell 
surface during synthesis. Affinity colunm purification revealed another --55 kDa Zot binding 
protein in the human brain plasma membrane preparation, which was identified as tubulin. 
Pretreatment with a specific protein kinase C inhibitor, CGP41251, completely abolished the 
Zot effects on both tissue permeability and aain polymerization.̂ ^ Zot decreases the soluble 
G-actin pool with a reciprocal increase in the filamentous F-actin pool, thus exerting an effect 
on actin filaments (polymerization).^ Thus, Zot triggers a cascade of intracellular events that 
lead to a protein kinase C (PKC) a dependent polymerization of aain microfilaments strategi­
cally localized to regtdate the paracellular pathway,̂ ^ and consequendy leading to opening of 
theTJs at a toxin concentration as low as 1.1 x 10'̂ ^ M.̂ "̂  So far, the receptor was identified in 
the small intestine,̂ ^ brain,̂ ^ nasal epithelium^ ̂  and possibly the heart (since Zonulin was 
identified there).̂ ^ 

Zot as a TJ Modulator for Improved Drug Delivery 
Extensive studies of the biological activity of Zot were triggered by its ability to allow for the 

oral administration of insulin, an agent exclusively administered subcutaneously^^ to diabetic 
rats. None of the animals treated with insidin and Zot experienced diarrhea, fever, or other 
systemic symptoms, and no structural changes were demonstrated in the small intestine on 
histological examination.̂ ^ The observation that in rabbit small intestine, Zot does not affect 
Na^-glucose coupled active transport, not cytotoxic, fails to completely abolish the transepithelial 
resistance and induces a reversible increase of tissue permeability,̂ ^ made it a potential tool for 
studying intestinal TJ regulation.^^ This information is of valuable importance in cases 
of clinical conditions affecting the gastrointestinal system involving alteration in intestinal TJ 
function, including food allergies, malabsorption syndromes^ and inflammatory bowel 
diseases. In vitro experiments in the rabbit ileum demonstrated that Zot reversibly increased 
intestinal absorption of insulin (MW 5733 Da) by 72% and inmiunoglobulin G (l40-160kDa) 
by 52% in a time dependent manner.̂ ^ In vivo '̂ ^ and in vitrô '̂ studies showed that the 
effect of Zot on tissue permeability occurs within 20 mins of the addition of the protein to the 
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intestinal mucosa and reaches a peak effect in 80 mins. Zot was also tested in an in vivo primate 
model of diabetes mellitus. Insulin was intragastrically administered to diabetic monkeys 
either alone or in combination with increasing amounts of Zot. Measurements of blood 
insulin levels revealed that insulin bioavailability increased from 5.4% in controls to 10.7% 
and 18% when Zot 2 |Xg/kg and 4 llg/kg were administered, respectively.^^ 

Karyekar et al has recendy reported that Zot increases the permeability of molecular weight 
markers (sucrose, inulin) and chemotherapeutic agents (paclitaxel and doxorubicin) across the 
bovine brain microvessel endothelial cells in a reversible and concentration dependant manner 
and without affecting the transcellular pathway as indicated by the unaltered transport of 
propranolol in the presence of Zot.^^ A good correlation was established between the transport 
enhancement and the molecular size with r̂  of 0.875. Since many therapeutic agents including 
anticancer drugs have molecular weights ranging from 300 to 1000 Da, these studies 
introduced Zot as a potential absorption enhancer for the effective delivery of therapeutic 
agents to the central nervous system. 

Moreover, studies have shown that Zot enhances the transport of drug candidates of 
varying molecular weights (mannitol, PEG4000, inulin) or low bioavailability (Doxorubicin, 
paclitaxel, acyclovir, cyclosporin A, anticonvulsant enaminones) up to 30 fold as seen with 
paclitaxel across Caco2 cell monolayers without modulating the transcellular transport. ̂ '̂̂ ^ In 
addition, the transport enhancing effect of Zot is reversible and nontoxic. '̂  Recent studies 
have identified a smaller 12 kDa fragment of Zot, referred to as AG.'̂ ^ These studies focused on 
identifying the Zot domain(s) direcdy involved in the protein permeating effect. AG results in 
a cascade of intracellular events leading to aain cytoskeletal rearrangement, disengagement of 
junctional complex proteins and finally opening of TJs. 

AG displayed significant potential as a TJ modulator, which could be used to improve 
the bioavailability of drugs. In vitro studies showed that it is capable of significantly in­
creasing the apparent permeability coefficients for a wide variety of therapeutic agents and 
markers across the Caco2 cell model^^' (Fig. 2). In addition, AG improved the bioavailability 
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Figure 2. The percent fold enhancement in the apparent permeability coefficient (Papp) of [̂ H] Amprenavir, 
[̂ H] Ritonavir, [̂ H] Saquinavir, [̂ Ĉ] Zidovudine (AZT) and [̂ HJAcyclovir in the presence of AG at 0, 
and 100 M̂ g/ml across Caco2 cell monolayers (n = 3). * Significant at/><0.05 compared to control. Data 
presented as mean (±SD). 
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Figure 3. Average Plasma concentration versus time profile for [̂ Ĉ] PEG4000 alone and with AG (720 
jig/kg) and/or PI administered ID to jugular vein cannulated Sprague Dawley rats. * Significant at/) < 0.05 
compared to PEG4000. Data presented as Mean ± SD (N = 3-5/group). Republished with permission 
firom: © copyright J Pharm Sci 2004; 93(5):1310-1319. 

of paracellular markers, mannitol, inulin and PEG4000 (Fig. 3). after intraduodenal (ID) 
administration to rats in the presence of peptidase inhibitors (PI).̂ '̂̂ ^ The transport/ab­
sorption of different therapeutic agents exhibiting different physicochemical properties 
(lipophilicity/hydrophilicity, molecular weights, efflux properties, structural differences) 
and belonging to a wide range of drug classes was tested with AG. For example, when the 
anti-HIV protease inhibitors were administered orally to Sprague Dawley rats with AG, the 
rate and/or extent of drug absorption were significantly ameliorated, with the exception of 
drugs such as saquinavir, whose low oral bioavailability is mainly attributed to extensive 
first pass metabolism.^^ The in vivo studies with AG displayed up to 57 and 50 fold in­
creases in drug bioavailability parameters; Cmax and AUG, respectively, as seen with 
cyclosporin A (Fig. 4)̂ ^ after metabolic protection was provided. 

Moreover, Zot is a good mucosal adjuvant, considering its ability to interfere with the 
suppression of specific cell mediated immunity, probably as a result of the increased dose 
and/ or altered processing of antigen at the mucosal level.^ To further characterize the role 
of Zot as an adjuvant, its ability to abrogate nasal tolerance to an unrelated protein as 
gliadin was examined.^ When mice were given intranasally Zot with gliadin, the cytokine 
pattern showed reduced down-regulation of IL-2 and IFN-y secretions, together with a 
significantly less suppression in T-cell proliferation. This suggested that the mechanism of 
adjuvanticity mediated by Zot preferentially leads to a functional activation of Thl-cell 
differentiation 

Recent studies have shown that Zot could be exploited to deliver soluble antigens (Ag) 
through the nasal mucosa for the induction of Ag-specific systemic and mucosal immune 
responses.̂ ^ The coadministration of Zot and ovalbumin (Ova) was found to induce anti-CDva 
serum immunoglobulin G (IgG) titers that were approximately 40-fold higher than those 
induced by immunization with Ag alone. Zot also stimulated Ag-specific IgA titres in vaginal 
and intestinal mucosa. 
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Figure 4. Average Plasma concentration versus time profile for [^H] cyclosporin A alone and with AG 
(720 M ĝ/kg) and/or PI administered ID to jugular vein cannulated Sprague Dawley rats. * Significant at 
p < 0.05 compared to cyclosporine A. ** Significant at/> < 0.05 compared to cyclosporine A/PI. Data 
presented as Mean ± SD (N = 3-6/group). Republished with permission fi-om: J Pharmacol Exp Ther 
2005;312(l):199-205. 

Conclusion 
The low bioavailability of drugs remains to be an active area of research. Novel approaches to 

improve drug delivery have been introduced lately. Among which, the modulation of TJs to 
improve paracellular drug transport appears to be a very appealing and attractive solution. Tran­
sient opening of TJs would be beneficial to the therapeutic effect because it avoids entry of 
metabolic waste as well as leakage of important proteins and nutrients. Zot was identified as a 
potential modulator of the TJ, which initiates a cascade of intracellular events upon binding to 
its receptor, leading to opening of the TJs. Extensive in vivo and in vitro studies have identified 
Zot receptors in the small intestine, the nasal epithelium, the heart and the brain endothelium. 
The discovery of Zot triggered studies to identify possible eukaryotic analogues. Comparison of 
the amino termini of the secreted Zot fragment (AA288-399) and its eukaryotic analogue, 
Zontdin, governing the permeability of intercellular TJ,̂ ^ revealed an oaapeptide amino acid 
shared motif corresponding to 291-298 AA r^ion. The physiological role of the 2x)nulin system 
remains to be established but it is likely that this system is involved in several functions, includ­
ing TJ regulation during developmental, physiological, and pathological processes, including 
tissue morphogenesis, protection against microorganisms' colonization, as well as the movement 
of fluid, macromolecides, and leucocytes between the blood stream and the intestinal lumen and 
vice versa. In vitro and in vivo studies across the blood brain barrier have shown that Zot 
increases the transport and tissue accumidation of therapeutic agents when administered con-
currendy. In addition, Zot and its biologically aaive fragment AG displayed significant poten­
tial in enhancing the oral bioavailability of anticancer, inmiunosuppressant, and antiretroviral 
drugs in Caco2 cells and Sprague Dawley rats. Moreover, toxicity studies have showrn that Zot 
and AG do not compromise cell viability or cause membrane toxicity contrary to other absorp­
tion enhancers. Colleaively, this chapter presents modulation of the TJs as a promising route for 
enhanced drug delivery approaches as evidenced by the novel modulator, Zot. 
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