Lorenza Gonzalez-Mariscal Editor

Tight
Junctions

@ Springer



Tight Junctions



Lorenza Gonzalez-Mariscal
Editor

Tight Junctions

@ Springer



Editor

Lorenza Gonzalez-Mariscal

Department of Physiology, Biophysics, and Neuroscience
Center for Research and Advance Studies (Cinvestav)
Mexico City, Mexico

ISBN 978-3-030-97203-5 ISBN 978-3-030-97204-2  (eBook)
https://doi.org/10.1007/978-3-030-97204-2

© The Editor(s) (if applicable) and The Author(s), under exclusive license to Springer Nature
Switzerland AG 2022

This work is subject to copyright. All rights are solely and exclusively licensed by the Publisher, whether
the whole or part of the material is concerned, specifically the rights of translation, reprinting, reuse of
illustrations, recitation, broadcasting, reproduction on microfilms or in any other physical way, and
transmission or information storage and retrieval, electronic adaptation, computer software, or by similar
or dissimilar methodology now known or hereafter developed.

The use of general descriptive names, registered names, trademarks, service marks, etc. in this publication
does not imply, even in the absence of a specific statement, that such names are exempt from the relevant
protective laws and regulations and therefore free for general use.

The publisher, the authors and the editors are safe to assume that the advice and information in this book
are believed to be true and accurate at the date of publication. Neither the publisher nor the authors or the
editors give a warranty, expressed or implied, with respect to the material contained herein or for any
errors or omissions that may have been made. The publisher remains neutral with regard to jurisdictional
claims in published maps and institutional affiliations.

This Springer imprint is published by the registered company Springer Nature Switzerland AG
The registered company address is: Gewerbestrasse 11, 6330 Cham, Switzerland


https://doi.org/10.1007/978-3-030-97204-2

Preface

Tight junctions are intercellular seals located at the uppermost portion of the lateral
membrane of epithelial cells that regulate the passage of ions and molecules through
the paracellular pathway. This book provides an updated view of tight junctions that
will be of interest to a broad audience of students and scientists in the fields of Cell
Biology, Neuroscience, and Cancer.

The book starts with a historical recount of the discovery of tight junctions by
electron microscopy and the evolution of the concept of tight junctions from static
seals to dynamic structures challenged by a variety of physiological and pathologi-
cal conditions. In the second chapter, the reader will discover how the appearance of
tight junctions, molecular composition, and barrier function vary at sites where
three or more epithelial cells meet in contrast to places where only two cells are in
contact. Chapter 3 provides a novel view of tight junctions as mechanosensory,
revealing that the interaction of tight junction components with the contractile acto-
myosin network not only allows the detection of changes in force in the epithelia but
also allows the cell to elicit a homeostatic response. Chapter 4 describes signaling
between the plasma membrane and the nucleus as the tight junction adaptor protein
Z0-2 moves to the nucleus and inhibits gene transcription and cell proliferation.

The diversity of claudins and their function in different tissues and pathological
conditions allowed us to devote Chap. 5 to the study of claudin-2 in intestinal disor-
ders and recount in Chap. 10 the role of diverse claudins in the lung. In addition, in
Chap. 9, the participation of claudins in cell-matrix interactions and stem cell regu-
lation are addressed. Finally, three more chapters describe how intestinal tight junc-
tion proteins are affected by inflammation (Chap. 6), infection with the
enteropathogenic Escherichia coli (Chap. 7), and microbial-derived molecules
(Chap. 8).

The importance and particularities of endothelial tight junctions are analyzed in
other two chapters. First, the blood-retinal barrier is reviewed in Chap. 11, describ-
ing alterations in blinding eye diseases and addressing potential regenerative thera-
pies that target endothelial tight junctions. Second, Chap. 12 describes the opening
of tight junctions in the blood-brain barrier during paracellular extravasation of
metastatic cells and how the tight junctions of the blood—tumor barrier restricts the
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passage of therapeutic drugs to tumors in the brain. The final chapter of this book
(Chap. 13) describes how endocytosis is a fundamental process of tight junction
dynamics and reveals how its regulation could be used to enhance drug delivery.

All the topics in this book have been written by experts in tight junctions to
whom I express my gratitude for the effort and generosity shown in providing their
time and knowledge for the elaboration of their chapters.

Mexico City, Mexico Lorenza Gonzédlez-Mariscal
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A Historical and Evolutionary View
of Tight Junctions

Marcelino Cereijido and Jacqueline Martinez Rendén

Abstract The essential functions of a polarized epithelium are to separate the
spaces between tissues and regulate the exchange of materials between them, func-
tioning as an interface with the external environment. Tight junctions (TJ) are the
anatomical structures responsible for creating this barrier. These cell junctions are
regulated and selective, and vary depending on the tissue in which they are found.

However, for many years it was considered that TJ were at the border of cells and
their function was limited to blocking the passage of substances between cells, so it
is understandable that they received names as “terminal bar.” It was not until the
arrival of electron microscopy that it was possible to resolve that these “terminal
bars” are, in fact, a complex of cell junctions.

In this chapter, we will see the history and how the concept of tight junctions
evolved. We will discuss the main functions of this type of cellular contacts and the
experiments that allowed to study their structure and biology.

Keywords Transporting epithelium - Cell contacts - Tight junctions - Evolution -
Microscopy

Abbreviations
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TER  Transepithelial electrical resistance
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2 M. Cereijido and J. M. Rendén
A Single Cell in the Ocean

At the beginning of the twentieth century, life was considered a God-given gift to
humanity, and biologists were reluctant to analyze it using a thermodynamic basis.

Nevertheless, Erwin Rudolf Josef Alexander Schrodinger, who was earlier
awarded the Nobel Prize (1933) for his wave equation, wrote one of the most influ-
ential biological books ever named, What Is Life? [1], in which he proposed that
living organisms are considered to be thermodynamically open systems. This idea
would be easily understood by imagining a single cell in the sea exchanging sub-
stances with its environment, and this environment behaves as an infinite and con-
stant reservoir that is not exhausted by the removal of nutrients nor spoiled by
receiving catabolites and detritus excreted by the cells.

On the other side, if we think in a cell lodged in a recondite fold of the brain, the
liver, or any other organ of a mammal, we can note that its surrounding is reduced
to an extremely thin film, even though it behaves as an infinite and constant reser-
voir as if it was an immense ocean.

Consequently, this makes us wonder how evolution could generate metazoans
whose cells can be meters away from the outer environment (think of a hepatocyte
sunken in the liver of a whale). Evolution coped with this situation by developing
transporting epithelia (TrEp), consisting of barriers of tightly packed cells, which
generate a fluid compartment named “internal medium” that occupies some 20% of
the human body.

Hence our cells do not exchange directly with the sea, but with this internal
medium. In spite of being a comparatively small space, this internal medium may
act as a constant reservoir because TrEp manage to regulate its composition through
a complex mechanism called homeostasis, derived from Greek “homoios” (similar)
and “‘stasis” (stability).

The epithelia acts as an interface with the external environment, withstands
strong mechanical or chemical stress, and works as a diffusion barrier between com-
partments with different compositions, protecting the organism from toxins and
microorganisms, extruding metabolic wastes, and taking up nutrients [2—4].

Exchange of substances through transporting epithelia proceeds through a trans-
cellular and a paracellular route. It requires two fundamental features of TrEp: the
first one consists of polarized cells that have an apical membrane domain which is
structurally, molecularly, and physiologically different than the basolateral one.
And the second one, the paracellular route, proceeds instead between the epithelial
cells and is limited by cell-cell contacts called tight junctions (TJ) that partially seal
the interspace between cells and transform them into selective permeability barriers
restraining substances flow through the intercellular space [5, 6].
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Evolution of Knowledge on the Tight Junction Structure
and Composition

For almost a century, the anatomical formation of TrEp was studied by dissecting a
frog skin and gastric or intestinal mucosa and mounting them between two Lucite
chambers with saline solutions on both sides. Fluxes through the intercellular spaces
were practically negligible, because these spaces were sealed by molecular and ana-
tomical structures, whose details could not be observed with optical microscopes.

This seal was also expected to be impermeable and located at the very limit of
cells between the lumen and intercellular space. Therefore, it is understandable that
the anatomical formation detected by light microscopy at the outermost edge of
intercellular space received names such as Schlussleisten, “terminal bars,” bande-
lettes de fermeture, “hoops,” “occluding junctions,” “tight junctions,” “gaskets,” and
“attachment belts” [7-12].

The introduction of electron microscopy from 1950 to 1955 permitted the obser-
vation of plasma membranes stained with osmium tetroxide (OsQO,), and the plasma
membrane appeared as a sequence of three layers, [dark]-[light]-[dark], which cor-
responded to the [cytoplasmic polar groups]-[hydrophobic chains]-[external polar
groups] of biochemical models. The finer resolution of electron microscopy also
revealed that the “terminal bar” is, in fact, a complex of different types of special-
ized intercellular junctions, which received the names TJ (zonula occludens), inter-
mediate junction (zonula or fascia adherens), and desmosome (macula adherens)
[6]. In fact, desmosomes were well known from earlier studies, and neighboring
cells may also establish gap junctions. In Fig. la, the intercellular space shown

Fig. 1 Structure of tight junctions. (a) Transmission electron microscopy of two adjacent cells
from the epithelium. Lanthanum hydroxide applied from the lower solution; it cannot diffuse
beyond the TJ. (b) Freeze fracture showing the meeting point of three epithelial cells, with the
corresponding TJ. (¢) A freeze fracture of the epithelium of the mouse’s small intestine that passed
exactly at the level of a TJ, showing the belt of junctional strands. In some of them, the cut passed
through the membrane of one of the cells and in some other segments through the neighboring one
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between two neighboring cells is full of lanthanum hydroxide, this marker was
added at the basal side of the epithelium, and it diffused freely between the cells
until the TJ stopped it [13-17].

A few years later, freeze-fracture studies of both epithelia and endothelia revealed
that TJ consists of a distinctive reticular pattern or meshwork of fibrils embedded in
the plane of the membrane. Figure 1b shows the intestinal epithelium as seen from
the lumen. The apical domain appears as an archipelago in the upper part of the
photo because the microvilli were cut in several transverse angles during the prepa-
ration of the specimen, giving the appearance of a cleared woodland. Three neigh-
boring cells contact each other at the TJ, which looks like a piece of needlework.
And in Fig. lc, the TJ appears as if it was made of different strands that came
together to form a continuous belt, which forms a seal all around the outermost edge
of the intercellular space [18-21].

When studies of membrane permeability to water and solutes were extended
from single cells to the epithelia, it seemed natural to assume that in these struc-
tures, permeation occurs across cell membranes and not through the intercellular
space [12, 22-28].

The suggestion that the occluding junction essentially constitutes a tight seal was
supported by a demonstration that the diffusion of macromolecules detectable by
transmission electron microscopy, such as hemoglobin and ruthenium red, stops
exactly at the locations of these junctions (Fig. 1a) [23, 26, 29].

Principal Functions of Tight Junction

The TJ have two principal functions in the TrEp; they act as gate and fence. The
fence function of TJ refers to the maintenance of polarity as mentioned before, and
TJ appears as a flat meshwork of anastomosing filaments in freeze-fracture sur-
rounding the basolateral side at the outermost limit of the intercellular space and
restricts the movement of the different components of the membrane from the apical
to the basolateral domains maintaining the polarity of the plasma membrane, allow-
ing the vectorial transit across TrEp [30].

The gate function refers to the capacity of TJ to regulate the passage of ions,
molecules, and water through the paracellular pathway and can be detected by mea-
suring the transepithelial electrical resistance (TER) of the tissue.

There are epithelia with high electrical resistance (i.e., the epithelium of the frog
skin, above 1500 Q.cm?) and epithelia such as those of the small intestine, the gall-
bladder, and the proximal segment of a nephron with comparatively low resistance
(approximately 20-80 Q.cm?). Obviously, the epithelia with high electrical resis-
tance have a very small water flux through the paracellular route, while those with
low electrical resistance have large fluxes through the paracellular route [31-34].

Decades ago, Phillippa Claude and Daniel Goodenough posed an obvious
assumption, where each strand is an electrical resistor. If so, TER should increase
linearly with the number of strands (Fig. 2a, segmented black line) [35]. However,
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Fig. 2 The role of trabeculae and flickering channels. (a) Segments of transporting epithelia with
TJ having one, two, and four strands. The dotted black line below shows the theoretical correlation
predicted. Redline instead depicts the actual TER found experimentally. (b) represents a TJ with
two strands and randomly flickering ion channels. (¢) is a TJ with two strands, randomly flickering
channels but with trabeculae. Red lines represent electric currents applied to measure TER. (d) and
(e) are the same TJ but explored through the diffusion of a colored marker. Red rectangle: electrical
conductance is not equal to permeability

when the electrical resistance of different epithelia is plotted against the number of
strands in their TJ, it is observed that the increase in resistance with each additional
strand is not linear [2].

Accordingly, we put forward a theoretical model explaining the relationship
because a TJ is by no means a simple series of strands, but they have trabeculae and
flickering channels that explain satisfactorily the values of TER found experimen-
tally [5, 36]. Since each strand acts as a resistor, a TJ composed of two strands
should in principle have a TER value twice that of a TJ with only one strand, while
one with five strands would have a TER value five times higher and so on. Contrary
to this theoretical expectation, the actual relationship between the TER and strand
number found experimentally is not linear, but rather corresponds to the line shown
in Fig. 2a. To account for this peculiarity, Phillippa Claude suggested that the strands
possess channels that can be open or closed. TER should be the inverse of conduc-
tance (G). In turn, the conductance G and permeability should be directly related,
i.e., conductance is the electrical manifestation of ion permeability. However, work-
ing with Marfa Susana Balda and Karl Matter [36, 37], we discovered that in some
situations in which we experimentally modified TJ, conductance (measured through
the passage of current) and diffusion (measured through the flux of radioactive trac-
ers) varied independently.
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We produced a different model depicted in Fig. 2b. It represents a segment of a
TJ that contains only two horizontal strands with ion channels. An electrical current
(red lines) crossing the first strand can immediately cross the second through any of
the ion channels that happen to be open at that precise moment (i.e., simultane-
ously). However, if the TJ has trabeculae (segments of strands going vertically from
one strand to the next) (Fig. 2c), a current crossing the first strand through channel
1 can proceed only if the corresponding channel in the lower strand is also in the
open configuration, i.e., through the fourth arrangement of channels in Fig. 2c.
Figure 2d and e illustrates a situation in which permeability is studied by adding a
tracer to the upper compartment. The tracer penetrates the TJ through any of the
channels that happen to be open (channels 1 and 4 in the example). While the tracer
that has penetrated through channel 1 is not able to keep flowing because the chan-
nel in the lower strand is closed, the tracer that penetrated through channel 4 can
keep diffusing through the lower strand because this channel is also open. A moment
later (Fig. 2e), the channel in the lower strand opens, and the tracer can pursue dif-
fusion. Because the strands in the TJ contain trabeculae, the TJ is “compartmental-
ized”; thus, the overall increase in the TER is more pronounced with the addition of
further strands (Fig. 2a, red curve).

In this description, we refer to a static arrangement. However, it must be taken
into account that the structure and degree of tightness depend on the actin cytoskel-
eton and vary in response to intracellular signals mediated by a large number of
protein species, including PKC, PLC, adenylate cyclase, calmodulin, nonreceptor
tyrosine kinases, and G protein receptors. Thus, the junctional belt around the cells
“is highly dynamic.” The TJ may even reversibly disassemble to allow the passage
of leukocytes. It may also change as a cell ages or be present only during specific
stages of development.

TJ do not communicate with neighboring cells. Cell-cell communication is due
to communicating gap junctions [15]. The confusion comes from the fact that gap
junctions are often established between the strands of TJ [13, 15-17]; hence one
erroneously attributes communication to junctional strands.

The Study of Tight Junction’s Assemble

Since the multitude of molecules that constitute the TJ and other cell-cell and cell-
substrate junctions, many membrane molecules with a polarized distribution and the
highly complex mechanisms responsible for junctions and polarization were per-
fected along ages of evolution. Thus, it is evident that this large number and variety
of molecular species that required millions of years of evolution might not have
coincided within minutes in the same multicellular organism.

Of course, in those years, epitheliologists took samples of mature epithelia to
study the generation of TJ, but the TrEp was useless because TJ and polarity are
synthesized, assembled, and functionally expressed in mature epithelia. To avoid
this difficulty, it occurred to us to devise an artificial epithelium by seeding MDCK
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cells derived from a dog kidney and cultured them at confluency on an artificial and
translucent nylon net, covered with 1 cm in diameter of collagen, and left them
overnight. A priori, the probability that the monolayer of the cell would attach to the
collagen/Nitex support and have only one layer because no cells would attach to the
apical border of the already attached cells was so remote that we almost discarded
our plans. However, it is very hard to throw away a cherished idea: we did try to
make an artificial transporting epithelium. Our enthusiasm grew as we started to
constate that it worked! Twenty hours later, the discovery was delightful due to cells
had established TJ, and they had polarized.

However, we realized that those cells, obtained by harvesting with EGTA (a cal-
cium chelator) and trypsin (an enzyme that hydrolyzes peptides into their amino
acidic building blocks), were seriously damaged and spent most of the overnight
hours repairing their structure and cell membrane. In this case, the cells were seed
at confluency; after 30 min, the cells were transferred to a Ca®* and cell-free medium.
The next day, the confluent monolayer of cells did not have either TJ or polarity.
Nevertheless, upon switching them to media-containing Ca?*, the cells developed TJ
and polarized in less than 2 h. We name this technique “calcium switch” and used to
investigate how transporting epithelia develops TJ and cell polarity [38—40].

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 processes would mimic normal synthesis and assembly of TJ. The
assumption is justified by studies on natural preparations, such as synthesis of TJ in
the villi of the intestinal mucosa and other instances where cells migrate from the
depth of a crypt to the apex of villum, or observed in steps from morula to embryo
[41-44].

Tight Junctions Under Special Situations

TJ’s proper regulation in transporting epithelia allows the permeation of enormous
macrophages while entirely blocking the passage of small molecules of toxins pro-
duced by an infection with bacteria [45]. On the other hand, the epithelia that form
anephron are capable of producing TJ with a TER precisely needed to withstand the
osmotic gradient between plasma and the filtrated liquid circulating in the lumen of
a particular segment. It’s not surprising that failures or the absence of TJ expose the
organism to grave risks [46].

The relationship between failures of TJ and terrible pathological processes, most
of them autoimmune, is when TJ allow the passage of molecules that should not
reach the extravascular space, contact the immune system, and trigger the synthesis
of antibodies. These risks are mainly prevented by the property of TJ to be estab-
lished in the mixtures of epithelial cells derived from any organ and even derived
from different animal species. This property explains why multiple transitions from
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one type of the epithelium to a different one along the digestive tract are per-
fectly sealed.

TJ are not only found in epithelia but also between endothelial cells of capillary
vessels. As in the case of epithelia, the comparison of the relatively low permeabil-
ity of the plasma membrane with the relatively high one of the capillary wall sug-
gested long ago that most of the transendothelial flux of water and small solutes
occurs in the intercellular space. This pathway is also limited by the tight junction,
except for the endothelium of microvessels in hemopoietic tissues. The tightness of
endothelial TJ may be very low, as in the spleen and endocrine glands, or very high,
as in the brain and the retina. The number and arrangement of the strands in endo-
thelia also vary from arteries and veins to small vessels [27, 47].

Additionally, under certain circumstances, TJ can be traversed by whole germ
cells. They may also be traversed by leukocytes migrating toward the side of infec-
tion. This process seems to be quite delicate, as the seal is reestablished after the
leukocyte reaches the opposite side.

TJ may even be found between cells that are neither epithelial nor endothelial,
such as those of the glia [48], muscle fibers [49-51], and fibroblast [52], and may
even be present between two regions of the same cell.

Remarks

It has been more than a century after TJ have attracted the attention of light micros-
copists. Furthermore, the TJ is no longer considered a static, almost inert seal,
whose only role is a mechanical barrier to the passage of substances. Today the “lip”
of the TJ observed by transmission electron microscopy appears to be the tip of an
iceberg, where the cytoskeleton, cell-cell contact molecules, scaffolding proteins,
calmodulin, protein kinase C, phospholipase C, adenylate cyclase, and G-proteins
coordinate to afford a weak sealing of just 10 & cm?, as in the proximal tube of the
kidney, or a strong blockade of several thousands of ohms as in the urinary bladder.

References

. Schrédinger E. What is life? United Kingdom: Cambridge University Press; 1944.
. Claude P. Morphological factors influencing transepithelial permeability: a model for the resis-
tance of the zonula occludens. J Membr Biol. 1978;39(2-3):219-32.

3. Fromter E, Diamond J. Route of passive ion permeation in epithelia. Nat New Biol.
1972;235(53):9-13.

4. Misfeldt DS, Hamamoto ST, Pitelka DR. Transepithelial transport in cell culture. Proc Natl
Acad Sci U S A. 1976;73(4):1212-6.

5. Cereijido M, Contreras RG, Gonzalez-Mariscal L. Development and alteration of polarity.

Annu Rev Physiol. 1989;51:785-95.

[N



A Historical and Evolutionary View of Tight Junctions 9

6.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Farquhar MG, Palade GE. Junctional complexes in various epithelia. J Cell Biol.
1963;17:375-412.

. Bennett HS, Luft JH, Hampton JC. Morphological classifications of vertebrate blood capillar-

ies. Am J Physiol. 1959;196(2):381-90.

. Dahlgren UaK, W.A. Principes of Animal Histology. New York: Macmillan Co.; 1925.
. Fawcett DW. Intercellular bridges. Exp Cell Res. 1961;Suppl 8:174-87.
. Fawcett DW, Selby CC. Observations on the fine structure of the turtle atrium. J Biophys

Biochem Cytol. 1958;4(1):63-72.

. J. S. Das Epitheligewebe in handbuch der mikeroskopische anatomie des menschen. Berlin:

Julius Spri; 1927.

Palay SL, Karlin LJ. An electron microscopic study of the intestinal villus. I. The fasting ani-
mal. J Biophys Biochem Cytol. 1959;5(3):363-72.

Loewenstein WR. Junctional intercellular communication: the cell-to-cell membrane channel.
Physiol Rev. 1981;61(4):829-913.

Palade GE, Porter KR. Studies on the endoplasmic reticulum. I. Its identification in cells in
situ. J Exp Med. 1954;100(6):641-56.

Ramon F, Rivera A. Gap junction channel modulation—a physiological viewpoint. Prog
Biophys Mol Biol. 1986;48(3):127-53.

Robertson JD. The Occurrence of a Subunit Pattern in the Unit Membranes of Club Endings in
Mauthner Cell Synapses in Goldfish Brains. J Cell Biol. 1963;19:201-21.

Robertson JD, Bodenheimer TS, Stage DE. The Ultrastructure of Mauthner Cell Synapses and
Nodes in Goldfish Brains. J Cell Biol. 1963;19:159-99.

Lindemann B, Solomon AK. Permeability of luminal surface of intestinal mucosal cells. J Gen
Physiol. 1962:45:801-10.

Paganelli CV, Solomon AK. The rate of exchange of tritiated water across the human red cell
membrane. J Gen Physiol. 1957;41(2):259-77.

Sidel VW, Solomon AK. Entrance of water into human red cells under an osmotic pressure
gradient. J Gen Physiol. 1957;41(2):243-57.

Chalcroft JP, Bullivant S. An interpretation of liver cell membrane and junction structure
based on observation of freeze-fracture replicas of both sides of the fracture. J Cell Biol.
1970;47(1):49-60.

Farquhar MG, Palade GE. Glomerular permeability. II. Ferritin transfer across the glomerular
capillary wall in nephrotic rats. J Exp Med. 1961;114:699-716.

Kaye GI, Pappas GD. Studies on the cornea. I. The fine structure of the rabbit cornea and the
uptake and transport of colloidal particles by the cornea in vivo. J Cell Biol. 1962;12:457-79.
Kaye GI, Pappas GD, Donn A, Mallett N. Studies on the cornea. II. The uptake and transport
of colloidal particles by the living rabbit cornea in vitro. J Cell Biol. 1962;12:481-501.
Koefoed-Johnsen V, Ussing HH. The contributions of diffusion and flow to the passage of D20
through living membranes; effect of neurohypophyseal hormone on isolated anuran skin. Acta
Physiol Scand. 1953;28(1):60-76.

Miller F. Hemoglobin absorption by the cells of the proximal convoluted tubule in mouse
kidney. J Biophys Biochem Cytol. 1960;8:689-718.

Muir AR, Peters A. Quintuple-layered membrane junctions at terminal bars between endothe-
lial cells. J Cell Biol. 1962;12:443-8.

Peachey LD, Rasmussen H. Structure of the toad’s urinary bladder as related to its physiology.
J Biophys Biochem Cytol. 1961;10:529-53.

Furuse M, Hirase T, Itoh M, Nagafuchi A, Yonemura S, Tsukita S, et al. Occludin: a novel
integral membrane protein localizing at tight junctions. J Cell Biol. 1993;123(6 Pt 2):1777-88.
Stevenson BR, Anderson JM, Bullivant S. The epithelial tight junction: structure, function and
preliminary biochemical characterization. Mol Cell Biochem. 1988;83(2):129-45.

Diamond JM. The mechanism of solute transport by the gall-bladder. J Physiol.
1962;161:474-502.

Diamond JM. Standing-gradient model of fluid transportin epithelia. Fed Proc. 1971;30(1):6-13.



10

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.
49.

50.

51

52.

M. Cereijido and J. M. Rendén

Moreno JH. Routes of nonelectrolyte permeability in gallbladder. Effects of
2,4,6-triaminopyrimidinium (TAP). J Gen Physiol. 1975;66(1):117-28.

Moreno JH. Blockage of gallbladder tight junction cation-selective channels by
2,4,6-triaminopyrimidinium (TAP). J Gen Physiol. 1975;66(1):97-115.

Claude P, Goodenough DA. Fracture faces of zonulae occludentes from “tight” and “leaky”
epithelia. J Cell Biol. 1973;58(2):390-400.

Balda MS, Gonzalez-Mariscal L, Contreras RG, Macias-Silva M, Torres-Marquez ME, Garcia-
Sainz JA, et al. Assembly and sealing of tight junctions: possible participation of G-proteins,
phospholipase C, protein kinase C and calmodulin. ] Membr Biol. 1991;122(3):193-202.
Balda MS, Whitney JA, Flores C, Gonzalez S, Cereijido M, Matter K. Functional dissocia-
tion of paracellular permeability and transepithelial electrical resistance and disruption of the
apical-basolateral intramembrane diffusion barrier by expression of a mutant tight junction
membrane protein. J Cell Biol. 1996;134(4):1031-49.

Cereijido M, Gonzalez-Mariscal L, Contreras RG. Epithelial tight junctions. Am Rev Respir
Dis. 1988;138(6 Pt 2):S17-21.

Cereijido M, Robbins ES, Dolan WJ, Rotunno CA, Sabatini DD. Polarized monolayers formed
by epithelial cells on a permeable and translucent support. J Cell Biol. 1978;77(3):853-80.
Gonzalez-Mariscal L, Chavez de Ramirez B, Cereijido M. Tight junction formation in cultured
epithelial cells (MDCK). J Membr Biol. 1985;86(2):113-25.

Metz J, Aoki A, Merlo M, Forssmann WG. Morphological alterations and functional
changes of interhepatocellular junctions induced by bile duct ligation. Cell Tissue Res.
1977;182(3):299-310.

Orci L, Amherdt M, Henquin JC, Lambert AE, Unger RH, Renold AE. Pronase effect on pan-
creatic beta cell secretion and morphology. Science. 1973;180(4086):647-9.

Polak-Charcon S, Shoham J, Ben-Shaul Y. Junction formation in trypsinized cells of human
adenocarcinoma cell line. Exp Cell Res. 1978;116(1):1-13.

Shimono M, Clementi F. Intercellular junctions of oral epithelium. II. Ultrastructural changes
in rat buccal epithelium induced by trypsin digestion. J Ultrastruct Res. 1977;59(1):101-12.
Guttman JA, Finlay BB. Tight junctions as targets of infectious agents. Biochim Biophys Acta.
2009;1788(4):832-41.

Gonzalez-Mariscal L, Lechuga S, Garay E. Role of tight junctions in cell proliferation and
cancer. Prog Histochem Cytochem. 2007;42(1):1-57.

Robertson JD. The molecular structure and contact relationships of cell membranes. Prog
Biophys Mol Biol. 1960;10:343-418.

Peters A. Plasma membrane contacts in the central nervous system. J Anat. 1962;96:237-48.
Dewey MM, Barr L. Intercellular Connection between Smooth Muscle Cells: the Nexus.
Science. 1962;137(3531):670-2.

Karrer HE. The striated musculature of blood vessels. II. Cell interconnections and cell sur-
face. J Biophys Biochem Cytol. 1960;8:135-50.

Karrer HE. Cell interconnections in normal human cervical epithelium. J Biophys Biochem
Cytol. 1960;7:181-4.

Davis R, James DW. Electron microscopic appearance of close relationships between adult
guinea pig fibroblasts in tissue culture. Nature. 1962;194:695.



®

Check for
updates

Tricellular Tight Junctions

Tomohito Higashi and Mikio Furuse

Abstract Epithelial barrier must be sealed not only at tight junctions between two
cells but also at tricellular contacts where three epithelial cells join. At these points,
a specialized structure called tricellular tight junction (tTJ) exist. In this chapter, we
will describe the structure and molecular compositions of the tTJ and present a cur-
rent model for the molecular organization of the tTJ. We also describe how tTJs
contribute to the maintenance of barrier function and how they are remodeled and
rearranged. tTJs are also important for physiological events. Some of the compo-
nents of the tTJ are important for hearing. Endothelial tTJs constitute blood-brain
and blood-retinal barriers. Finally, we will introduce recent approaches to break
through tTJs for efficient drug delivery.
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LSR Lipolysis-stimulated lipoprotein receptor

SG2 Second layer of the stratum granulosum

TAMP  TJ-associated MAL and related proteins for vesicle trafficking and mem-
brane link protein

TEM  Transmission electron microscopy

TJ Tight junction
tTJ Tricellular tight junction
Introduction

Tricellular tight junction (tTJ) is a specialized structure of tight junction (TJ) found
at the tricellular contacts of epithelial and part of endothelial cells. Along with TJs,
tTJs seal the space between adjacent cells and regulate the paracellular permeation
of solutes and fluids, whereby contributing to the maintenance of the epithelial and
endothelial barrier. Since the tricellular contacts are structurally unique, tTJs are
assembled with a specialized set of proteins distinct from TJs between two cells
(bicellular TJs, bTJs). As the epithelial and endothelial barrier is crucial for homeo-
stasis of some tissues, impaired function of tTJs results in diseases including con-
genital deafness.

Structure of tTJs

The tTJs are located at the apical side of the tricellular (or multicellular) contacts,
where three (or more) epithelial or endothelial cells adhere to each other (Fig. 1). In
the transmission electron microscopy (TEM) image of the ultrathin section, the
plasma membranes of the cells are closely attached at the center of the three cells [1,
2]. This attachment of the plasma membrane at tricellular contacts is also observed
in the more basal level [2]. In freeze-fracture replica electron microscopy (FFEM),
TJs appear as continuous anastomosed networks of fibril-like structure called TJ
strands [3—6]. In contrast to the bTJs, which are composed of TJ strand networks
running parallel to the apical surface, tTJs extend in the apico-basal direction. They
are made up of the combination of “central sealing elements” [4] and “joint strands”
(defined here). The central sealing elements are three TJ strands which are seam-
lessly connected to the apical-most TJ strand of the bTJ at the apical side. Each
strand of the central sealing elements seals the cell boundary of the vertex region
and extends to the basal side. The joint strands are “short TJ strands associated with
the central sealing elements” [2] and make a perpendicular connection with the
central sealing element like branches of a ladder. Multiple joint strands turning to
the apical direction are consolidated and connected to the strand networks of bTJs
at the apical side of the TJs.
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“.Tricellular contacts

TJ strands
Joint strands
Central sealing elements

Fig. 1 Schematic illustration of the tricellular tight junctions (tTJs). Most apical TJ strands join at
the tricellular contacts. They turn to the basal direction and make the central sealing elements.
Other TJ strands of the bTJ make perpendicular connections with the central sealing elements.
Some of them occur at the basal side below the TJ level. Here, we call these short TJ strands associ-
ated with the central sealing elements “‘joint strands”

Molecular Constituents of tTJs

Four transmembrane proteins are known to be specifically localized at tTJs, angu-
lin-1 (also known as lipolysis-stimulated lipoprotein receptor (LSR)) [7], angulin-2
(also known as immunoglobulin-like domain-containing receptor 1 (ILDR1)) [8],
angulin-3 (also known as ILDR?2) [8], and tricellulin (also known as marveld2) [9]
(Fig. 2).
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Fig. 2 Molecular components of tTJs. Tricellulin has a four-transmembrane MARVEL domain
and a carboxy-terminal OCEL domain. Angulins have an extracellular Ig-like domain and a long
cytoplasmic tail with a PDZ-binding motif at the carboxy terminus. The juxtamembrane region of
the cytoplasmic tail is called LSR domain, which contains multiple palmitoylation sites. The
carboxy-terminal cytoplasmic tail of tricellulin and amino-terminal half of the cytoplasmic tail of
angulins are required for the recruitment of tricellulin to tTJ by angulins

Angulins

Angulin-1, angulin-2, and angulin-3 belong to the angulin family and possess an
extracellular immunoglobulin-like domain, a single transmembrane domain, and a
long cytoplasmic tail [7, 8]. Angulins have several splicing isoforms, and some iso-
forms of angulin-1 and angulin-3 have an extra exon at the extracellular region near
the membrane, which hinders the tricellular localization of angulins [2]. The juxta-
membrane domain of the cytoplasmic tail of angulins undergoes palmitoylation by
DHHC family proteins, and the palmitoylation also modulates the localization of
angulins at tTJs [10]. The carboxy-terminus of angulin-1 ends with a hydrophobic
three-amino-acid PDZ-binding motif, L-V-V, which interacts with the second PDZ
domain of ZO-1, a TJ plaque protein [2]. Angulins are required for the recruitment of
tricellulin at tTJs [2, 7, 8]. On the other hand, tricellulin is not required for the local-
ization of angulins at tricellular contacts [2, 7]. The cytoplasmic tail of angulins is
responsible for tricellulin recruitment [7]. Three angulins are differentially expressed
in epithelial tissues, and at least one of the angulins is expressed in most epithelial
tissues [7, 8]. Angulin-1 is broadly expressed in the epithelial tissues including the
small intestine, proximal tubules in the kidney, skin, bottom region of the intestinal
glands in the colon, and liver [7, 8]. Angulin-2 is expressed in the tissues including
the distal tubules and collecting ducts of the kidney, bladder, upper region of the
intestinal glands in the colon, and pancreas [8]. On the other hand, expression of
angulin-3 is found in limited tissues such as retinal pigment epithelium, perineurium,
the podocytes of the glomeruli in the kidney, and mesothelial cells [8].



Tricellular Tight Junctions 15
Tricellulin

Tricellulin has four transmembrane domains [9] and belongs to the TJ-associated
MAL and related proteins for vesicle trafficking and membrane link (MARVEL)
protein (TAMP) family [11, 12]. Transmembrane domains share homology with the
other TAMP family proteins, occludin and Marveld3. Carboxy-terminal cytoplas-
mic tail of tricellulin contains an OCEL domain which is highly homologous to that
of occludin [9]. Both tricellulin and occludin have been reported to interact with
Z0-1 through the cytoplasmic tail [13, 14], although the binding surfaces of occlu-
din and tricellulin are different [15, 16]. Amino-terminal cytoplasmic domain of
tricellulin interacts with Cdc42 GEF Tuba and activates Cdc42 [17]. Tricellulin is
expressed in almost all of the epithelial cells in the body [9].

Other bTJ Components

The central sealing elements appear as the extension of most apical TJ strands of
bTJs, which are composed of claudins, occludin, and JAM-A [18-21], and have an
appearance similar to TJ strands in FFEM [3-6]. Indeed, claudins and occludin are
also positive at these regions, which are observed as a rod-like structure extended
from the most apical elements of TJs at the tricellular vertices of epithelial cells in
immunofluorescent staining [2]. Since it is difficult to tease apart whether these
proteins are localized at the central sealing elements and/or the joint strands by fluo-
rescence microscopy, future studies using electron or expansion microscopy would
reveal whether they are incorporated in the central sealing elements together with
angulins.

Molecular Organization of tTJs

The roles of angulins and tricellulin on the establishment of tTJ structure are begin-
ning to be elucidated by gene knockout approaches. MDCK 1I cells express angulin-
1 and tricellulin, and the expression levels of angulin-2 and angulin-3 are negligible
[2, 22, 23]. In angulin-1-knockout MDCK II cells, the attachment of plasma mem-
branes at tricellular region was not observed in both apical TJ and basolateral levels,
and there were no central sealing elements and associated joint strands in FFEM [2].
Outer hair cells of angulin-2-knockout mice still retain the central sealing elements
and joint strands in FFEM [24], which could be explained by the compensatory
localization of angulin-1 and tricellulin recruitment at the tricellular contacts in
angulin-2-knockout mice [25]. The vestibular hair cells in angulin-2-knockout mice
have less prominent central sealing elements with a decreased number of particles
and scarce joint strands. Since vestibular cells express angulin-2 [24, 25] and a
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much lesser extent of angulin-1 (unpublished data), a trace amount of angulin-1
might not be enough to form normal tTJ structures in these cells of angulin-2-
knockout mice.

On the contrary to angulin-1-knockout MDCK II cells, plasma membrane attach-
ment and central tubule elements were retained in tricellulin-knockout MDCK 11
cells. In these cells, joint strands were missing, and the bicellular TJ strands appeared
to fail to make perpendicular connections with the central sealing elements. Instead,
they turn around near the central sealing elements and join with each other. Similar
structures were observed in the utricular hair cells in the inner ear of the truncated
tricellulin-knockin mice [26], which is described below.

It has been shown that tricellulin modulates the morphology of TJ strands.
Co-expression of tricellulin and claudin-1 in L fibroblasts [27] or HEK293 cells
[28] resulted in the formation of TJ strands enriched with rectangular meshes.
Double knockout of occludin and tricellulin resulted in reduction of bifurcations in
TJ strand network of bTJs in MDCK II cells [29], suggesting that tricellulin and
occludin stabilize the branching points of TJ strands. This view is supported by the
observation using super-resolution microscopy showing that Halo-tagged occludin
concentrates at the branching points of claudin-2-based TJ strands in Rat-1 fibro-
blasts [30]. Since the joint strands are missing in the tricellulin-knockout MDCK II
cells and animals, tricellulin is likely to be specifically required for connection of
joint strands with the central sealing elements, and occludin (and probably another
TAMP member Marveld3) may not substitute this function of tricellulin.

Involvement of other bTJ components in tTJ architecture has been also exam-
ined. The plasma membrane attachment at tricellular contacts was maintained in
claudin-null MDCK II cells and claudin/JAM-A-knockout MDCK 1I cells [2], indi-
cating that neither claudin nor JAM-A is required for the formation of this structure.

Based on the studies described above, current model of tTJ molecular organiza-
tion (Fig. 3) is:

1. Angulins are likely to be responsible for mediating plasma membrane contact
formation at tricellular vertices and the formation of the central sealing elements.

2. Angulin recruits ZO-1 to the tricellular region independent of tricellulin, and the
recruitment of ZO-1 is required for the accumulation of claudins at basolateral
tricellular extension.

3. Tricellulin is required for the formation of joint strands and perpendicular con-
nections of bTJ strands and central sealing elements.

It is not understood how angulins are recruited to the epithelial vertices where new
tTJs will be established and maintained at these sites. Specific interaction of the
extracellular domain of angulins would be required for the recognition of tricellular
contacts [10, 31]. The juxtamembrane region of the cytoplasmic tail of angulin-1 is
highly palmitoylated, and the tricellular localization of angulin-1 was impaired
when the cysteine residues required for palmitoylation were mutated or the expres-
sion of four DHHC family palmitoyl transferases was suppressed in EpH4 cells
[10], suggesting that lipid modification is involved in the localization or retention of
angulins at tTJs. This view was supported by the observation that depletion of
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Fig. 3 Current model of the molecular composition of tTJs. In wild-type cells, angulins (blue
lines) form the central sealing element. Tricellulin (magenta dots) is associated with the central
sealing elements and connects the joint strands to them. Occludin (dark green dots) and tricellulin
stabilize the branching points of TJ strands (green lines). At both TJ and desmosomal (DS) levels,
plasma membranes of the cells are attached at the tricellular contacts (blue arrows). In tricellulin-
KO cells, angulin-based central sealing elements are unaffected, whereas the joint strands are lost.
The plasma membrane contacts are in most cases retained. In angulin-KO cells, the central sealing
elements (and associated joint strands) are missing, and there are gaps between the plasma mem-
brane of tricellular region at both TJ and DS levels (red arrowheads)

cholesterol diminished the specific localization of angulin-1 at tricellular con-
tacts [10].

Barrier Function of tTJs

It is believed that tTJs constitute paracellular barriers together with TJs.
Angulin-1-knockdown EpH4 cells [7] and angulin-1-knockout MDCK II cells
[2] have reduced barriers for ions and macromolecules. However, these angulin-1-
deficient cells still maintain barrier compared with claudin-null cells [32] and ZO-1/
Z0-2-deficient cells [32, 33], indicating that contribution of tTJ to the epithelial
barrier is limited especially in the cells with weak bTJ-based barrier function [34].
Angulin-1-knockout mice exhibited increased permeability for small compounds in
the vascular endothelium [35]. Based on these results, the tTJ structure including
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central sealing elements and joint strands is essential for the establishment of a
strong barrier in epithelial cells. When angulin-2 was exogenously expressed in
angulin-1-knockdown EpH4 cells, barrier function was restored for ions and mac-
romolecules [8]. However, angulin-3 has a limited barrier-supporting function [8],
suggesting that each angulin has distinct barrier properties.

Effects of tricellulin knockdown on barrier function have been evaluated in cul-
tured epithelial cells, but the results varied depending on experimental setups and
cell types. When tricellulin was knocked down, EpH4 cells, MDCK C7 cells, and
HT29/B6 cells exhibited increased permeabilities for ions and macromolecules [9,
34, 36], and Caco-2 cells showed modestly delayed development of the barrier for
ions [12]. Knockdown of tricellulin in MDCK II cells had no effects [37]. Recent
studies using gene knockout approaches showed that loss of tricellulin has no effect,
or a modest effect if any, on the permeabilities for ions and macromolecules [2, 29].
Considering that these cells lack the joint strands [2], it is likely that central sealing
elements are the main architecture to prevent leakage at tTJs and the contribution of
joint strands is modest in the cell culture condition. The joint strands might be
required only in the epithelium that requires an extremely tight barrier including a
sensory epithelium in the organ of Corti in the inner ear, which will be discussed later.

It has been believed that the central sealing elements form a pore of about 10 nm
in diameter [38], which is a good candidate for transport route for water and macro-
molecules [34, 36, 39—41]. Loss of angulins resulted in an increase in the size of the
pores of tTJs [2] and increased paracellular permeabilities for macromolecules [2,
8] and water [42]. One report has shown that angulin-2-knockout mice fail to con-
centrate urine and exhibit polyurea and polydipsia as well as growth retardation,
suggesting that loss of angulin-2 also affects the permeability for water at tTJ [22].
However, these phenotypes were not reproduced by the other group using angulin-2-
knockout mice [43].

Remodeling and Rearrangement of tTJ

Epithelial cells in the living tissues undergo dynamic cell rearrangement, which is
especially evident during development. Even in adult tissues, cells are constantly
renewed. New cells are added by cell division and cell intercalation, and old cells
and abnormal cells are removed by cell death and cell extrusion. Migratory cells
including germ cells are known to translocate to another compartment by passing
through epithelial cell sheets [44]. When these events take place, cell-cell junctions
including tTJs must be rearranged, and at the same time, they are required to main-
tain barrier function. It has been recently beginning to be understood how cells
coordinately reorganize tTJs and achieve these mutually opposite tasks.

In most simple epithelia and some stratified epithelia such as the surface epithe-
lium of Xenopus laevis gastrula-stage embryos, cell division occurs in the plane of
the cell sheets. As a result of cell division, two new cell vertices are created, and
nascent tTJs need to be newly established. In Xenopus gastrula-stage embryos, new
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tTJs emerge one by one at each side of the midbody during 15 min after completion
of contractile ring ingression [45]. In each tTJ, angulin-1 is localized first, followed
by tricellulin [45], which is consistent with the hypothesis that angulins recruit tri-
cellulin to the tricellular contact sites.

Cell renewal occurs differently in some types of stratified epithelia including the
skin. In the skin epidermis of mammalians, stem cells are located at the basal layer
(stratum basale) and produce new keratinocytes. Upon differentiation, the keratino-
cytes move upward from the basal layer to the stratum spinosum, stratum granulo-
sum, and stratum corneum in this order and finally shed off from the top of the
stratum corneum. TJs are only found at the apical part of the cells in the second
layer of the stratum granulosum (SG2) [46] and limit the paracellular leakage of
water and electrolytes. This layer also contains tTJs, which are composed of angu-
lin-1 and tricellulin [47, 48]. When a cell moves to the upper layer from the SG2,
the surrounding cells make a new TJ with a cell below the cell leaving the SG2
layer. Since the new TJ is formed among three cells (surrounding cell, basal part of
the leaving cell, and apical part of the lower layer cell), it is considered an atypical
type of tTJ. Consistently, angulin-1 and tricellulin are also localized at these tran-
sient linear tTJs [48]. As the lower layer cell moves up to the SG2, angulin-1 and
tricellulin become focused at vertices, suggesting that these tTJ components main-
tain the continuity of TJ barrier during turnover of keratinocytes.

The skin epidermis is the outermost barrier against foreign materials and patho-
gens, and it contains Langerhans cells, a specialized form of antigen-presenting
dendritic cells, beneath the basal layer. Langerhans cells extend their dendrites
between keratinocytes. To access the antigens outside of the TJ barrier, some tips of
the dendrites are docked to and penetrate the TJs, reaching the stratum corneum
[47]. The integration of the Langerhans cell processes with the TJs is induced by
proinflammatory cytokines, such as TNF-a and IL-1p. New TJs and tTJs are formed
between the keratinocyte and dendrites of the Langerhans cells at SG2, preventing
the breach of the TJ barrier at the penetration site [47].

Hearing Loss and tT]J

Some components of TJs and tTJs are important for hearing [49-52]. CLDN14 is a
causative gene of familial non-syndromic hearing loss DFNB29 [53], and
claudin- 14-deficient mice recapitulate the phenotype [54]. One-amino-acid substi-
tution in the extracellular loop of claudin-9 also causes deafness in mice [55], and a
truncation mutation of CLDN9 was identified in human patients with hearing loss
[56]. Similarly, truncation mutations of human tricellulin (TRIC) were identified in
the familial non-syndromic hearing loss DFNB49 [14]. The knockin mice of tricel-
lulin, which bear a mutant tricellulin mimicking a human mutation [26], and
tricellulin-knockout mice exhibit hearing loss [57]. The knockout mice of the bTJ
protein occludin also exhibit deafness [58]. In these mice, tricellulin was not con-
fined to the tTJs and mislocalized to the bicellular junctions, which is likely to be
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the cause of deafness. Furthermore, angulin-2 is the causative gene of familial non-
syndromic hearing loss, DFNB42 [59], and angulin-2-deficient mice also exhibited
deafness [24, 25, 60], although angulin-1 compensatively recruits tricellulin to the
tTJs [25] and the ultrastructure of tTJ was not disrupted in hair cells of these
mice [24].

Hair cells of the organ of Corti in the inner ear converts sound to electrophysio-
logical signal. The hair cells face their apical surface with stereocilia to the scala
media (cochlear duct) of the cochlea, which is filled with endolymph. Endolymph
has a unique ion composition with high K* and low Na* concentrations. Scala media
has a high electric potential, called endocochlear potential, which is important for
hearing. When the sound is transmitted to the inner ear, the vibration of the hair cells
results in the opening of K* channels on the stereocilia, which causes inward current
and action potentials in the hair cells. The basolateral side of the hair cell bathes in
perilymph, which has a normal composition of ions, high Na* and low K*. The TJ
and tTJ of hair cells and supporting cells are responsible for the separation of the
two extracellular fluids with distinct ion compositions, endolymph and perilymph
[52]. Failure in the barrier function of these cells might cause leakage of ions and
other substances from one compartment to another and induce apoptotic cell death
of hair cells. Indeed, the hair cells in the mutant mice described above exhibit apop-
totic phenotype and degenerative death [24-26, 54, 55, 57, 60]. The most probable
candidate of leaking substance through the TJ or tTJ is K* ions. If the K* ion con-
centration is elevated in the basolateral extracellular space, the Na-K ATPase activ-
ity is suppressed, and the generation of membrane potential in hair cells is impaired.
In line with this, the K* ion concentration of perilymph was elevated in claudin-9
mutant mice [26]. There are other hypotheses on the cause of hair cell death, includ-
ing ATP or Na* leakage from the basolateral compartment to the apical one [26].

Endothelial tTJ

The luminal surfaces of blood and lymph vessels are covered by endothelial cells, a
specialized type of epithelial cells of the mesodermal origin. Blood vessel endothe-
lial cells in most tissues do not have positive signals for known tricellular compo-
nents, tricellulin and angulins [61], and intensive analysis by FFEM showed that TJs
are not continuous at the tricellular region of endothelial cells in the pulmonary
capillary [62], suggesting that there is no tTJ structure in the blood vessel endothe-
lium. This is reasonable because the peripheral blood vessels are leaky and do not
require a tTJ-based strong barrier function. However, endothelial cells in the brain
and retina have strong barrier properties [63, 64], forming blood-brain barrier
(BBB) and blood-retinal barrier (BRB), respectively. In accordance with this, brain
and retinal endothelial cells express tricellulin and angulin-1 [61]. The BBB devel-
ops between E14.5 and E16.5 in normal mice, which parallels the timing course of
angulin-1 expression and localization at the tricellular contacts of endothelial cells
[35]. The BBB of angulin-1-deficient mice remains highly permeable to the
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low-molecular-weight tracer (Sulfo-NHS-biotin) at E14.5 [35], which may be the
cause of the embryonic lethality of angulin-1-kcockout mice before E15.5 [65].

Immune cells are known to transmigrate through the endothelial layer into the
perivascular space, a process called diapedesis. It has been known that neutrophils
preferentially transmigrate through tricellular junctions of cultured endothelial cells
in vitro [66] and peripheral microvessels in vivo [67]. ICAM-1 is preferentially
localized at the tricellular corners of endothelial cells and functions as a ligand for
LFA-1 integrins on leukocytes. T cells also preferentially utilize tricellular junctions
in diapedesis across the BBB [68] in cultured brain microvascular endothelial cells.
Although these cells express angulin-1 and tricellulin, it was unclear whether they
act as a hallmark for T-cell migration sites because specific localization of these
proteins at tTJ was not observed [68].

tTJ-Binding Bacterial Toxins and Application
to the Drug Delivery

Transmembrane proteins of TJs are often utilized by viruses and bacterial toxins as
receptors [69-71]. Similarly, components of tTJs are also exploited by these
pathogens.

Shigella spreads in the epithelial cell sheet using tricellular junctions [72]. In the
infected cells, bacteria-containing pseudopodia are formed at tricellular contacts
and engulfed by the neighboring cells in a tricellulin-dependent manner.

Group A Streptococcus binds to tricellulin using host-derived plasminogen and
invade into the submucosal tissues [73], and enteropathogenic Escherichia coli is
also reported to target tricellulin to disrupt epithelial barrier [74].

Clostridium difficile produces a binary actin-ADP-ribosylating toxin, Clostridium
difficile transferase (CDT). The binding component of the CDT (CDTb) directly
binds to angulin-1 [75], which results in the endocytosis of the toxin. The CDTb
creates pores on the endosomal membrane, allow the enzymatic component of the
CDT to translocate into the cytosol and induce cytoskeletal reorganization. Related
binary toxins, Clostridium perfringens iota-toxin (Ib) [75] and Clostridium spiro-
forme binary actin-ADP-ribosylating toxin CST [76], also use angulin-1 as a recep-
tor to enter the epithelial cells.

Since Ib induces endocytosis of angulin-1, a novel mucosal absorption enhancer
was developed using the carboxy-terminal fragment of Ib, which was designated
angubindin-1 [77]. Angubindin-1 treatment of cultured epithelial cells removed
angulin-1 and tricellulin from the tTJ and transiently increased the paracellular per-
meability for ions and macromolecular solutes [77]. Furthermore, intravenous
administration of angubindin-1 induced a transient increase in the permeability of
BBB, which enabled the delivery of antisense oligonucleotides to the mouse
brain [78].
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Closing Remarks

Molecular components of tTJs have been identified in these 17 years, and since
then, the molecular mechanisms regulating tTJs have been clarified. In this section,
we discussed these mechanisms and the physiological and pathological relevance of
tTJs to diseases. Recently, tricellular junctions, including tricellular adherens junc-
tions and tricellular septate junctions, have been gaining increasing attention [79,
80] because they regulate various cellular events including paracellular permeabil-
ity control [81], junctional tension regulation [82—87], cell division orientation [88,
89], and cell fate determination [90]. How tTJs are related to these events would be
an interesting question to be uncovered in future studies.
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Abstract This chapter focuses on the mechanosensitive properties of epithelial tis-
sues. Epithelia experience a range of mechanical forces arising both intrinsically
from their constituent cells and extrinsically from forces such as touch or alveolar
inflation. We discuss how cell-cell junctions, such as adherens junctions and tight
junctions, play key roles in the mechanobiology of epithelial tissues. At these sites,
forces are generated through contraction of the actomyosin cytoskeleton and trans-
mitted between neighbouring cells and across tissues by adhesion systems within
the junctions. We also consider other potential cellular mechanisms that can allow
epithelia to respond to mechanical stresses: mechanosensitive ion channels which
are implicated in homeostatic control of cell density via modulation of cell prolif-
eration and live-cell extrusion and caveolae, membrane invaginations that can buffer
epithelia in response to change in membrane tension.
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Introduction

Mechanical forces are fundamental determinants of tissue integrity, morphogenesis
and homeostasis in epithelia and endothelia. Here, we focus on epithelia because, as
principal tissue barriers of the body, epithelia experience a diverse range of mechan-
ical stresses that derive both from their constituent cells and from extrinsic forces.
Epithelia are capable of detecting such changes in force and can respond in ways
that can preserve tissue integrity and homeostasis. Cell-cell junctions play central
roles in the mechanobiology of epithelia. They can be sites where active cellular
forces are generated by the contractile actomyosin cytoskeleton. The cell-cell adhe-
sion molecules in junctions can serve to transmit forces from cells to cells and/or
integrate the transmission of force at the tissue level. As well, epithelial cell-cell
junctions possess mechanosensing and signal transduction mechanisms that allow
them to detect changes in mechanical force and elicit homeostatic responses. In this
chapter, we discuss both well-defined and emerging topics relating to the mecha-
nisms that allow epithelia to use mechanical force as a currency of biological
information.

Tissue Forces in Epithelia

Tissues are subjected to constant mechanical forces which have diverse impacts on
their integrity and function. These forces can be either compressive or tensile, which
we define as forces that may result in tissue compaction or fracture, respectively [1].

Compressive Forces. These are most obviously a consequence of extrinsic physi-
cal stimuli, such as the pressure applied to the skin from touch. Although compres-
sive forces are less studied compared to their tensile counterpart, they play important
roles in directing, regulating and maintaining various processes during development
and adult homeostasis. For example, compressive forces generated by morphoge-
netic events at the onset of gastrulation in the Drosophila melanogaster embryo
influence the expression of Twist, a key regulator of epithelial-to-mesenchymal
transitions (EMT) during gastrulation. Here, 10% of uniaxial lateral compression
was reported to induce ectopic expression of Twist around the entire dorsal-ventral
axis of Drosophila melanogaster, resulting in ventralisation of the embryo [2].
Furthermore, mechanical compression forces exerted in early Xenopus laevis
embryos provoke phosphorylation of components of focal adhesions and tight junc-
tions, resulting in tissue strengthening [3]. Additionally, compressive forces increase
the abundance of mesenchymal-to-epithelial transition (MET) proteins, while sup-
pressing proteins involved in EMT, resulting in MET-like phenotype [3].

Apart from externally applied stimuli, compressive forces may arise from over-
crowding of epithelial tissues due to cell proliferation [4, 5]. This tissue-intrinsic
compression provides information to maintain cell density through several mecha-
nisms. For example, overcrowding can halt cell cycle progression at the G1-S
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checkpoint [6], though this does not, by itself, correct the elevated cell density.
Instead, such compressive forces initiate the process of live-cell extrusion, where
surplus cells are physically expelled from the epithelium to moderate cell den-
sity [4].

Compressive forces exerted on epithelia can also be a consequence of tensile
forces, often occurring tangential to the plane of tension [7]. To simulate the mor-
phological heterogeneity of epithelial tissue in vivo, Gjorevski and Nelson [7] engi-
neered epithelial tissues with various geometric features. They found that with
curved, duct-like geometries, regions of compression occurred both tangentially to
tensile forces and within the concave regions where the opposing convex region was
under tension. Interestingly, these negative forces appeared to be passive and depen-
dent on active generation of cellular tension, as regions of compression did not show
elevated cell proliferation, and blocking myosin activity curtailed both tensile and
compressive forces within the tissue.

Tensile Forces. These forces have been far more extensively studied compared to
compressive forces. Though tensile forces are often considered as extrinsic to tis-
sues, such as pulmonary inflation or physiologic gastric distension, intrinsic tensile
forces are also significant and contribute to homeostasis. These intrinsic forces arise
from the contraction of the actomyosin cytoskeleton. In the case of epithelial and
endothelial cells, force generation by actomyosin contraction requires a physical
connection between the contractile machinery and the cell-cell junctions. This
enables transmission of tension between adjacent cells and thus facilitates propaga-
tion of the mechanical signal across epithelial tissues. Components of both adherens
and tight junction complexes have been shown to experience and respond to changes
in cortex-derived tension. Key examples of such proteins include adherens junction
(AJ)-based a-catenin and tight junction (TJ)-based ZO-1, both of which were shown
to sense increased tension and undergo a conformational change in response to cor-
tical tension [8—14]. Detailed mechanisms of force-sensing across junctions will be
discussed later.

A number of studies have revealed the importance of intrinsic forces in the main-
tenance of epithelial homeostasis and tissue development. For example, Acharya
etal. [15] demonstrated that the formin mammalian diaphanous 1 (mDial) is crucial
for contractility at the zonula adherens and stability of tight junctions in epithelial
monolayers. Interestingly, as monolayers depleted of mDial exhibited increased
transepithelial permeability, mDial-dependent intrinsic tension appeared to be
essential for the maintenance of epithelial barrier function. Further, mechanical ten-
sion may balance cell proliferation patterns, leading to uniform levels of local cell
division, despite inhomogeneous distribution of growth factors across the develop-
ing tissues. Using a developing Drosophila melanogaster wing as a model for a
homogenously growing tissue, Pan et al. [16] demonstrated that local hyperprolif-
eration is accompanied by reduction in junctional tension. This results in increased
activity of the Hippo signalling pathway and downregulation of the growth-
promoting Yorkie, thus leading to a decrease in local growth rates. These observa-
tions, supported by computational simulations, suggested existence of a mechanical
feedback mechanism, where the gradual reduction in intrinsic tension increases
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Hippo pathway activity to mediate evenly distributed tissue growth [16]. Seminal
work by Dupont et al. [17] show that the localisation of the Yes-associated protein
(YAP) can be influenced by substrate stiffness. Further, as Irvine and Harvey [18]
have reviewed, mechanical signals emanating from cell-cell interactions can modu-
late the Hippo pathway to control organ growth.

Mechanical Forces as Cellular Information

Importantly, mechanical forces can be transmitted and detected by cells as a mode
of communication. This can potentially be elicited in response to both compressive
and tensile forces, although here we will focus on mechanotransduction of tensile
forces in epithelia. The cellular mechanisms that support communication by
mechanical forces involve mechanisms that transmit forces (within and between
cells) and mechanisms that sense changes in mechanical forces. Broadly, examples
of mechanosensors include proteins which undergo conformational changes in
response to tension, ion channels which can be forced open and plasma membrane
invaginations which unfold with increased tension. These mechanosensitive
responses may elicit recruitment of effector proteins, induction of ion influx/efflux,
or induction of gene transcription/silencing due to translocation of proteins to the
nucleus. In this chapter, we will discuss a range of various mechanisms that enable
cells to respond to mechanical cues, focusing on both junction-based and membrane-
based mechanosensitivity, specifically with respect to epithelial tissues.

Mechanosensing at Cell-Cell Junctions

Epithelial cells are joined together by specialised cell-cell junctions: tight junctions
(TJs) found at the most apical region of the cell-cell interface; E-cadherin-based
AlJs, located under TJs; as well as more basally located desmosomes and gap junc-
tions. Cell-cell junctions are fundamental for the development and maintenance of
tissues and have a variety of functions. AJs initiate cell-cell contacts and are primary
sites of mechanical force sensing; TJs regulate transepithelial permeability; desmo-
somes provide epithelial tissues with mechanical resistance; and gap junctions per-
mit chemical communication between adjacent cells. Here, we will discuss selected
developments in the knowledge of mechanosensing at cell-cell junctions.

AJ-Based Mechanosensing

Als are characterised by their enrichment of classical cadherins, which can reach
concentrations of ~2000 molecules/pm? at these cell contacts [19]. Cadherins tra-
verse the plasma membranes (PM) of neighbouring cells, ligating in a homophilic
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fashion to bridge across the intercellular space (Fig. 1). Like other classical cadher-
ins, epithelial (E)-cadherin 1 (cadherin 1) comprises three distinct regions: an
N-terminal extracellular region, a single transmembrane region and a C-terminal
intracellular region. The extracellular region of E-cadherin facilitates the adhesion
of adjacent cells, a function reliant on its five extracellular cadherin domains
(EC1-5) interspaced by Ca?*-binding motifs. Here, the p-barrel structure of distal
EC1 domains from adjacent cells lies antiparallel, exchanging $-strands in trans for
the primary adhesion site in a Ca?*-dependent manner. Interestingly, the homophilic
nature of cadherin ectodomain subtypes can allow selective adhesion between cell
types providing a powerful, though not ubiquitous, means of directing morphogen-
esis [20, 21]. However, such cell sorting can also occur in cell populations express-
ing quantitative differences of the same cadherin [22]. It has been suggested that the
loss of E-cadherin increases the metastatic potential of tumourigenic cells [23, 24]
as loss of E-cadherin correlates with increased migration in vitro [25]. However, it
has recently become evident that the role of E-cadherin in cancer is much more
complicated than previously appreciated. For example, most patients with invasive
ductal carcinomas express E-cadherin in both the primary tumour and metastases.

Resting state Stressed state

Intracellular space Intracellular space

==gpessees - E-cadherin B - o-catenin (closed) ~ ew—=2® - NMIl
@ - B-catenin @9 - o-catenin (open) ~ —— -Actin
W= - Vinculin

Fig. 1 Adherens junctions (AJs). Schematic representations of the main components of the adhe-
rens junction. Cell adhesion is mediated by the EC1 domains of the E-cadherin extracellular
regions. Under normal physiological conditions (resting state), the mechanosensitive protein,
a-catenin, is in a closed conformation, with a weak affinity for F-actin. Under periods of high ten-
sion (>5 pN, stressed state), a-catenin unfolds to expose an F-actin-binding domain, greatly
increasing its affinity for F-actin, strengthening the cell’s cortex. Additionally, the unfolding of
a-catenin exposes a vinculin-binding domain, providing further reinforcement to the cortex by
recruiting and binding vinculin
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Further, Padamanaban et al. [26] show that the loss of E-cadherin, while increasing
invasiveness, decreases metastatic potential, as well as cell proliferation and sur-
vival of circulating tumour cells.

AJ Mechanosensing Through a-Catenin and Vinculin. AJs are subjected to con-
stant mechanical stress from both extrinsic and intrinsic sources. Accordingly, AJs
have evolved to cope with, and become sensitive to, these stresses. As tensile forces
are generated within cells and tissues, E-cadherin molecules work as mechanotrans-
ducers to bear and transmit forces to the underlying molecular complex (Fig. 1). In
order to propagate tissue tension, E-cadherin adhesions need to be physically cou-
pled to the contractile actomyosin machinery of the cells. Indeed, the intracellular
region of E-cadherin binds p120-catenin and f-catenin, with -catenin associating
with the actin-binding protein (ABP) a-catenin, thus bridging the adhesive and
force-generating components of the AJs [27]. Importantly, the role of a-catenin is
not limited to constituting a passive link between E-cadherin and actin. Instead,
molecular properties of a-catenin are altered upon increased tension, making it an
active, key AJ-based mechanosensor.

The actin-binding and actin-bundling protein a-catenin contains two distinct
mechanosensitive domains for interacting with vinculin and F-actin (Fig. 1).
Application of mechanical tension to a-catenin can alter its conformation to expose
a cryptic vinculin-binding domain (VBD) and promote vinculin recruitment and
binding [8, 10, 11, 13, 14]. The association of vinculin with F-actin strengthens the
interactions between cadherin-catenin complexes and the cytoskeleton. During
homeostasis, intrinsic tissue tension due to actomyosin results in ~5 pN of force
across each E-cadherin molecule [1]; approximately the same level of force is
required to unfold o-catenin for recruitment and binding of vinculin [13].
Additionally, the actin-binding domain of a-catenin can also undergo a tension-
sensitive conformational change. Here, mechanically induced unfolding of the al
helix of a-catenin enhances the binding affinity between a-catenin and F-actin
(Fig. 1). Under periods of high tension, the ratio of open to closed a-catenin mole-
cules is increased, providing significant reinforcement to the AJ, largely due to this
increased association with cortical F-actin. Of note, vinculin and F-actin are not the
only binding partners of a-catenin. Other partners include a-actinin [28, 29], afadin
[11], EPLIN [30] and ajuba [31, 32]; however their specific contributions to
a-catenin-based mechanosensitivity has yet to be well-defined.

In addition to a-catenin, vinculin is itself an important mechanosensitive protein.
Cytoplasmic, inactive vinculin exists in an autoinhibited conformation, with the tail
domain interacting with the head domain. Abl-dependent phosphorylation at the
Tyr822 residue and/or actomyosin contractility, combined with association with
a-catenin, leads to unfolding of vinculin [33, 34]. In this active, unfolded state,
vinculin strengthens the AJs by binding directly to both a-catenin and p-catenin via
the vinculin-head domain (Vh) [35, 36]. Furthermore, vinculin directly associates
with F-actin and the actin regulatory protein MENA, an interaction essential for
vinculin-dependent F-actin polymerisation in epithelial tissue under mechanical
stress [37]. Vinculin at AJs has been shown to potentiate the mechanosensing
response of the E-cadherin-catenin complex. le Duc et al. [38] showed that in
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vinculin KO cells, cell attachment to E-cadherin-coated coverslips was impaired
due to compromised cell spreading. This study also demonstrated that both mechan-
ical force-dependent cell stiffening and reinforcement of adherens junctions were
compromised in vinculin KO cells when compared to vinculin-positive cells.
Furthermore, vinculin KO cells display perturbed HGF-mediated recruitment of
phosphorylated myosin light chain II (pMLCII), suggesting vinculin may play an
important role in the recruitment of NMII to AJs following mechanical force [38].

AJ Mechanosensing Through Myosin VI. Recently, the F-actin-binding motor
protein Myosin VI was identified as another mechanosensitive protein associated
with AJs [39]. Intriguingly, the function of Myosin VI is dependent on the force it is
experiencing. Under loads of ~ <2 pN, Myosin VI behaves as a typical motor pro-
tein, but under loads exceeding ~2.5 pN, Myosin VI briefly reverses direction along
the actin filament and behaves as an anchor [40]. Under mechanical stress in epithe-
lial monolayers, the association between E-cadherin and Myosin VI is rapidly
increased [41]. Next, the heterotrimeric Ga12 protein is recruited to the E-cadherin-
Myosin VI complex where it activates pl14 RhoGEF to enhance RhoA activation,
thus reinforcing the cell-cell contact through increasing the pool of cortical acto-
myosin. However, signalling through Myosin VI also increases epithelial integrity
and protects against rupture by increasing the tensile strength of junctions: this is
achieved via mDial-dependent stabilisation of E-cadherin at multicellular verti-
ces [41].

TJ-Based Mechanosensing

While much work has focused on how adherens junctions (AJs) can influence tissue
mechanics and mediate mechanotransduction, recent studies have revealed that
tight junctions (TJs) can also represent parallel sites of mechanotransduction at cell
junctions. TJs are canonically responsible for establishment of a paracellular semi-
permeable diffusion barrier that limits free passage of ions and solutes through epi-
thelial and endothelial layers [42, 43]. Tight junctions are composed of at least 40
different proteins, including (1) transmembrane proteins (e.g. claudins, occludin
and JAM-A), (2) cytoplasmic proteins (e.g. ZO, cingulin) and (3) cytoskeletal fila-
ments (actin, myosin, microtubules) [44] (Fig. 2a).

TJs Regulate Actomyosin Cytoskeleton. Even though TJs and AJs are present in
both epithelial and endothelial cells, epithelial junctions are well-defined — TJs are
located more apically than AJs. However, in less polarised endothelial cells, AJs and
TJs are intermingled, and their spatial separation is less obvious [45, 46]. This dif-
ferent junctional organisation between the cell types may reflect different interplay
between tight and adherens junctions. Indeed, downregulation of ZO-1 in epithelial
cells results in increased tension on AJs [47-50], suggesting that ZO-1 exerts an
inhibitory effect on junctional tension. By contrast, ZO-1 depletion in endothelial
cells leads to decreased tension on VE-cadherin [51]. Despite this discrepancy,
Z0O-1 does not affect cadherin localisation/expression in either epithelial or
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Fig. 2 Tight junctions (TJs). (A) Schematic representation of the basic components of tight junc-
tions. Extracellular part of the TJ transmembrane proteins (occludin, claudins and JAMs) interact
at cell-cell contacts existing between the plasma membranes of two neighbouring cells. Cytoplasmic
tails of the transmembrane components of TJs connect to actin filaments via scaffolding proteins
(ZO proteins, cingulin and afadin). (B) Schematic representation of ZO-1 structure and its interact-
ing partners. (C) ZO-1 conformational change: in the absence of binding partners and/or under low
tension, ZO-1 exists in an autoinhibited conformation, preventing its interaction with occludin;
upon interaction with a binding partner and/or under high tension, ZO-1 transits to a stretched
(active) conformation permitting interactions with occludin and actin

endothelial cells, indicating that changes in tension on cadherins originate from
changes in the actomyosin network. Indeed, components of TJs, including ZO pro-
teins, regulate cells’ contractile cytoskeleton in various ways. ZO proteins may
influence cell contractility by their interactions with actomyosin-associated pro-
teins — a-catenin [52, 53], vinculin [54], shroom?2 [55] or cortactin [56]. Furthermore,
TJ components regulate multiple aspects of actomyosin by interacting with Rho
family GTPases, thus carrying the capacity to support the activation or inactivation
of major regulators of actomyosin — primarily RhoA, Racl and Cdc42. Among oth-
ers, ZO-1 interacts with PDZ-RhoGEF [57] and Cdc42 GEF Tuba [58], and cingu-
lin binds p114RhoGEF, GEF-H1 as well as MgcRacGAP [59-61]. Taken together,
one way that TJs may influence cell mechanotransduction is by regulating actomyo-
sin contractility, thus modulating AJs and E-cadherin-based mechanotransduction.
Evidence of Mechanotransduction on TJs. As discussed above, for the transduc-
tion of mechanical force between cells to mediate cell-cell communication, there
must be adhesive junctional proteins which can transmit forces to mechanosensitive
proteins. Further, propagation of the intrinsic forces across a tissue requires cou-
pling of junctional mechanotransmitters to the cell contractile cytoskeleton [62, 63].
There are many potential ways for molecular elements of TJs to connect to the
contractile apparatus of cells. The N-termini of ZO proteins interact with claudins,
occludin and JAM-A, whereas the C-terminal region of ZO-1 and ZO-2 contains an
actin-binding region (ABR) [64—66]; afadin links JAM-A and nectins to the actin
cytoskeleton [67, 68], and the globular head domain of cingulin binds to ZO-1 and
actin, while its coiled-coil region binds to myosin [69, 70] (Fig. 2a). Of note, among
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the transmembrane TJ proteins, JAM-A has emerged as a potential mechanotrans-
ducer. Using a magnetic tweezers approach, Scott et al. showed that, in single epi-
thelial and endothelial cells, tension imposed on non-junctional JAM-A activates
RhoA via GEF-HI and p115 RhoGEF to increase cell stiffness [71]. There is no
evidence, however, that JAM-A works as a mechanotransducer in confluent,
junction-forming monolayers. Instead, the search for TJ-based proteins that may
participate in mechanotransduction has focused on ZO-1 as a force-bearing protein
[9] whose molecular properties may be altered upon increased tension.

ZO-1 as a Mechanosensor. The molecular structure of ZO-1 consists of an
N-terminal region containing three PSD-95/DLG/Z0O-1 (PDZ) domains (PDZ1-3)
that can bind to claudins (PDZ1), ZO-2 or ZO-3 (PDZ2) and JAM (PDZ3). These
are followed by Src homology-3 (SH3), unique-5 (US5), occludin-binding guanylate
kinase (GUK) and unique-6 (U6) domains. The C-terminal region of ZO-1 consists
of actin-binding region (ABR) and ZU5 domain [12, 66, 72] (Fig. 2b). Importantly,
Spadaro et al. have recently demonstrated that ZO-1 can exist in either an autoinhib-
ited (folded) or stretched (unfolded) conformation [12]. ZO-1 assumes a folded
conformation as a result of intramolecular interactions between the C-terminal ZUS
domain and ZO-1 central region (from PDZ3 to GUK domain). Unfolding of ZO-1
has been attributed to tension generated by actomyosin contractility, as magnetic
tweezers experiments showed that physiological pN-scale tension is sufficient to
unfold ZO-1 and maintain the ‘active’ stretched conformation. However, the
stretched conformation can also be maintained by heterodimerisation with ZO-2:
folding of ZO-1 could only be achieved when inhibition of the contractile network
is combined with depletion of ZO-2 [12] (Fig. 2¢).

Importantly, this tension-induced change in ZO-1 conformation can affect its
intermolecular interactions. The folded, autoinhibited conformation of ZO-1 pre-
vents the GUK domain from binding and recruiting occludin to TJs. It also blocks
association of the central domain of ZO-1 with the transcription factor DbpA
(Fig. 2¢). Thus, tension-induced unfolding of ZO-1 may modulate its molecular
interactions and downstream signalling [12]. It remains to be established whether
Z0-1 conformational change influences its interactions with other binding partners
including a-catenin, afadin and vinculin.

Recent evidence suggests that ZO-1 and many other TJ cytosolic and membrane
proteins undergo cytosolic phase separation prior to arrival at the junctional mem-
brane [73, 74]. During early zebrafish development, components of TJs accumulate
at the boundary between the yolk syncytial layer (YSL) and the enveloping cell
layer (EVL). Interestingly, accumulation of TJ proteins depends on the actomyosin
tension within the YSL. Here, cytoplasmic, phase-separated ZO-1 is transported
towards junctions by tension-dependent retrograde actomyosin flow, indicating
existence of yet another mechanosensitive TJ-based event. Stinkingly, non-
junctional ZO-1 must be unfolded and undergo multimerisation to allow phase
separation to drive formation of TJ junctions. However, the ABR domain is not
required for phase separation, suggesting that cytosolic unfolding of ZO-1 is not
induced by tension, but rather by association of another molecule. As a conse-
quence, conformational changes of cytosolic ZO-1 may not be powered by the
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actomyosin-generated tension, as phase-separated ZO-1 seems to arrive at the junc-
tion in already opened ‘active’ conformation. Nevertheless, while the ABR domain
of ZO-1 may be dispensable for ZO-1 phase separation, it is essential to efficiently
integrate ZO-1 into junctions and confer mechanosensitivity upon TJs [74]. What
then can facilitate cytoplasmic unfolding of ZO-1? Among many TJ proteins, the
Z0O-1 binding partner, cingulin, may be present in the highly concentrated phase-
separated compartments. Cingulin supports efficient accumulation of ZO-1 at TJs,
and its interaction with ZO-1’s ZUS domain may be sufficient to unfold ZO-1.
Recent work suggests that ZO-1 exists in a ‘double-folded’ conformation with its
ZUS domain interacting with the central region of ZO-1 (as described above), as
well as with the ABR domain. Binding of ZUS5 to the ABR domain is predicted to
prevent ZO-1 from forming efficient interactions with F-actin. Binding of cingulin
to ZUS5 promotes ZO-1 unfolding and may disrupt the interactions between ABR
and ZUS, therefore allowing actin binding [75].

Overall, ZO-1 emerges as a possible novel TJ-based mechanosensor; however,
further studies will be needed to fully understand the interplay between tension and
Z0-1 binding partners in regard to regulation of ZO-1 conformation changes and
physiological consequences of these events.

Plasma Membrane-Based Mechanosensing

While we have focused on understanding how cell-cell junctions participate in epi-
thelial mechanobiology, it is important to note that these are not the only compo-
nents of epithelial cells that display mechanosensitivity. In particular, the plasma
membrane (PM) forms the physical boundaries of cells and, thus, is in constant
contact with both the external and internal cell environments. As such, the PM con-
stitutes a crucial interface that mediates responses to mechanical stimuli such as
external touch, changes in cell curvature or internal osmotic pressure. Here, we will
focus on two well-characterised examples of PM-based force-sensing, mechanosen-
sitive ion channels and caveolae membrane invaginations, that have recently begun
to be linked to cell-cell interactions.

Piezol. Unlike other ion channels, which are typically activated/inactivated by
interactions with specific ligands or voltage gating, mechanosensitive (MS) ion
channels are opened in response to the application of mechanical forces (Fig. 3).
MS ion channels are key sensors of mechanical stimuli across a diverse range of
living organisms [76] and are some of the fastest signal transducers in cells, translat-
ing mechanical information into intracellular signals in the order of milliseconds
[77, 78]. Two prevailing mechanisms for such mechanical gating exist. Firstly, the
‘force-from-lipids’ model, where MS ion channels are opened (activated) by forces
from the plasma membrane [79-83] (Fig. 3). Such forces can occur from extrinsic
means, such as touch or intrinsically such as osmotic pressure or changes in bilayer
curvature induced by factors like local lipid composition [84] or expression of
curvature-generating molecules, such as BAR-domain proteins [85]. Secondly, the
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Fig. 3 Mechanosensitive (MS) ion channels. Piezol is the most characterised of the MS ion chan-
nels. MS ion channels are opened solely by means of mechanical force, rather than by ligand bind-
ing or voltage gating. The activation (opening) of MS ion channels occurs via force-from-filaments
(left) and force-from-lipids (right). The former occurs by filament-mediated pulling forces from the
extracellular matrix and/or the cytoplasm. The latter occurs during PM deformation, such as occurs
through touch, osmotic pressure or curvature via BAR-domain proteins. Opening of Piezol chan-
nels allows influx/efflux of ions for modulation of processes such as live-cell extrusion and cell
proliferation

‘force-from-filaments” model (also called the tethered model) posits that MS ion
channels can be activated by pulling forces from extracellular and cytoskeletal fila-
ments attached to the channel [86-88].

Here we focus on the MS ion channel Piezol, which influences a range of epithe-
lial tissue phenomena, such as extrusion and control of population dynamics, that
also involve cell-cell junctions. Moreover, Wang et al. [89] reported that Piezol can
be coupled to E-cadherin, tethering the channels to the actin cytoskeleton via the
cadherin-catenin complex, while others have demonstrated that Piezo channels help
regulate RhoA signalling and the actin cytoskeleton and that activation of Piezol is
dependent on integrin-related signalling [90-92]. It should be noted that, although
Piezol channel is the best characterised example of a MS ion channel, there are
other mammalian representants of this group, such as the Piezo isoform, Piezo2 as
well as the TREK family of neuronal potassium channels, TREK-1, TREK-2 and
TRAAK [93].

Piezo channels are expressed as two isoforms in mammals (Piezol and Piezo2),
with both being highly expressed in organs where mechanosensation is functionally
significant, such as the bladder, colon, kidney, lung, skin and dorsal root ganglia
(Piezo2 only) [94]. Piezo channels are the principal means of sensing mechanical
stimuli such as touch [94] and vascular blood flow [95]. The Piezol channel is a
unique protein and does not bear a structural homology to any other channel [96].
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Piezol1 has a trimeric, three-bladed propeller shape, which can adopt several confor-
mations, and houses a kinked helical beam and an anchor domain. Each of the three
blades contains nine repeat regions, each of which comprises four transmembrane
domains, collectively passing the plasma membrane 108 times [97, 98]. This struc-
ture was shown to be fundamental in the mechanogating of the Piezol channel [99].
Molecular dynamics simulations suggest that increased membrane tension results in
flattening and in-plane expansion of the blades, resulting in tilting of helices 37 and
38, which are then pulled away from the channel pore, leading to opening of the
Piezol channel [100].

Piezo channels have been implicated in a number of physiological processes that
also involve cell-cell interactions. Piezol is a fundamental ion channel required for
live-cell extrusion [4], a process vital for homeostatic control of cell density in epi-
thelia. As noted earlier, a pivotal study by Eisenhoffer et al. [4] demonstrated that
live-cell extrusion is triggered by compressive forces due to cell overcrowding. By
growing cells to confluence on a silicone membrane stretched to 28% of its original
length and then allowing the substrate to recoil, cell density was increased by ~30%,
generating compressive forces across the tissue. However, within 6 h the cell den-
sity was reduced to homeostatic levels, indicating that cells had been eliminated
from the monolayer. Indeed, it was apparent that the tissue was extruding living
cells. This live-cell extrusion was mediated by Piezol, as either inhibition of the
channel with gadolinium (Gd*") or morpholino-mediated knockdown of Piezol in
zebrafish embryos limited live-cell extrusion and resulted in cell mass formation in
the epithelial tissue at sites of high strain.

Further, the Piezol channel may promote cell proliferation when cell density is
too low and cells are under positive tension [94, 101, 102]. By growing cells to
confluence on a flexible substrate and applying a ~ 1.4-fold stretch, Gudipaty et al.
[102] demonstrated that the rate of mitosis was increased by approximately fivefold
within just 1 h. Under these conditions, treatment with Gd** or siRNA knockdown
of Piezol efficiently inhibited stretch-induced proliferation, demonstrating that
Piezol was at the apex of this phenomenon. These results were also confirmed
in vivo in the zebrafish epidermis where both CRISPR-based mosaic knockout and
morpholino-mediated knockdown of Piezol significantly decreased the number of
mitotic cells. Ultimately, the activation of Piezol engages intracellular Ca’* signal-
ling to activate the ERK1/2-MEK1/2 pathway and promote the transcription of
cyclin B for increased mitosis.

How tensile or compressive forces can elicit either live-cell extrusion or promote
cell proliferation through the same Piezo1 channel is a significant question. Gudipaty
et al. [102] suggested that the subcellular localisation of Piezol may be responsible.
At subconfluency, Piezol is mainly confined to the nuclear envelope; as confluency
is reached but cell density is still low, Piezol localises to the endoplasmic reticulum
and PM. As cell density continues to increase post-confluency, Piezol begins to
form large cytoplasmic aggregates. These changes in the subcellular localisation
may reflect the adaptive mechanosensitivity of Piezol, where its presence at the PM
is optimal to sense tensile forces and its presence within the cytoplasm is optimal to
sense compressive forces.
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Caveolae-Based Mechanosensing. Caveolae are 60-80-nm-wide Q-shaped
invaginations of the PM [103, 104] (Fig. 4). They are enriched in cholesterol and
sphingolipids, forming specialised lipid rafts that are implicated in numerous bio-
logical functions, such as endocytosis, lipid metabolism and mechanosensing.
Caveolae may encompass up to 50% of the total PM surface area in cells such as
myocytes [105] and their formation and stability largely dependent on two protein
families, the caveolins (Cavs) and the cavins.

Caveolae have several characteristics which suit them well for mechanosensing.
Their bulb-like morphology constitutes a membrane reservoir which is sensitive to
mechanical stimuli and can be flattened by membrane stretch (Fig. 4); they are par-
ticularly abundant in tissues which experience significant mechanical forces; they
are directly linked to the actin cytoskeleton and are distributed at sites of cell contact
[106-109]. Indeed, caveolae have been observed to concentrate at adherens junc-
tions [110]. The mechanical tolerance of the lipid bilayer has been measured at
4-6% areal strain before rupture [111]; thus, the ability of caveolae to passively
modulate tension likely provides a significant advantage to cells and tissues affected
by intrinsic or extrinsic mechanical forces. In complex living systems, cells must
tolerate a range of potentially damaging mechanical stimuli, such as alveolar infla-
tion, muscle stretching, vascular shear stress and volume expansion.

In practice, the ability of caveolae to flatten under mechanical tension has been
demonstrated in both isolated cells and multicellular tissues. For example, caveolae
were shown to flatten in individual HeLLa and mouse lung endothelial cells (MLECs)
in response to hypo-osmotic shock [112], as well as primary mouse cardiomyocytes
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Fig. 4 Caveolae as mechanosensors. Caveolae, small invaginations of the PM, are sensitive to
acute increases in membrane tension from both extrinsic and intrinsic stimuli. Under normal physi-
ologic conditions, caveolae exist as bulb-shaped pits, stabilised by a coat of caveolin and cavin
proteins (left). Under periods of high tension, caveolae flatten, providing a passive means of pro-
tection by releasing a membrane reservoir, thus rapidly increasing the surface area of the cell.
When caveolae flatten, cavin proteins are released into the cytosol, leaving the caveolins at the
PM. Caveolae flattening also alters the cellular lipid composition, enhancing signalling through the
RhoA-ROCK pathway for F-actin modulation and increasing MAPK activity
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[113]. This response by caveolae to increased membrane tension has also been dem-
onstrated in multicellular tissues both ex vivo and in vivo. A seminal paper by
Dulhunty and Franzini-Armstrong [114] showed that the abundance of caveolae on
the surface of frog skeletal muscle was greatly reduced following mechanical stretch
and elongation past this point resulted in rupture of the tissue. Soon after, caveolae
flattening in response to mechanical tension was demonstrated in the smooth mus-
cle [115].

More recent studies have demonstrated the mechanoprotective role of caveolae
in vivo. Cheng et al. [116] used dobutamine, a -1 adrenoreceptor agonist, to
increase heart contractility and cardiac output in mice. They observed caveolar dis-
assembly in both heart and lung tissues. Importantly, endothelial cells showed a
significant damage in Cav-1 KO mice, whereas no damage was observed in WT
control mice [116]. Others have shown that the notochord, which comprises cells
particularly abundant in caveolae, becomes unstable when caveolae are depleted by
cavin-1b KO [117, 118]. Here, the notochord of cavin-1b KO zebrafish shows a
significant cellular damage, cell necrosis and the appearance of lesions. Interestingly,
damage to the notochord was increased when mechanical stress was applied to the
notochord during swimming, further demonstrating the importance of caveolae as
mechanoprotective.

In some tissues the ability of caveolae to attenuate membrane tension is facili-
tated by the formation of multi-lobed, rosette-like caveolar superstructures [105].
These superstructures are composed of multiple caveolae which have fused due to
membrane curvature and tension [119, 120], are more sensitive to tension, disas-
semble more rapidly and release a far greater pool of PM upon flattening than indi-
vidual caveolae [105, 121]. This hypothesis is supported by computational modelling
and experimental data which demonstrate that caveolar rosette formation is pro-
moted by low tension [119]. Further, cells can actively respond to force by altering
the abundance or properties of caveolae. For example, caveola numbers are increased
by almost 50% in bovine aortic endothelial cells (BAECs) experiencing chronic
shear stress [122], highlighting the importance of caveolae in protecting tissues
from physical damage. Mechanical stress applied to vascular endothelial tissue,
such as is experienced during hypertension, dampens the eNOS-binding capacity of
Cav-1, promoting vasodilation to attenuate elevated shear stress [123]. It has also
been suggested that the mechanosensitive properties of caveolae regulate cell vol-
ume, as ectopic Cav-1 expression in cells lacking caveolae can promote caveolar
biogenesis, allowing cells to swell to a greater extent following hypo-osmotic expo-
sure [124].

Interestingly, caveolae flattening also alters the microenvironment of these struc-
tures beyond gross morphology. Under acute membrane tension, caveolae flattening
results in the dissociation of the cavin protein complex [112] and the EHD2 ATPase
[125] but not the caveolin proteins [112], from caveolae. This suggests that caveolae
may actively respond to mechanical stress using dissociated proteins as signalling
intermediates. Indeed, recent studies have demonstrated that release of EHD2 upon
caveolae flattening suppressed transcription of caveolins 1 and 2 and cavins 1 and 2,
which are required for caveolar biogenesis [126]. Furthermore, the
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mechanosensitivity of caveolae, specifically the Cav-1 and cavin-4 proteins, influ-
ences the activity of RhoA [127]. Caveolae flattening promotes the phosphorylation
of Cav-1 at tyrosine-14 (Y14) [128, 129]. pY 14 phosphorylation of Cav-1 can
enhance Cav-1-RhoA interaction to directly activate RhoA [127, 130] and nega-
tively regulate the Src-p190RhoGAP pathway [131], suggesting that mechanotrans-
duction via caveolae could influence RhoA for remodelling of the cytoskeleton.
Furthermore, low tension at the rear of migrating cells promotes caveolar formation,
activating RhoA-ROCK1-PKN?2 signalling via Ect2 [132]. This drives local F-actin
organisation and contractility, allowing the cell’s posterior region to complete the
migration cycle.

Caveolae flattening can also influence other aspects of membrane organisation
with consequences for mechanoregulatory mechanisms. Ariotti et al. [133] demon-
strate that perturbation of caveolar biogenesis by either Cav-1 or cavin-1 KD alters
the cellular lipid composition, particularly the distribution of phosphatidylserine at
the PM. This resulted in enhanced K-Ras expression and organisation and increased
MAPK activity. Interestingly, these phenomena were found to be due to the loss of
intact caveolae, as the acute dissociation of cavin-1 by hypo-osmotic shock mim-
icked these findings. Thus, this study implies that the mechanosensitive nature of
caveolae may allow cells to rapidly alter the lipid composition of the PM in response
to mechanical stress.

More recently, caveolae were found to modulate mechanical tension at the tissue
level. Teo et al. [110] demonstrated that caveolae modulate tissue tension within
epithelial monolayers. Here, caveolae were found to be at the apex of a novel signal-
ling pathway, where intact caveolae suppress the availability of
phosphatidylinositol-4,5-bisphosphate (PtdIns(4,5)P,) at the PM. By inhibiting
caveolar biogenesis, PtdIns(4,5)P, levels are enhanced, directly increasing cortical
recruitment of the formin-like protein, FMNL2. In turn, enhanced FMNL?2 increased
the pool and organisation of cortical F-actin, resulting in elevated tension within the
tissue. A significant ramification of this dysregulation was perturbation of onco-
genic cell extrusion, resulting in the formation of large cell masses when a minority
of oncogenic cells were incorporated into an otherwise healthy epithelial monolayer.

Intriguingly, recent studies show that the mechanosensitivity of caveolae and the
Hippo-YAP/TAZ signalling pathway influence each other. The Hippo pathway, a
major regulator or cell proliferation, migration and survival [134], is sensitive to
mechanical stimuli such as tension [135], cell density [136] and stiffness of the
extracellular matrix (ECM) [17], all of which affects the localisation and activity of
YAP/TAZ. In 2018, Moreno-Vincente et al. [137] revealed that the mechanorespon-
siveness of YAP to ECM stiffness was positively modulated by Cav-1, whose tran-
scription, as well as that of cavin-1, is also dependent on the presence of YAP/TAZ
[138]. Furthermore, caveolae are protective against mechanical stresses which arise
from haemodynamic force [116, 139], a process which activates YAP/TAZ signal-
ling [140, 141]. It has been suggested that interplay between caveolae and the Hippo
pathway has significance in the pathogenesis of diseases such as atherosclerosis and
vascular malformations, both of which result from dysfunctional endothelial shear
stress sensing [142].
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Conclusion

The past decade has witnessed exciting, rapid progress in understanding how cell-
cell junctions contribute to the mechanobiology of epithelia. We now appreciate that
epithelia are mechanically active tissues, which themselves generate forces and
respond to forces generated extrinsically, and such changes in force can indicate
events that challenge tissue integrity or homeostasis. In closing, we would identify
a number of directions that we think warrant attention in the future. First is integrat-
ing molecular mechanisms into systems. We have begun to identify the molecular
mechanisms that allow epithelia to detect changes in force and elicit compensatory
homeostatic responses. Many more molecular details will inevitably be revealed in
the next few years. As this molecular picture grows in richness and specificity, it
will be important to consider how they may be integrated by feedback into func-
tional networks rather than individual, linear pathways. For example, the contractile
protein non-muscle Myosin II, which is activated by RhoA signalling, can also par-
ticipate in mechanochemical feedback to support RhoA [143, 144]. Insights from
statistical physics and mathematical modelling provide valuable resources to tackle
such systems analysis. Second, can the homeostatic mechanisms of epithelial mech-
anotransduction be disrupted in disease? Clues include the observation that inflam-
matory cytokines such as TNF-a can increase mechanical tension at cell-cell
junctions, including TJ [145]. Also, depletion of caveolae, which has been impli-
cated in cancer, increases epithelial tension to compromise the elimination of trans-
formed cells [110]. Therefore, elucidating the mechanobiology of junctions may
provide many new insights into the biology and pathobiology of epithelia.
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Abstract Zonula occludens 2 (ZO-2) is a peripheral tight junction (TJ) protein of
the MAGUK family. This chapter describes how ZO-2 together with ZO-1 forms a
platform for the polymerization of claudins into TJ strands and explains how ZO-2
participates in TJ formation during embryogenesis and the signaling pathway
involved in ZO-2 assembly at TJs. The particular role of ZO-2 in the testis, liver, and
inner ear and its impact on human disease are discussed. ZO-2 nuclear location, the
mechanism and signals that regulate the intracellular traffic of the molecule, and
Z0-2 role at gene transcription and translocation of proteins to the nucleus are ana-
lyzed. In addition, the chapter describes the role of ZO-2 in cell size regulation and
cancer, describing the altered expression and location of the protein in several car-
cinomas and in conditions that favor a malignant phenotype.

Keywords ZO-2 - Tight junctions - Cell polarity - Cancer - Gene transcription -
Cell size

Introduction

Zonula occludens 2 (ZO-2) is a 160-kDa peripheral membrane protein of tight junc-
tions (TJs), first identified by Gumbiner for its co-immunoprecipitation with ZO-1 in
MDCK cells [1]. ZO-2 belongs to the MAGUK (membrane-associated guanylate
kinase homolog) protein family. ZO-2 contains three PDZ domains, a SH3 module,
and a GUK domain. In addition, its carboxyl segment that ends with the PDZ-
binding motif TEL exhibits an actin-binding and proline-rich region (Fig. 1). The
presence of these protein-protein binding domains and motifs allows ZO-2 to
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Fig. 1 Schematic organization of ZO-2. ZO-2 has three PDZ domains, an SH3 module, a GUK
domain, and an actin-binding and proline-rich region (ABR/PR), and its carboxyl segment ends
with the PDZ-binding motif TEL. The unique (U) regions located between the different domains
and segments of ZO-2 are numerated. The lines indicate the regions of ZO-2 that associate with
different molecules, including oncoproteins, cell junction proteins, tumor suppressors, kinases,
nuclear and transcription factors, and lipids

function as a scaffold that brings together multiple proteins at the TJ and the nucleus
and impacts diverse physiological processes.

This chapter describes how ZO-2 participates in establishing TJs in embryos and
cell cultures and how this relates to adherens junction (AJ) formation. We discuss
the signaling pathways involved and how phase separation of ZO proteins recruits
junctional proteins. We pay special attention to tissues in which the presence of
Z0-2 appears to be crucial for TJ sealing and where no other junctional protein can
fulfill its role. We also analyze the participation of ZO-2 on cell polarity and the
evidence of its interaction with lipids. ZO-2 is a protein that moves from the cyto-
plasm to the TJ and the nucleus. Hence, we will describe the numerous signals and
posttranslational modifications that regulate this intracellular traffic and the non-
canonical functions of the protein discovered as a consequence of ZO-2 presence at
the nucleus. In addition, we report unexpected alterations observed in epithelial
cells that do not express ZO-2 and the evidence for the proposal of ZO-2 as a poten-
tial tumor suppressor.

7Z.0-2 and Adherens Junction Formation

TJs do not form if AJ formation is blocked [2, 3]. However, new studies have
enriched this view suggesting that AJs also regulate TJ composition by modulating
the membrane lipid composition. This proposal is based on the observation that loss
of a-catenin alters the plasma membrane’s lipid composition, leading to claudin
endocytosis [4].
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Z0-2 also localizes in AJs in non-epithelial cells like fibroblast and the interca-
lated discs of cardiac muscle cells [5], and in cultured MDCK ZO-1/Z0-2 double
knock-out (dKO) cells, the localization of AJ proteins E-cadherin and afadin
becomes discontinuous and fragmented [6]. Likewise, in MDCK cells, ZO-2 silenc-
ing retards the arrival of E-cadherin to the plasma membrane triggered by a Ca?*-
switch [7], thus indicating that the assembly of the AJ also requires ZO proteins.

Z0-2 also associates with several AJ proteins, including o- [5] and B-catenin, and
proximity ligation assays (PLAs) show the interaction with -catenin at sites of cell-
cell contact in MDCK cells [8].

7.0-2 and Tight Junction Formation

Z0-2 in Tight Junction Formation in Cultured Cells

In renal epithelial MDCK cells, ZO-2 silencing delays the arrival of occludin to the
plasma membrane triggered by the transfer of monolayers from a medium with low
(LC, 1-5 pM) to normal calcium (NC, 1.8 mM), also known as Ca**-switch [7]. In
addition, the development of transepithelial electrical resistance (TER) is retarded
in ZO-2 KD cells, and these monolayers reach a much lower peak TER than paren-
tal cells. This effect is due to the lack of ZO-2, as ZO-2 re-expression reversed the
effect [9].

In epithelial cells in culture where the expression of both ZO-1 and ZO-2 was
knocked down (KD)/KO, like Eph4 ZO-1KO/ZO-2KD [10] or MDCK ZO-1/Z0-2
dKO cells [6], no TJ strands were detected by freeze-fracture replica electron
microscopy, unless the expression of one of these ZO proteins was restored. Hence,
it was concluded that ZO-1 and ZO-2 function as a platform for the polymerization
of claudins. Moreover, in ZO-1/Z0-2 dKO cells, ZO-3 and occludin delocalize
from the apical junctional region, while JAM-A and claudins distribute throughout
the apical and lateral membranes [6], highlighting the importance of ZO-1/Z0-2 for
tethering TJ proteins into a complex at the apicolateral region.

Close membrane apposition and kissing points at the TJ appear to determine the
paracellular permeability of two different pathways. Thus, the membrane apposi-
tion is proposed to act like a 60 A°-diameter sieve in the size-selective pathway that
blocks the transit of molecules larger than 4 kDa. In contrast, the TJ kissing points
constituted by claudins form the charge-selective small-pore pathway with an esti-
mated diameter of 4 A° that regulates ion conductance (for review, see [11]). In
Z0-1/Z0-2 dKO cells, the membrane appositions and kissing points at the upper-
most portion of the lateral membrane are lost, and the adjacent intercellular space is
widened [6] (Fig. 2a and b). The latter observation was also observed in MDCK
Z0-2 KD cells [7, 9] (Fig. 2¢). Interestingly, in claudin quintuple (quin) KO cells
(claudin-1, claudin-2, claudin-3, claudin-4, and claudin-7 KO) that lack TJ strands
and membrane kissing points, membrane appositions are still formed, but if JAM-A
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Fig. 2 Changes in membrane apposition and kissing points at the TJ and in the width of the inter-
cellular space below the TJ generated by the absence of different TJ proteins. (a) In epithelial cells,
close membrane apposition and kissing points that appear at the TJ restrict the passage of large
solutes and ions through the paracellular pathway. (b) The lack of ZO-1/Z0-2 blocks TJ strand
formation. No membrane appositions and kissing points are detected at the uppermost portion of
the lateral membrane, and the intercellular space is widened. Large solutes and ions flow through
the paracellular pathway. (¢) In ZO-2 KD cells, TJs are formed, but the intercellular space below
this region is wider than in parental cells. (d) TJ kissing points depend on the expression of both
Z0-1/Z0-2 and claudins. (e) Membrane apposition at the upper lateral membrane requires the
presence of both ZO-1/Z0-2 and JAM-A. Without claudins, ions can move through the paracel-
lular route

is simultaneously eliminated, the appositions are lost [6]. Altogether these observa-
tions suggest that membrane apposition at the upper lateral membrane requires the
presence of both ZO-1/Z0-2 and JAM-A, the TJ kissing points depend on the
expression of both ZO-1/Z0-2 and claudins (Fig. 2d and e).

Z0 proteins interact with both JAM-A and claudins. Immunoprecipitation exper-
iments revealed that JAM-A associates directly with ZO-2 and the latter to afadin,
[12], questioning previous results that support a direct interaction between afadin
and JAM-A [13]. In the case of claudins, the three ZO proteins bind via their first
PDZ domain to the C-terminal YV sequence of claudins 1-8 [14].

Recently, ZO proteins were reported to form condensed liquid-like compart-
ments due to phase separation [15]. These condensed membrane-attached compart-
ments that ZO proteins form become strongly enriched with TJ transmembrane
proteins occludin and claudin, the adaptor proteins afadin and cingulin (not in the
case of ZO-3), and signaling molecules including the transcription factor ZONAB
in the case of ZO-1. Hence, the early recruitment of ZO-1/Z0-2 at primordial adhe-
sion sites via AJ is proposed to allow these ZO proteins to reach a concentration
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above the threshold for phase separation. This phase change could allow the recruit-
ment of claudins and other TJ proteins into these compartments and subsequently
trigger the polymerization of claudins and TJ strand formation. It is, however, strik-
ing that these condensations of ZO proteins did not sequester JAM-A [15] since, as
stated above, the latter is the first TJ integral protein to be recruited to nascent TJ
sites (for review, see [16]).

Phase separation of ZO proteins is negatively regulated by phosphorylation [15],
which is noteworthy since we had previously found by two-dimensional phospho-
amino acid analysis that ZO-2 derived from cells with disassembled TJs, due to
treatment with the calcium chelator EGTA, is strongly phosphorylated in serine
residues in comparison to ZO-2 from cells with TJs in a steady state [17].

The middle segment of ZO proteins, containing the third PDZ, SH3, and GuK
regions (3PSG), constitutes a supra-domain needed to condensate ZO proteins into
liquid compartments. In contrast, the U6 segment located downstream of the GuK
domain inhibits this process [15]. ZO proteins switch between opened and closed
states, where the closed state is attained when the U6 region acts as a hinge that
folds back the C-terminus of ZO proteins on their N-terminal part and interacts with
the GuK domain. The open state allows ZO protein dimerization and subsequent
multimerization, leading to the phase transition [15]. In the case of ZO-1, the release
of the closed state was achieved through stretching by the contractile actomyosin
network [18]. In addition, actomyosin tension can trigger the movement of non-
junctional clusters of ZO-1 formed by phase separation toward the TJ in a process
mediated by direct actin binding of ZO-1 [19].

Z0-2 in Tight Junction Formation During Embryogenesis

The pivotal work by Fleming on early mammalian development revealed that once
the eight-cell embryo undergoes compaction due to the expression of E-cadherin,
TJ constituents assemble at the apicolateral portion of the membrane of adjacent
blastomeres (for review, see [16]). This process occurs in a 24-h period that goes
from embryo compaction to blastocoel cavitation, in a step-by-step manner divided
into 8-, 16-, and 32-cell stages. In compact eight-cell embryos, the process begins
with the arrival of the apical polarity complex Par-3/Par-6/atypical protein kinase C
(aPKC) and cdc4?2 to the apical membrane of blastomeres. Then, the small GTPase
Rab13 and ZO-1 isoform o~ assemble at the uppermost portion of the lateral mem-
brane. Next, at the 16-cell stage, cingulin and ZO-2 [20] assemble at this region,
until at the 32-cell stage, ZO-1a*, occludin, and claudins integrate, generating a
permeability seal between trophectoderm cells that allows the formation of the blas-
tocoel cavity. Until this late stage, proteins of the AJ and TJ no longer co-localize
and instead segregate into two distinct domains with their classical ultrastructural
morphology.

In mouse zygotes, maternal ZO-2 protein is present at the nuclei, but at the
16-cell stage, it is embryonic ZO-2, which assembles at blastomeres’ apicolateral



56 L. Gonzéilez-Mariscal et al.

junctions [20]. In the trophectoderm layer, ZO-2 silencing delays the formation of
the blastocoel cavity [20], but ZO-2 KO in mice embryos is lethal shortly after
implantation, as the embryos show a decreased proliferation at embryonic day 6.5
(E6.5) and increased apoptosis at E7 [21]. ZO-1 KO mice are not viable beyond
E11.5, exhibiting at E9.5 massive apoptosis in the notochord, neural tube area, and
allantois and an impaired formation of the vascular tree in the yolk sac [22]. While
Z0-3 KO mice display no obvious phenotype [21], ZO-3 silencing with morpholi-
nos in zebrafish embryos leads to edema, loss of blood circulation, tail fin malfor-
mations, increased permeability of the enveloping cell layer, and high sensitivity to
osmotic stress [23]. These observations suggest nonredundant roles of ZO proteins
in the developing embryos that can vary according to the species.

In the case of ZO-2 KO mice, embryonic lethality was later circumvented by
injecting ZO-2"2 embryonic stem cells into wild-type blastocysts to generate via-
ble ZO-2 chimeras. Thus, indicating that ZO-2 is crucial for the proper function of
the extra-embryonic tissue, but not for embryo development per se [24].

ZO-1 strongly stains the vessels in the parenchyma of the chorionic villi in
human term placentae, whereas ZO-2 is instead present at the syncytiotrophoblast
cell layer [25], suggesting that during embryogenesis, ZO-1 is crucial for placental
angiogenesis and ZO-2 participates in the sealing of the trophectoderm.

Z0-2 Subcellular Distribution

The subcellular distribution of ZO-2 is sensitive to extracellular calcium and cell
density. Thus, in cells cultured in LC, where TJs cannot assemble [26], ZO-2 is
present in low amounts at the cytoplasm and concentrated at the nucleus [27, 28].
Instead, in NC, confluent monolayers concentrate ZO-2 at the cell borders, whereas
sparse cultures also display a strong presence of nuclear ZO-2 [27].

At the TJ ZO-2 is associated with a complex array of proteins that includes the
integral TJ proteins occludin [5], JAM-A [12], and claudins [14], as well as the
peripheral TJ proteins ZO-1 [5, 29, 30] and cingulin [31]. At the cytoplasm, ZO-2
associates with 14-3-3 proteins [28]. These are small adaptor proteins that bind to
target proteins preventing their proteasomal degradation. Of the seven different
14-3-3 proteins found in mammals and commonly called isoforms, the a, vy, , 6,
and ¢ isoforms bind to ZO-2 [28, 32-34]. Canine and human ZO-2, respectively,
have 25 and 22 putative 14-3-3-binding sites with the consensus R[S/¢p][+]pSXP or
RX [S/$][+]pSXP (where pS is the phosphoserine that 14-3-3 proteins bind, ¢ is an
aromatic residue, + is a basic residue, and X is any type of residue, typically Leu,
Glu, Ala, and Met) [28]. The interaction between ZO-2 and 14-3-3 in the cytoplasm
is proposed to protect ZO-2 from degradation.

When the TJ is not formed due to the absence of extracellular calcium, ZO-2 is
unstable, with a half-life of 7 h compared to 19.7 h found in monolayers cultured in
NC media, and is constantly degraded in the proteasome [28]. However, in LC con-
dition, a portion of ZO-2 is protected from proteasomal degradation and preserved
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in the cytoplasm sequestered by 14-3-3. The U2 segment of ZO-2 localized between
PDZ-1 and PDZ-2 contains almost half of 14-3-3 binding motifs of ZO-2 and is
critical for the establishment of the ZO-2/14-3-3 complex. 14-3-3 inhibition with
BVO02 in LC cultured cells induces the appearance of ZO-2 at the cell borders, sug-
gesting that the detachment of ZO-2 from 14-3-3 promotes its recruitment to the TJ
[28]. Since the amount of ZO-2 at the membrane does not increase after BV02 treat-
ment, the dissociation of the 14-3-3/Z0-2 complex may allow ZO-2 to polymerize
at the cell border, making feasible its detection by immunofluorescence [28].

The use of quantitative microscopy in MDCK cells with endogenous ZO pro-
teins containing amino-terminal insertions of a fluorescent tag revealed that ZO-2
has an average cytoplasmic concentration of 0.27 uM and an estimated junctional
concentration of 5.8 pM, whereas ZO-1 is 2.5-fold and sevenfold more abundant
than ZO-2 in the cytoplasm and TJs, respectively [15]. In addition, fluorescence
correlation spectroscopy revealed that in the cytoplasm, 20% of the total ZO-2 frac-
tion corresponds to monomers with a fast diffusion, while the rest conform to a
slower component of oligomers with an average stoichiometry 1.5 [15].

Z0-2 is 22-fold more concentrated in the TJ than in the cytoplasm of confluent
MDCK cells. However, junctional ZO-2 is rapidly exchanged with the cytoplasmic
pool, as fluorescence recovery after photobleaching shows a t,, of 126 s, slightly
faster than the 161 s observed for ZO-1 [15]. Moreover, it was estimated that
69 + 5% of TJ-associated ZO-1 is available for exchange with intracellular pools,
explaining why fluorescence recovery occurs at similar rates at the center and edges
of a bleached cell border [35]. Instead, occludin fluorescent recovery begins at the
edges, indicating that this protein moves by diffusion within the membrane [35].
Accordingly, fluorescence recovery of occludin is sensitive to changes in membrane
fluidity induced by low temperature and cholesterol depletion, whereas ZO-1 is not
and only responds to ATP depletion [35].

Signaling Pathway Leading to ZO-2 Assembly at Tight Junctions

Since four decades ago, the pioneering work of Cereijido demonstrated the crucial
requirement of extracellular Ca?* for TJ formation, showing that Ca?* removal with
chelators and its restoration, respectively, opened and resealed the TJ in confluent
monolayers of epithelial cells [36-38]. When cells are switched from the LC to NC
condition, intracellular calcium increases [39]; however, TJ sealing does not depend
on this increase, as incubation with La** [39], or the calcium channel blocker vera-
pamil [40], which inhibit Ca*" influx during the Ca®*-switch, does not impair TJ
formation and sealing. Hence, these observations suggested that Ca’* triggers TJ
formation by binding to a receptor in the membrane that subsequently initiates a
signaling cascade in the cytoplasm.

E-cadherin was first considered as the putative Ca?* membrane receptor [40] due
to two main observations: first, that TJ assembly requires the initial formation of
AlJs [2, 3] and, second, that the five extracellular repeats of E-cadherin, the integral



58 L. Gonzéilez-Mariscal et al.

protein of the AJs, need to bind Ca* ions (for review, see [41]) to form a rigid struc-
ture that permits the establishment of a stable cell-cell adhesion through the forma-
tion of cis and trans dimers [42]. However, the discovery that the activation of the
G-protein-coupled Ca**-sensing receptor (CaSR) with agonists (e.g., neomycin,
Gd**, and R568) induces the appearance of ZO-1 [43], ZO-2 [28], and occludin [43]
at the cell borders of MDCK cells cultured in LC uncovered the existence of a more
complex signaling pathway for TJ assembly. This observation also validated three
decade-old studies showing the involvement of G-protein signaling in TJ assembly
[44, 45].

Activation of the CaSR appears to be crucial for developing the permeability
barriers as the over-expression of this receptor in the undifferentiated cells of the
epidermis accelerates differentiation and the expression of claudin-6, claudin-11,
and claudin-18 [46]. CaSR silencing downregulates claudin-14 expression in the
thick ascending limb in the kidney, triggering hypercalcemia [47], as claudin-14
physically blocks the establishment of the paracellular cation channel made of clau-
din-16 and claudin-19 [48]. In this model, CaSR regulates the expression of clau-
din-14 by modulating the expression of two microRNA molecules that induce
mRNA decay and translational repression of claudin-14 [48].

Instead, in MDCK cells, CaSR activation triggers the arrival of ZO-2 to the cell
border by a downstream signaling pathway involving the G-protein o, subunit that
induces the activation of novel (n) PKCe, which phosphorylates ZO-2 and activates
with no lysine kinase-4 (WNK4). This kinase binds and phosphorylates ZO-2, lead-
ing to its movement to the cell borders and dissociation from 14-3-3 [28]. At the
membrane, ZO-2 polymerizes in newly formed TJs. At the same time, molecules of
Z0-2 that cannot integrate into the junction are retrieved by endocytosis and
degraded in the lysosome [28] (Fig. 3).

In isolated inner cell masses from murine embryos, PKC activation also pro-
moted ZO-2 delivery to the cell borders [49]. However, in this model, the effect
appeared to be mediated by nPKC3.

Another kinase involved in TJ assembly triggered by extracellular calcium is
AMP-activated protein kinase (AMPK). This kinase that senses energy status in
eukaryotic cells is activated by elevated AMP/ATP ratios [50]. During a Ca**-switch,
AMPK is activated, and in cells cultured in LC, AMPK activation with AICAR
(5-aminoimidazole-4-carboxamide riboside), a nucleoside that converts to a nucleo-
tide that mimics AMP [51] [52], triggers the appearance of ZO-1 [50] and ZO-2 [28]
at the cell borders. The defects in TJ assembly observed in cells expressing a
dominant-negative AMPK are partially rescued by mTOR inhibition with rapamy-
cin, suggesting that mTOR is an upstream regulator or this pathway [50]. This
observation is noteworthy because in MDCK ZO-2 KD cells signaling through the
AKT/mTOR/S6K pathway is increased, thus suggesting that ZO-2 negatively regu-
lates the repressive effect of mTOR on TJ assembly mediated by AMPK.

In human placental BeWo cells, long-term treatment with forskolin triggers TJ
formation through AMPK activation mediated by LKB1-dependent phosphoryla-
tion [53]. In intestinal epithelial cells, polarization is achieved even in the absence
of cell-cell contacts, through the activation of LKB1 mediated by the specific
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Fig. 3 NLS, NES, SR repeats, and posttranslational modifications, including phosphorylation,
SUMOylation, and O-GlcNAcylation, regulate the intracellular traffic of ZO-2. In proliferating
cells, activation of EGFR triggers a signaling cascade that leads to the phosphorylation by SRPK1
of SR repeats in ZO-2. In particular, the presence of S261 in bpNLS?2 is required for the interaction
between ZO-2 and 14-3-3 that facilitates the nuclear importation of ZO-2. ZO-2 nuclear exporta-
tion requires four intact NES, the phosphorylation of S369 in NES 1 by nPKCe, the O-GlcNAcylation
of S257 located in bpNLS2, and the SUMOylation of K730. The presence of extracellular Ca**
activates the CaSR, which signals through o, and PLC to activate nPKCe that phosphorylates
cytoplasmic ZO-2 and WNK4. The latter also phosphorylates ZO-2 allowing it to separate from
14-3-3 and integrate at the plasma membrane to TJs. There, aPKCC phosphorylates S257 as the
TJ matures

adaptor protein STRAD [54]. Hence, it appears that the AMPK signaling is involved
in both TJ assembly and cell polarization.

Although PKC stimulates adenylyl cyclase activity [55, 56], and activation of the
latter with forskolin induces AMPK activation [53], the appearance of ZO-2 at the
border of cells cultured in LC triggered by CaSR/PKC signaling does not require
the indirect activation of AMPK [28]. However, cells cultured in NC might assem-
ble ZO-2 at the TJ by activation of both the CaSR/Ga,;;/nPKCe/WNK4 pathway
and AMPK signaling triggered by LKB1 and adenylyl cyclase activation.
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7Z.0-2 Impact on Epithelial Polarity
and Three-Dimensional Organization

One of the canonical functions of TJs is their role as a fence that blocks that free
diffusion of proteins within the membrane, from the apical to the basolateral surface
and vice versa [57]. This way, the TJ maintains a polarized distribution of receptors,
channels, pumps, and transporters, between the apical surface in contact with the
content of cavities and ducts in the body and the basolateral membrane that faces the
internal environment of the organism, allowing, in consequence, a vectorial trans-
port across epithelial cell layers.

The view of TJs as critical players on membrane polarization is reinforced by
observing that claudin-4 reconstitution into giant unilamellar vesicles by microflu-
idic jetting generates adhesive membrane interfaces sufficient to drive the partition-
ing of extracellular membrane proteins [58]. However, some years ago, it was
surprisingly found that single intestinal epithelial cells display a polarized distribu-
tion of apical and basolateral markers upon activation of the serine/threonine kinase
LKB1, which induced the precise localization of ZO-1 in a dotted circle peripheral
to the apical brush border [54]. This observation raised the question of the role of
Z0 proteins in cell polarization.

In MDCK cells, ZO-1 is necessary for the formation of polarized cysts with
single lumens in three-dimensional (3-D) cultures [59, 60], and in particular, the
interaction of occludin with the US-GUK domain of ZO-1 is crucial to avoid the
formation of multiple lumens [60]. Likewise, MDCK ZO-2 KD and ZO-1/Z0O-2
dKO cell cysts developed in 3-D cultures display an altered membrane polarity [6,
7] and multiple lumens [6, 9] (Fig. 4). Since ZO-2 heterodimerization with ZO-1
promotes the stretched conformation of the latter that exposes the US-GUK domain
to its ligands [18], it is possible that the absence of a single lumen in cysts of cells
lacking ZO-2 appears as a result of a folded conformation of ZO-1 that cannot allow
the interaction with occludin. These changes in polarity and lumen formation are
not present in claudin quintuple KO cells, indicating that ZO-1/Z0O-2 regulates epi-
thelial polarity and 3-D cytoarchitecture in a manner independent of TJ strand for-
mation [6].

In MDCK cells, the formation of cysts with multiple lumens also happens upon
transfection with a ZO-2 S257E phosphomimetic mutation or the substitution of
this residue by alanine (S257A) [61] (Fig. 4). The phosphorylation of this residue by
aPKCC occurs at the plasma membrane and develops as TJs mature, suggesting that
this residue might be critical for the interaction of ZO-2 with other TJ proteins also
involved in 3-D organization of epithelial cells [61].



Intracellular Traffic and Non-canonical Roles of ZO-2 Protein 61

2135

6

Claudins

i

E-cadherin

Na-K ATPase
al subunit

70-2

Z0-2 KD
Z0O-1/Z0-2 dKO
Z.0-2 S257A/E

Fig. 4 Z0O-1 KO, ZO-2 silencing, ZO-1/Z0-2 dKO, and ZO-2 mutation S257A/E alter the three-
dimensional organization of epithelial cells. Epithelial cells, with a regular expression of ZO-1 and
Z0-2, form cysts with a single lumen and a polarized epithelial membrane when grown on colla-
gen or Matrigel. Instead, ZO-1 KO cells, ZO-2 KD cells, ZO-1/Z0-2 dKO cells, and cells express-
ing ZO-2 mutation S257A/E display a deficient polarization of membrane markers like E-cadherin
and Na-K-ATPas e al subunit and exhibit multiple or non-expanding lumens

7.0-2 and Lipids

The observation that membrane lipids present in the exoplasmic leaflet of the mem-
brane cannot move from the apical to the basolateral membrane when TJ’s seal gave
rise to the fence concept for proteins and lipids [62]. To explain this fence, a TJ lipid
microdomain model proposed the formation of a lipid microdomain with an asym-
metric organization between the exoplasmic and cytoplasmic membrane leaflets,
induced by clustering of TJ membrane proteins [11].

Observations that highlight the importance of lipids for TJ assembly and stability
include the following:

1. Sphingomyelin with long-chain fatty acids and cholesterol is enriched in the
membrane fraction containing TJs [4].

2. Occludin and ZO-1 are present in lipid microdomains rich in cholesterol, from
which they dissociate upon TJ disassembly by calcium chelation [63].

3. TJ sealing is altered by changes in the lipid composition of the cell. Thus,
removal of cholesterol from the membrane triggers occludin phosphorylation
[64], reduces TER [65], augments paracellular permeability [65], and diminishes
occludin and ZO-1 staining at TJs [65]. In addition, cholesterol presence is
essential for retaining claudins in the plasma membrane and the formation of TJs
[4]. Also, a substantial reduction in very-long-chain ceramides that co-localize
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with TJ complexes [66] increases intestinal permeability and triggers loss of
Z0-1 in colon epithelium [67].

4. The palmitoylation of claudins [68] and JAM-C [69] promotes their loca-
tion at TJs.

Moreover, multiple adaptor proteins of the TJ proteins like ZOs, PALS1, MAGIs,
MUPP1 PAT]J, Par-3, and Par-6 contain PDZ domains [70] that through their inter-
action with phosphoinositides (PIs), can function as lipid-binding modules (for
review, see [71]). In ZO-1 and ZO-2, the second PDZ domain that binds lipids and
forms a domain-swapping dimer displays a minor degree of specificity for PI: PI
(3,4)P, over PI (3,4,5)P;, PI (4,5)P,, and PI (3,5)P, [72]. In ZO-1-PDZ-2 residues,
K253, R201, R251, and K246 are involved in binding to the PI head group, whereas
R193 and R194 also contribute but with non-specific electrostatic interactions [72].
Although ZO-1 and ZO-2 co-localize with membrane-bound PI (4,5)P,, mutations
of their abovementioned lipid-binding sites do not block their concentration at the
plasma membrane, indicating that targeting of ZO-1 and ZO-2 to the cell border is
not driven by lipid-mediated interactions [72].

At the nucleus, ZO-2 concentrates in nuclear speckles [27], where it co-localizes
with PI (4,5)P, [72]. There, ZO-2 works as a scaffold for PIs since they disperse
upon ZO-2 depletion [72].

Nuclear ZO-2

In 1996, ZO-1 was found at the nuclei of sparse epithelial cells in culture [73].
Although this observation has lately been questioned (for review, see [74]), it raised
the interest to explore if other adaptor proteins of the TJ displayed the same behav-
ior. In silico analysis revealed that the DNA sequences of ZO-1, ZO-2, and ZO-3;
PALS1; MAGI-1, MAGI-2, and MAGI-3; Par-6; cingulin; symplekin; and ubinu-
clein contain both nuclear localization and exportation signals (NLS, NES) [75],
thus suggesting that TJ adaptor proteins move between the nucleus and the plasma
membrane.

Z0-2 presence at the nuclei is inversely related to the degree of cell-cell contact,
as Z0-2 accumulated in the nuclei of cells in sparse cultures or present at the border
of an inflicted wound [27] (Fig. 5). In addition, ZO-2 relocates to the nucleus fol-
lowing chemical stress with CdCl, and heat shock (42°C) [76] (Fig. 5). Likewise,
E6 oncoprotein from high-risk human papillomavirus-16 (hrHPV-16) delocalizes
Z0-2 from the TJ and triggers its accumulation at the nuclei and cytoplasm [77]
(Fig. 5). This effect might contribute to cancer development since the forced con-
centration of ZO-2 at the nuclei due to the addition of SV40 NLS increases cell
proliferation and the expression of M2 type of pyruvate kinase (M2-PK), a key
enzyme of the glycolytic pathway associated with various cancers and malignancy
degree [78].
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Fig. 5 Different conditions induce the nuclear accumulation of ZO-2. ZO-2 is abundant at the
nucleus in sparse cultures, in monolayers incubated in LC (low calcium) condition, in cultures
subjected to stress by treatment with CdCl, or heat shock, and in the presence of the oncogenic
protein E6 from hrHPV

Treatment of epithelial cells with mimosine, which blocks cell cycle progression
at the late G1 phase, or with nocodazole that arrests the cell cycle at the beginning
of mitosis revealed that ZO-2 enters the nucleus at the late stages of G1 and departs
at mitosis, thus explaining why in quiescent cells the nuclei are devoid of ZO-2,
whereas cells in proliferation display a strong ZO-2 signal at the nucleus [79].

Upon ZO-2 transfection into MDCK cells cultured in NC, around 80% of the
cells express the protein at the nucleus at the earliest times after transfection, but
this percentage diminishes with time as the monolayer becomes confluent [80]. This
initial arrival of ZO-2 to the nucleus only takes place in sparse cultures. In confluent
monolayers, instead, blocking the nuclear exportation of ZO-2 does not induce the
nuclear accumulation of the protein, indicating that only in sparse cultures ZO-2
travels to the nucleus [61].

A nuclear microinjection assay, in which the nucleus served as a container of
anti-Z0O-2 antibody, further showed that endogenous newly synthesized ZO-2 goes
first to the nucleus and then travels to the plasma membrane [80]. Interestingly, of
all the newly synthesized ZO-2, a much higher amount reaches the nucleus than
eventually the plasma membrane, making the nucleus a cellular reservoir of
Z0-2 [80].

Z0-2 is present in the nuclear matrix in association with lamin B1 [81]. In the
nuclear speckles, ZO-2 co-localizes with SAF-B [76] that organizes chromatin [82]
and acts as a transcriptional repressor (for review, see [83]) and SC-35 involved in
alternative processing of pre-mRNA [27]. These interactions suggest that ZO-2 is a
protein of the transcriptosome involved in a process that couples the organization of
chromatin, transcription, and RNA processing (Fig. 6).
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nucleus cytoplasm

Fig. 6 ZO-2 is a protein of the transcriptosome. At the nucleus, ZO-2 is present in speckles where
it associates with SAF-B, an organizer of chromatin and transcriptional repressor; histone deacety-
lase (HDAC); SC-35, a critical factor in the alternative processing of pre-mRNA; and transcription
factors like c-Myc, suggesting its participation in a process that involves chromatin organization,
gene transcription, and RNA processing

NLS, NES, and SR Repeats in ZO-2 and Their
Post-Transcriptional Regulation

NLSs are present in ZO-2 DNA sequences derived from humans, dogs, mice, and
chickens, whereas NESs are present in all these sequences except for humans [75].
Canine ZO-2 sequence exhibits four NESs, 2 at the PDZ-2 domain and the other 2
at the GuK domain [84], whereas the U2 segment displays 2 bipartite (bp) and a
monopartite NLS and 16 serine-arginine (SR) repeats that localize the protein to the
nuclear speckles [61] (Fig. 7). These signals were tested following the intracellular
movement of reporter protein ovalbumin chemically coupled to peptides homolo-
gous to the NES [81, 84]/NLS [61] of ZO-2 upon microinjection into the nucleus/
cytoplasm of epithelial cells. The nuclear export assay revealed the functionality of
each NES of ZO-2. However, transfection of cells with ZO-2 carrying a single
mutated NES blocked an efficient ZO-2 nuclear exportation, indicating that the
presence of the four intact NESs in ZO-2 is required to move ZO-2 out of the
nucleus [84]. In addition, the nuclear export assay showed that ZO-2 NES-1 required
a phosphomimetic mutation in S369 to be functional [84]. Accordingly, further
studies revealed that the departure of ZO-2 from the nucleus needed the phosphory-
lation of S369 by nPKCe [80] (Fig. 3).
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Fig.7 Schematic representation of ZO-2 indicating the location of NLS, NES, and SR repeats and
mutations that lead to liver damage and hearing loss. h, human; c, canine; bp, bipartite; mp,
monopartite; PFIC-4, progressive familial intrahepatic cholestasis type 4; *, mutation present only
in hZO-2 isoform 3

In ZO-2, the SUMOylation of K730 located a few residues upstream of NES-2 in
the GuK domain regulates the nuclear exportation of the protein [8]. Mutation of
this site to arginine results in a prolonged nuclear localization of ZO-2 as the cell
culture becomes confluent, while transfected ZO-2 constitutively SUMOylated
localized in the cytoplasm, suggesting that ZO-2 SUMOylation happens in the
nucleus and promotes the exportation of the protein [8] (Fig. 3).

A nuclear importation assay with reporter protein ovalbumin revealed that while
the bpNLS-1 of ZO-2 was functional, bpNLS-2 was not [61]. Further analysis
showed that phosphomimetic mutations in ZO-2 serine residues 257, 259, and 261,
present within a cluster of three arginine residues in the carboxyl part of bpNLS-2,
delayed the nuclear importation of the protein. This observation suggested that
bpNLS-2 is functional, but its positive charges were neutralized in the nuclear
importation assay by the phosphorylation of serine residues 257, 259, and 261,
which are putative PKC phosphorylation sites [61]. It is noteworthy that ZO-2 S261
present in bpNLS-2 is also a crucial binding site for 14-3-3, required for the effi-
cient importation of the ZO-2/14-3-3 complex into the nucleus [28] (Fig. 3). S257
is also an interesting residue, as a Yin-Yang site that can be competitive and alterna-
tively occupied by an O-phosphate and an O-GlcNAc. ZO-2 S257 is phosphorylated
by aPKCC, whereas the O-GlcNAcylation of ZO-2 at the nucleus triggers the nuclear
exportation of the protein (Fig. 3). However, a treatment that inhibits an enzyme that
removes O-GIcNAc from proteins induces ZO-2 proteasomal degradation in the
cytoplasm [61].

The cluster of SR repeats observed in ZO-2 is also present in SR proteins that
function as splicing factors [85], where the kinases SRPK phosphorylate the SR
motifs (for review, see [85]). ZO-2 has in its U2 segment an SRPK1 docking motif
and in the cytoplasm associates with SRPK1 [61]. Moreover, over-expression of
SRPK1 induces hyperphosphorylation of ZO-2 and triggers the latter’s movement
into the nucleus in sparse cultures but not in confluent monolayers. In the former,
epidermal growth factor (EGF) induces ZO-2 nuclear importation by inducing a
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signaling cascade that, through AKT, triggers the activation of SRPK1, which pro-
motes the serine phosphorylation of ZO-2 and its concentration in nuclear speckles
[61]. In ZO-2 bpNLS1, S261, present in an SR repeat, is critical for 14-3-3 interac-
tion and the nuclear importation of ZO-2 [28]. Therefore, the signaling cascade
triggered by EGF that leads to ZO-2 nuclear importation might include the phos-
phorylation of S261 by SRPK1 (Fig. 3).

Z0-2 as a Regulator of Gene Transcription

The presence of ZO-2 in nuclear speckles, in association with proteins of the tran-
scriptosome, posed the query of the possible participation of ZO-2 in gene tran-
scription through its interaction with transcription factors [27]. Employing various
assays, including pull-downs, gel-shifts, co-localizations, and immunoprecipita-
tions, the nuclear association of ZO-2 with Jun, Fos, and C/EBP (CCAAT/enhancer-
binding protein) transcription factors was discovered [86]. Unexpectedly, these
studies also revealed that at the plasma membrane, these transcription factors also
interacted with ZO-2 [86].

Previously, ZO-1 sequestration of the Y box transcription factor ZONAB/DbpA
at the TJ was proposed as a mechanism to regulate its nuclear content [§7]. However,
this was questioned when the SH3 domain of ZO-1, but not full-length ZO-1, inter-
acted with ZONAB/DbpA [88]. This apparent inability of in vitro-translated ZO-1
to bind ZONAB/DbpA might nevertheless be explained by a lack of intermolecular
interactions that lead ZO-1 to acquire a closed conformation that limits the access
of ZONAB/DbpA to the central GUK-SH3 module of ZO-1 (for review, see [89]).
Accordingly, it has been shown that ZO-1 heterodimerization with ZO-2 promotes
the stretched conformation of ZO-1 that allows its interaction with ZONAB/DbpA,
whereas loss of either actin filament organization or myosin activity in cells that
lack ZO-2 results in a folded conformation of ZO-1 where the GUK-SH3 module
cannot associate with ZONAB/DbpA [18]. Since junctional ZONAB/DbpA dimin-
ishes by the depletion of both ZO-1 and ZO-2, and proteasomal inhibition reverts
this effect [88], it appears that ZO proteins can regulate gene transcription by pro-
viding junctional retention and stability of transcription factors.

7.0-2 Regulation of AP-1 Sites

Z0-2 inhibits gene transcription of artificial promoters regulated by AP-1 sites [86].
However, when the human cyclin D1 (CD1) promoter was tested in a reporter gene
assay, ZO-2 blocked gene transcription but not by interaction with the AP-1 site but
by association with transcription factor c-Myc that interacted with an E-box present
in CD1 promoter and through the recruitment of histone deacetylase 1 [90]. The
inhibitory activity of ZO-2 on CD1 transcription and protein expression is blocked
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by the over-expression ZASP, a speckle protein that, through its PDZ-binding motif,
associates with the PDZ-3 domain of ZO-2 [91] (Fig. 6).

7.0-2 Regulation of -Catenin/TCF Signaling

Z0-2 over-expression diminishes the endogenous mRNA for Axin-2, a target of the
WNT pathway [79]. Accordingly, ZO-2 represses gene transcription regulated by
[-catenin/TCF-4 signaling in reporter gene assays using both the artificial TOPflash/
FOPflash promoter system and the promoter for Siamois, another WNT target [79].
Consequently, in ZO-2 KD cells, the transcriptional activity of TOPflash/FOPflash
system is much higher than in parental cells [92]. The nuclear presence of ZO-2 is
critical for gene repression, as a construct mimicking the constitutive SUMOylation
of ZO-2 that concentrates in the cytoplasm exerts no effect. In contrast, a ZO-2
construct that concentrates in the nucleus due to the addition of a viral NLS com-
pletely inhibits f-catenin/TCF-4-mediated transcription [8]. Surprisingly, these
effects can also be observed using a TCF/LEF construct with a deleted -catenin-
binding site, thus suggesting that ZO-2 can also mediate transcriptional repression
regulated by TCF in a manner independent of f-catenin [8]. However, since ZO-2
and f-catenin form a complex [8], it is tempting to speculate that their interaction
might somehow serve to induce transcriptional repression when the TCF/LEF con-
struct with a deleted p-catenin-binding site was employed.

The ZO-2 effect was also tested in vivo in a murine model of podocyte dysfunc-
tion induced by the antibiotic Adriamycin (ADR) that activates the WNT signaling
pathway. ZO-2 over-expression, by hydrodynamic transfection, reversed in the
glomerulus the effects of ADR, including the decrease in phosphorylated p-catenin
and nephrin content and the increase in snail transcription factor and restrained
podocyte effacement and proteinuria. It is, however, not known how much of these
effects were due to ZO-2 inhibition of gene transcription regulated by p-catenin/
TCF signaling or by ZO-2 blockade of the inhibitory phosphorylation of
GSK-3p [93].

Z0-2 and Transcription Regulated by YAP Coactivator
and Transcription Factors TEAD and RUNX2

Transcriptional enhanced associate domain (TEAD) transcription factors that play
an important role in tumor progression, metastasis, cancer metabolism, and drug
resistance (for review, see [94]) employ Yes-associated protein (YAP), the final
effector of the Hippo pathway, as a coactivator. Since YAP concentrates at the nuclei
of ZO-2 KD cells, it became of interest to study the impact of the absence of ZO-2
on transcription by a reporter regulated by artificial TEAD-binding sites and on the
promoter of the connective tissue growth factor (CTGF), a direct target gene of
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YAP/TEAD. Results revealed a higher transcriptional activity of these promoters in
parental than ZO-2 KD cells and showed that ZO-2 transfection blocked the activity
of these promoters in both parental and ZO-2 KD cells [92].

Z0-2 also has an inhibitory effect on the reporter gene assay of the osteocalcin
gene, regulated by YAP2 and runt-related transcription factor 2 (RUNX2) [95]. The
latter binds DNA at a consensus RUNX motif and acts as a transcriptional activator
or repressor depending on additional binding factors and posttranslational modifica-
tions (for review, see [96]). Altered expression of RUNX?2 associates with osteosar-
coma development and breast and prostate bone metastasis (for review, see [96]).

Z0-2 as a Translocator of Proteins to the Nucleus

Z0-2 is an adaptor protein with multiple protein-protein interaction domains. This
characteristic has allowed ZO-2 to act as a platform capable of translocating to the
nucleus, the AJ protein ARVCF (armadillo repeat gene deleted in velo-cardio-facial
syndrome), the transcriptional coactivator YAP2, one of the three isoforms of YAP,
and the transcription factor TEAD (Fig. 8).

ARVCE, which binds to ZO-1 and E-cadherin at the plasma membrane, localizes
to the nucleus upon disruption of cell-cell adhesion. Nuclear localization of ARVCF
requires the interaction with ZO-2 between ARVCF PDZ-binding motif and the
amino segment of ZO-2 and relies on the NLS of ZO-2, thus indicating that ARVCF

70-2

3

7.0-2
@
S369
ES

Nucleus

Fig. 8 ZO-2 acts as a translocator of proteins to the nucleus. The interaction between the PDZ-
binding motifs (PDZ-BM) of ARVCF and YAP2 to ZO-2 PDZ domains allows ARVCF and YAP2
to enter the nucleus. ZO-2 and the transcription factor TEAD associate with the cytoplasm. This
interaction, negatively regulated by nPKC9, favors their nuclear importation as a TEAD/ZO-2
complex. Activation of ZO-2 NES-1 by nPKCe phosphorylation of S369 favors the nuclear expor-
tation of TEAD
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enters the nucleus through a piggyback mechanism with ZO-2 [97]. A similar situ-
ation is found with YAP2, which through its C-terminus PDZ-binding motif, associ-
ates with the PDZ-1 domain of ZO-2 [95]. ZO-2 over-expression induces YAP2
nuclear localization and requires the presence of the U2 segment containing the
NLS of ZO-2 [95].

The subcellular localization of TEAD regulates its transcriptional activity. Thus,
environmental factors, including osmotic stress, high cell density, and cell suspen-
sion, induce the cytoplasmic translocation of TEAD [98]. Likewise, ZO-2 modu-
lates the localization of TEAD in epithelial cells [99]. Inhibition of nPKC3 induces
Z0-2 and TEAD interaction in the cytoplasm, which allows their importation into
the nucleus as a complex. Instead, the activation of ZO-2 NES-1 by nPKCe phos-
phorylation promotes TEAD nuclear exportation (Fig. 8). These observations pro-
vide a novel mechanism through which ZO-2 regulates YAP/TEAD-mediated
transcription.

7.0-2 as a Regulator of Cell Size

An unexpected outcome of ZO-2 silencing in epithelial MDCK cells was finding
that most cells displayed a diameter of 55-60 pm instead of the 3540 pm regularly
present in parental cells [92]. This change of cell size was not the result of an off-
target effect of ShRNAs, as ZO-2 transfection to ZO-2 KD cells restored regular cell
size. The 52% higher protein/DNA ratio observed in ZO-2 KD cells, in comparison
to parental cells, suggested that cells were experimenting an increase in physical
growth in the early G1 phase of the cell cycle, without a subsequent entry into the S
phase, and in effect, ZO-2 KD cells moved into the S phase at a slower pace. This
slow transition into the S phase might reflect an imbalance between CD1 and cyclin
E, as the lack of ZO-2 increases the cellular content of CD1 [92].

A second mechanism involved in developing hypertrophy in cells lacking ZO-2
involves the decrease in YAP phosphorylation and its nuclear concentration and
activity, promoting the transcription of the catalytic subunit of PI3K and the expres-
sion of miR-29 that inhibits the translation of PTEN phosphatase [92]. Together,
these changes generate an increase in PIP; and the subsequent activation of the
AKT/mTORCI1/S6K1 signaling pathway, leading to increased protein synthesis and
cell hypertrophy.

Interestingly, in compensatory renal hypertrophy, where a uninephrectomy trig-
gers an increase in size in the remaining kidney, cells in the proximal tubule aug-
ment their size, decrease ZO-2 expression, and increase the nuclear content of YAP
[92]. These observations confirm ZO-2 role as a cell size modulator by inhibiting
YAP translocation to the nucleus, which leads to the activation of the AKT/
mTORC1/S6K1 signaling pathway.
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Tissues Where Z0-2 Plays Crucial Roles at Tight Junctions

Z0-2 at the Testis

Z0-2""") embryonic stem cell injection into wild-type blastocysts generated viable
chimeric mice [24]. However, adult chimeric males displayed reduced fertility with
seminiferous tubules of smaller diameter that sometimes lacked spermatogenesis.
The analysis of the blood-testis barrier (BTB) proteins in the chimeras revealed that
Z0-1,7Z0-3, claudin-11, and occludin were not affected. Likewise, ZO-1 and occlu-
din maintained the expected localization at the basal section of the tubules, while
claudin-11 staining spread into the adluminal region. In the ZO-2 chimeras, the
paracellular marker lanthanum diffused into the adluminal space between Sertoli
cells, indicating a compromised BTB [24]. Hence, these observations indicated that
Z0-2 plays a unique role in the adult testis that other TJ proteins cannot replace.

Methamidophos is an organophosphate pesticide extensively used in agriculture
in numerous countries, diminishing fertility in male human field workers [100]. In
mice, treatment with methamidophos opens the BTB and perturbs spermatogenesis
[101]. Mass spectrometry revealed that methamidophos forms covalent bonds with
Z0-2 present in seminiferous tubules. These modifications formed in lysine resi-
dues might affect the acetylation and ubiquitination of ZO-2, whereas adducts
formed in serine, threonine, and tyrosine residues could impact ZO-2 signaling nor-
mally triggered by phosphorylation. Accordingly, methamidophos treatment
reduced the interaction of ZO-2 and occludin in the testis. Likewise, the TER dimin-
ished in MDCK cells transfected with ZO-2 lacking a methamidophos target resi-
due, which is also a ubiquitination site [101].

Z0-2 at the Liver

The crucial role of ZO-2 in the liver was first hinted by the presence of a familial
hypercholanemia, characterized by a high concentration of bile acids in serum, itch-
ing, and fat malabsorption, in a group of Amish people with mutation V48A in the
TJP2 gene that encodes Z0O-2 [102] (Fig. 7). This mutation reduced the stability of
the ZO-2 PDZ-1 domain and, when tested in vitro, diminished binding of ZO-2
PDZ-1 module to C-terminal PDZ-binding motifs of claudins [102]. These observa-
tions suggest that V48A substitution blocked the proper function of ZO-2, allowing
liver TJs to leak bile acids from the canalicular lumens into plasma.

Progressive familial intrahepatic cholestasis (PFIC) was known to be the result
of mutations in genes encoding proteins involved in bile formation [103]. Thus, type
1 PFIC is due to mutations in ATP8BI that encodes the aminophospholipid flippase
FIC1; type 2 to mutations in ABCBI1, which encodes the bile salt export pump
(BSEP); and type 3 to mutations in ABCB4 coding for the multidrug resistance
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P-glycoprotein MDR3. Now, mutations in 7/P2 are recognized as the cause of PFIC
classified as type 4.

A study of adults with cryptogenic cholestasis found three mutations in 7JP2
characterized as highly pathogenic, according to an in silico analysis that evaluates
their influence on the structure and function of the protein [85]. These mutations
identified as T62M, R322W, and I875T localized in PDZ-1, PDZ-2, and GuK
domains of ZO-2 (Fig. 7). In a teenager with type 4 PFIC, the additional compound
heterozygous L822P mutation in ZO-2 was reported [104] (Fig. 7). Likewise, in a
consanguineous family where both parents carry the heterozygous 7JP2 variant
3334C > T that likely induces nonsense-mediated decay and degradation of ZO-2,
the state of their adult children was analyzed [105]. Of five siblings with the variant
in a homozygous state, two had cirrhosis and hepatocellular carcinoma (HCC), and
three others only displayed elevated liver enzymes without cirrhosis. In addition,
five sisters had intrahepatic cholestasis of pregnancy that was severe or mild accord-
ing to their homozygous and heterozygous states, respectively [105]. This
pregnancy-specific liver disease, characterized by pruritus, hepatic impairment, and
elevated serum bile acids, can give rise to adverse pregnancy outcomes, including
preterm labor, prolonged neonatal intensive care, and third-trimester intrauterine
death [106]. Other heterozygous mutations in 7JP2 (T62M and T626S) have also
been observed in other patients with intrahepatic cholestasis of pregnancy [106]
(Fig. 7).

Homozygous [103, 107, 108] and compound heterozygous [109, 110] mutations
in TJP2 that alter the reading frame and generate premature terminator codons are
present in children with severe PFIC that in some cases has led to HCC requiring
early liver transplantation [108, 109]. A substantial reduction in the 7JP2 mRNA
level by nonsense-mediated mRNA decay (NMD) and no ZO-2 expression was
found in these livers. Instead, claudin-1 was expressed but failed to localize at the
TJ region, whereas claudin-2 displayed a standard pericanalicular staining [103,
107]. The lack of ZO-2 in these children only causes significant disruption in
cholangiocyte-cholangiocyte borders and biliary canaliculus margins, suggesting
that ZO-2 is essential for liver TJs in humans, whereas in other tissues, ZO-2 func-
tion can be substituted by other TJ proteins.

In mice, liver-specific deletion of 7JP2 does not generate an overt disruption of
the blood-bile barrier (BBiB). However, it results in lower claudin-1 protein levels
and mild progressive cholestasis accompanied by a lower expression level of bile
acid transporter Abc11/Bsep and detoxification enzyme Cyp2b10 [111]. Mice lack-
ing TJP2 are, however, more susceptible to liver injury, as a cholic acid diet toler-
ated by control mice-induced cholestasis and liver necrosis in them [111]. Instead,
in ZO-1/Z0-2 double-mutant mice, the BBiB is disrupted, and the animals die by
6 weeks of age [112]. The hepatocytes in these animals fail to form TJs and to estab-
lish cellular polarity. In addition, the expression and localization of transporters
were disorganized. Altogether, these findings suggest that ZO-2 is important for the
BBiB in mice but is not as critical and irreplaceable as for humans. Instead, ZO-1
and ZO-2 are redundant in mice liver, requiring inactivation of both proteins to dis-
rupt the hepatic barrier.
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Z0-2 at the Inner Ear

At the inner ear, the TJs present between the sensory epithelial hair cells and in the
stria vascularis are crucial to keep a barrier between K*-rich endolymph and low K*
perilymph, which allows the formation of the endocochlear potential. Accordingly,
mutations in several TJ proteins lead to hearing loss [113—115]. In 7JP2, two patho-
genic mutations, A112T and T1188A, and ten single nucleotide polymorphisms
(SNPs) were uncovered in a genetic screen of the Korean population, with nonsyn-
dromic hearing loss [116] (Fig. 7), and in a Chinese family with unconditional auto-
somal dominant nonsyndromic hereditary hearing impairment, the pathogenic
missense mutation G694E was identified [117] (Fig. 7).

In mice cochlea, ZO-2 localizes at the membranes connecting the hair cells and
supporting Deiters cells, both at the apical edge and along the basolateral side [118],
since in the inner ear TJs and AJs form a combined structure [119]. ZO-2 expression
diminishes with age in mice inner ear, being the level in the adult mice around 50%
to that at birth. In humans, the dominant, adult-onset, progressive nonsyndromic
hearing loss DFNAS5I is due to a tandem inverted genomic duplication of the wild-
type gene TJP2 [118]. In the lymphoblast of individuals carrying the duplication
compared to non-carrying relatives, the endogenous expression of 7JP2 mRNA and
Z0-2 protein augments 1.7-fold and twofold, respectively. This change is concur-
rent with a decrease in the inhibitory phosphorylation of GSK-3p. Since the activity
of GSK-3p promotes apoptosis, the expression of genes related to apoptosis was
tested, finding a pro-apoptotic expression profile [118]. Therefore, since hair cells
of the inner ear are non-regenerative, it was hypothesized that ZO-2 over-expression
induced hearing loss through an increase in the susceptibility of the inner ear to
apoptosis mediated by GSK-3p activation.

In a search for genes linked to hearing loss, random mutations were introduced
with ethylnitrosourea in mice. A mutation in Usp53 was identified as the cause of
progressive hearing loss [120]. Usp53 codes for a catalytically inactive deubiquiti-
nating enzyme present in cochlear hair cells and in a group of supporting cells,
where it co-localizes with ZO-1 and ZO-2. In these animals, hair cells degenerate
after the first post-natal week, but this process can be rescued in organotypic cul-
tures in low K* medium. These observations suggest that the TJ barrier that sepa-
rates endolymph from perilymph is compromised and that a disorder in the
ubiquitination of ZO proteins in the cochlea could be implicated.

7.0-2 and Cancer

During epithelial transformation, TJs are reorganized or lost. This process involves
a change in the expression pattern of some proteins like claudins and the silencing
of others, including the ZO proteins (for reviews, see [121, 122].
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Epithelial cells have two isoforms of ZO-2 named A and C, transcribed at com-
parable levels [123]. Transcription of these isoforms is driven by upstream promoter
Pc and downstream promoter P,. The longer cDNA of ZO-2C starts with a unique
377-bp non-translated region, and the first ATG of this cDNA corresponds to the
second ATG in ZO-2A cDNA. The shorter cDNA of ZO-2A has a unique 189-bp
sequence at the 5'-end with the first ATG in ZO-2A. The two proteins encoded by
these cDNAs are different in that ZO-2A contains 23 amino acid residues at the
amino terminus, not present in ZO-2C [124]. In the ductal type, pancreatic adeno-
carcinoma ZO-2A is absent through a process that does not involve mutations, lack
of transcription factors, or methylation of the immediate promoter region [123,
125]. In breast cancer, where the level of ZO-2 is downregulated [126], both iso-
forms are regularly silenced [123]. In contrast, isoform ZO-2A is rarely absent in
prostate and colon cancer [123]. However, other studies reported that the 7JP2 gene
that codes for ZO-2 is hypermethylated in prostate cancer cell lines [127], while
treatment of prostate cancer cells with hepatocyte growth factor (HGF), a promoter
of tumor progression and metastasis, decreases the expression of ZO-2 and induces
its redistribution away from the TJs [128] (Fig. 9).

Z0-2 expression also diminishes in a hypoxia-resistant cancer cell line derived
from scirrhous gastric carcinoma [129] and HCC cell lines and specimens [130]. In
testicular carcinoma in situ [131] and bronchopulmonary cancer [132], ZO-2
expression decreases (Fig. 9) and displays a preferential localization in the cyto-
plasm. In the latter, this localization correlates with invasion and is associated with
an increase of membrane-type 1 matrix metalloproteinase (MT1-MMP) [132].
Likewise, in lung adenocarcinoma A549 cells, ZO-2 silencing increases cell migra-
tion and the activity of MMP-2 [133] (Fig. 9). In these lung cells, where claudin-18
expression is downregulated, the ectopic expression of claudin-18 increased the
level of ZO-2 [133].

In some carcinomas, the over-expression or redistribution of claudins alters the
interaction between ZO-2 and YAP1, promoting the nuclear translocation and tran-
scriptional activity of YAPI. In HCC, the expression of claudin-6, a protein found
in embryonic stem cells but not in normal tissues, is associated with multidrug resis-
tance [130]. The mechanism is competition between claudin-6 and YAP1 for the
association through their respective PDZ-binding motifs with the PDZ-1 domain of
Z0-2. Thus, upon claudin-6 over-expression, the amount of YAPI that co-
immunoprecipitates with ZO-2 diminishes, allowing cytoplasmic YAP1 to translo-
cate to the nucleus and induce a transcriptional program that triggers a phenotypic
shift of HCC cells from a hepatic lineage to a biliary lineage that is more refractory
to sorafenib [130], an inhibitor of multiple kinases involved in tumor cell prolifera-
tion and angiogenesis [134] (Fig. 9). These observations are in line with our previ-
ous results showing that ZO-2 silencing in epithelial MDCK cells decreased YAP
phosphorylation and augmented its nuclear concentration and transcriptional activ-
ity, whereas ZO-2 transfection blocked in parental and ZO-2 KD cells, the transcrip-
tion of genes regulated by TEAD-binding sites [92] (Fig. 9).

The presence of claudin-4 at the nucleus in oral squamous cell carcinoma
(OSCC) correlates with cancer progression and is found frequently in the tissue
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Fig.9 ZO-2 inhibits cell proliferation, is downregulated in multiple carcinomas, and is a target of
oncogenic viral proteins. (A) In epithelial cells, ZO-2 inhibits cell proliferation by blocking CD1
transcription and GSK-3f inhibitory phosphorylation leading to CD1 proteasomal degradation. (B)
HGF induces ZO-2 delocalization from the membrane, which augments MT1-MMP and MMP-2
concentration leading to migration and invasion. (C) CPE triggers the nuclear translocation of
claudin-4 in a complex with ZO-2 and YAP that favors YAP transcriptional activity. (D) Claudin-6
liberates YAP1 from ZO-2, allowing its nuclear translocation and gene transcriptional activity that
leads to a malignant phenotype. (E) ZO-2 silencing increases YAP transcriptional activity. (F)
Oncogenic proteins E4-ORF1 from adenovirus 9 (Ad9) and E6 from hrHPV target ZO-2 and delo-
calize it from the plasma membrane. (G) ZO-2 expression diminishes in numerous carcinomas

positive for Clostridium perfringens [135]. Accordingly, treatment of OSCC cell
lines with Clostridium perfringens enterotoxin (CPE) induces claudin-4 nuclear
translocation and the formation of a complex of YAPI, claudin-4, and ZO-2 that
suppresses YAP1 phosphorylation and promotes the expression of YAP1 target
genes that favor the development of a malignant phenotype [135] (Fig. 9). ZO-2
sequestration from the TJ in a complex with YAP1 and claudin-4 might favor cancer
progression and relate to effects triggered by some cancer-inducing virus. Thus, the
oncogenic E4 region-encoded ORF1 (E4-ORF1) of adenovirus type 9, which elicits
mammary tumors in animals, associates through its C-terminal PDZ-binding motif
with the first PDZ domain of ZO-2, resulting in aberrant sequestration of ZO-2
within the cytoplasm that is key for the tumorigenic properties of this virus [136]
(Fig. 9). Moreover, an analysis of the targets of the C-terminal PDZ-binding motif
of E6 protein from HPV revealed that while hDlg is a common target of all HPV E6
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proteins, regardless of their oncogenic potential, only the PDZ-binding motif of E6
from hrHPV-16, hrHPV-18, hrHPV-31, hrHPV-51, hrHPV-56 and the possibly car-
cinogenic HPV-70 associate with ZO-2 [137]. In MDCK cells, transfection with E6
from HPV-16 blocks ZO-2 degradation and triggers its translocation away from the
cell borders into the cytoplasm and nucleus [77] (Fig. 9). Accordingly, in transgenic
mice expressing HPV-16 E6, ZO-2 is over-expressed [77], whereas, in HeLa cells,
the ablation of HPV-18 expression diminishes ZO-2 expression [137]. These results
highlight that sequestration of ZO-2 away from the TJ, more than the amount of
Z0-2 present in the cell, is critical for cell transformation to develop.

Z0-2 can be considered a potential tumor suppressor due to its silencing in can-
cerous tissues, because it inhibits cell proliferation, and is a target of oncogenic viral
proteins. Thus, in epithelial MDCK cells, ZO-2 over-expression inhibits CD1 pro-
tein expression and cell proliferation and blocks cell cycle progression from G0/G1
into S phase but exerts no effect in apoptosis. Remarkably, in synchronized cultures,
70-2 transfection does not diminish the level of CD1 mRNA. Instead, ZO-2 over-
expression decreases the amount of CD1 protein by proteasomal degradation [79].
Z0-2 interacts with GSK-3f, and the cytoplasmic but not the nuclear fraction of
Z0-2 decreases the inhibitory phosphorylation of GSK-3f at S9 [8]. Consequently,
GSK-3 can phosphorylate CD1 at T286, inducing CD1 nuclear exportation, ubiq-
uitination, and proteasomal degradation [79] (Fig. 9).

Z0-2 is also proposed as a potential diagnostic marker of certain cancers, includ-
ing the bladder, where ZO-2 in urinary extracellular vesicles is upregulated in blad-
der cancer patients [138]. The same suggestion relies on a transposable element in
the TJP2 gene (TJP2-Alu transcript), which is more abundant in colorectal cancer
than in the normal tissue [139].

Future Directions

The view of ZO-2 has greatly expanded since three decades ago the protein was
discovered in a ZO-1 immunoprecipitate. Uncovering the signaling cascade that
regulates how ZO-2 moves and integrates into TJs revealed the existence of a highly
tuned intracellular traffic of the protein modulated by multiple posttranslational
modifications, of which we have only started to scratch the surface. The studies
reporting phase separation of ZO proteins open a new window of research where the
interaction of ZO-2 with several ligands including lipids should be tested. The pres-
ence of ZO-2 at the nucleus and its role as transcriptional repressor and translocator
of proteins incites the search for novel mechanisms modulating signaling pathways
like Wnt and Hippo. Finally, the altered expression of ZO-2 observed in cancerous
tissues highlights the need of testing the role of ZO-2 as a tumor suppressor protein.



76

L. Gonzalez-Mariscal et al.

References

1.

12.

13.

14.

15.

17.

18.

Gumbiner B, Lowenkopf T, Apatira D. Identification of a 160-kDa polypeptide that binds
to the tight junction protein ZO-1. Proceedings of the National Academy of Sciences of the
United States of America. 1991;88(8):3460-4.

. Gumbiner B, Stevenson B, Grimaldi A. The role of the cell adhesion molecule uvomoru-

lin in the formation and maintenance of the epithelial junctional complex. J Cell Biol.
1988;107(4):1575-87.

. Watabe-Uchida M, Uchida N, Imamura Y, Nagafuchi A, Fujimoto K, Uemura T, et al. alpha-

Catenin-vinculin interaction functions to organize the apical junctional complex in epithelial
cells. J Cell Biol. 1998;142(3):847-57.

. Shigetomi K, Ono 'Y, Inai T, Ikenouchi J. Adherens junctions influence tight junction forma-

tion via changes in membrane lipid composition. J Cell Biol. 2018;217(7):2373-81.

. Itoh M, Morita K, Tsukita S. Characterization of ZO-2 as a MAGUK family member associ-

ated with tight as well as adherens junctions with a binding affinity to occludin and alpha
catenin. J Biol Chem. 1999;274(9):5981-6.

. Otani T, Nguyen TP, Tokuda S, Sugihara K, Sugawara T, Furuse K, et al. Claudins and

JAM-A coordinately regulate tight junction formation and epithelial polarity. J Cell Biol.
2019;218(10):3372-96.

. Hernandez S, Chavez Munguia B, Gonzalez-Mariscal L. ZO-2 silencing in epithelial cells

perturbs the gate and fence function of tight junctions and leads to an atypical monolayer
architecture. Exp Cell Res. 2007;313(8):1533-47.

. Wetzel F, Mittag S, Cano-Cortina M, Wagner T, Kramer OH, Niedenthal R, et al. SUMOylation

regulates the intracellular fate of ZO-2. Cell Mol Life Sci. 2017;74(2):373-92.

. Raya-Sandino A, Castillo-Kauil A, Dominguez-Calderon A, Alarcon L, Flores-Benitez D,

Cuellar-Perez F, et al. Zonula occludens-2 regulates Rho proteins activity and the develop-
ment of epithelial cytoarchitecture and barrier function. Biochim Biophys Acta Mol Cell Res.
2017;1864(10):1714-33.

. Umeda K, Ikenouchi J, Katahira-Tayama S, Furuse K, Sasaki H, Nakayama M, et al. ZO-1

and ZO-2 independently determine where claudins are polymerized in tight-junction strand
formation. Cell. 2006;126(4):741-54.

. Otani T, Furuse M. Tight Junction Structure and Function Revisited. Trends Cell Biol.

2020;30(10):805-17.

Monteiro AC, Sumagin R, Rankin CR, Leoni G, Mina MJ, Reiter DM, et al. JAM-A associ-
ates with ZO-2, afadin, and PDZ-GEF1 to activate Rap2c and regulate epithelial barrier func-
tion. Mol Biol Cell. 2013;24(18):2849-60.

Ebnet K, Schulz CU, Meyer Zu Brickwedde MK, Pendl GG, Vestweber D. Junctional adhe-
sion molecule interacts with the PDZ domain-containing proteins AF-6 and ZO-1. J Biol
Chem. 2000;275(36):27979-88.

Itoh M, Furuse M, Morita K, Kubota K, Saitou M, Tsukita S. Direct binding of three tight
junction-associated MAGUKSs, ZO-1, ZO-2, and ZO-3, with the COOH termini of claudins.
J Cell Biol. 1999;147(6):1351-63.

Beutel O, Maraspini R, Pombo-Garcia K, Martin-Lemaitre C, Honigmann A. Phase
Separation of Zonula Occludens Proteins Drives Formation of Tight Junctions. Cell.
2019;179(4):923-36 el 1.

. Eckert JJ, Fleming TP. Tight junction biogenesis during early development. Biochim Biophys

Acta. 2008;1778(3):717-28.

Avila-Flores A, Rendon-Huerta E, Moreno J, Islas S, Betanzos A, Robles-Flores M, et al.
Tight-junction protein zonula occludens 2 is a target of phosphorylation by protein kinase
C. The Biochemical journal. 2001;360(Pt 2):295-304.

Spadaro D, Le S, Laroche T, Mean I, Jond L, Yan J, et al. Tension-Dependent Stretching
Activates ZO-1 to Control the Junctional Localization of Its Interactors. Curr Biol.
2017;27(24):3783-95 8.



Intracellular Traffic and Non-canonical Roles of ZO-2 Protein 77

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Schwayer C, Shamipour S, Pranjic-Ferscha K, Schauer A, Balda M, Tada M, et al.
Mechanosensation of Tight Junctions Depends on ZO-1 Phase Separation and Flow. Cell.
2019;179(4):937-52 el8.

Sheth B, Nowak RL, Anderson R, Kwong WY, Papenbrock T, Fleming TP. Tight junction
protein ZO-2 expression and relative function of ZO-1 and ZO-2 during mouse blastocyst
formation. Exp Cell Res. 2008;314(18):3356-68.

Xu J, Kausalya PJ, Phua DC, Ali SM, Hossain Z, Hunziker W. Early embryonic lethality
of mice lacking ZO-2, but Not ZO-3, reveals critical and nonredundant roles for individual
zonula occludens proteins in mammalian development. Mol Cell Biol. 2008;28(5):1669-78.
Katsuno T, Umeda K, Matsui T, Hata M, Tamura A, Itoh M, et al. Deficiency of zonula
occludens-1 causes embryonic lethal phenotype associated with defected yolk sac angiogen-
esis and apoptosis of embryonic cells. Mol Biol Cell. 2008;19(6):2465-75.

Kiener TK, Selptsova-Friedrich I, Hunziker W. Tjp3/zo-3 is critical for epidermal barrier
function in zebrafish embryos. Dev Biol. 2008;316(1):36-49.

XuJ, Anuar F, Ali SM, Ng MY, Phua DC, Hunziker W. Zona occludens-2 is critical for blood-
testis barrier integrity and male fertility. Mol Biol Cell. 2009;20(20):4268-77.

Miranda J, Martin-Tapia D, Valdespino-Vazquez Y, Alarcon L, Espejel-Nunez A, Guzman-
Huerta M, et al. Syncytiotrophoblast of Placentae from Women with Zika Virus Infection Has
Altered Tight Junction Protein Expression and Increased Paracellular Permeability. Cells.
2019;8(10).

Gonzalez-Mariscal L, Chavez de Ramirez B, Cereijido M. Tight junction formation in cul-
tured epithelial cells (MDCK). ] Membr Biol. 1985;86(2):113-25.

Islas S, Vega J, Ponce L, Gonzalez-Mariscal L. Nuclear localization of the tight junction
protein ZO-2 in epithelial cells. Exp Cell Res. 2002;274(1):138-48.

Amaya E, Alarcon L, Martin-Tapia D, Cuellar-Perez F, Cano-Cortina M, Ortega-Olvera JM,
et al. Activation of the Ca(2+) sensing receptor and the PKC/WNK4 downstream signaling
cascade induces incorporation of ZO-2 to tight junctions and its separation from 14-3-3. Mol
Biol Cell. 2019;30(18):2377-98.

Utepbergenov DI, Fanning AS, Anderson JM. Dimerization of the scaffolding protein ZO-1
through the second PDZ domain. J Biol Chem. 2006;281(34):24671-7.

Chen H, Tong S, Li X, Wu J, Zhu Z, Niu L, et al. Structure of the second PDZ domain from
human zonula occludens 2. Acta Crystallogr Sect F Struct Biol Cryst Commun. 2009;65(Pt
4):327-30.

Cordenonsi M, D’Atri F, Hammar E, Parry DA, Kendrick-Jones J, Shore D, et al. Cingulin
contains globular and coiled-coil domains and interacts with ZO-1, ZO-2, ZO-3, and myosin.
J Cell Biol. 1999;147(7):1569-82.

Jin J, Smith FD, Stark C, Wells CD, Fawcett JP, Kulkarni S, et al. Proteomic, functional, and
domain-based analysis of in vivo 14-3-3 binding proteins involved in cytoskeletal regulation
and cellular organization. Curr Biol. 2004;14(16):1436-50.

Wan C, Borgeson B, Phanse S, Tu F, Drew K, Clark G, et al. Panorama of ancient metazoan
macromolecular complexes. Nature. 2015;525(7569):339-44.

Benzinger A, Muster N, Koch HB, Yates JR, 3rd, Hermeking H. Targeted proteomic anal-
ysis of 14-3-3 sigma, a p53 effector commonly silenced in cancer. Mol Cell Proteomics.
2005;4(6):785-95.

Shen L, Weber CR, Turner JR. The tight junction protein complex undergoes rapid and con-
tinuous molecular remodeling at steady state. J Cell Biol. 2008;181(4):683-95.

Cereijido M, Robbins ES, Dolan WJ, Rotunno CA, Sabatini DD. Polarized monolayers formed
by epithelial cells on a permeable and translucent support. J Cell Biol. 1978;77(3):853-80.
Martinez-Palomo A, Meza I, Beaty G, Cereijido M. Experimental modulation of occluding
junctions in a cultured transporting epithelium. J Cell Biol. 1980;87(3 Pt 1):736-45.
Cereijido M, Meza I, Martinez-Palomo A. Occluding junctions in cultured epithelial mono-
layers. Am J Physiol. 1981;240(3):C96-102.



78

39

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

L. Gonzéilez-Mariscal et al.

. Gonzalez-Mariscal L, Contreras RG, Bolivar JJ, Ponce A, Chavez De Ramirez B, Cereijido
M. Role of calcium in tight junction formation between epithelial cells. Am J Physiol.
1990;259(6 Pt 1):C978-86.

Contreras RG, Miller JH, Zamora M, Gonzalez-Mariscal L, Cereijido M. Interaction of cal-
cium with plasma membrane of epithelial (MDCK) cells during junction formation. Am J
Physiol. 1992;263(2 Pt 1):C313-8.

Biswas KH, Zaidel-Bar R. Early events in the assembly of E-cadherin adhesions. Exp Cell
Res. 2017;358(1):14-9.

Wu Y, Jin X, Harrison O, Shapiro L, Honig BH, Ben-Shaul A. Cooperativity between trans
and cis interactions in cadherin-mediated junction formation. Proc Natl Acad Sci U S
A.2010;107(41):17592-7.

Jouret F, Wu J, Hull M, Rajendran V, Mayr B, Schofl C, et al. Activation of the Ca(2)+-
sensing receptor induces deposition of tight junction components to the epithelial cell plasma
membrane. J Cell Sci. 2013;126(Pt 22):5132-42.

BaldaMS, Gonzalez-Mariscal L, Contreras RG, Macias-Silva M, Torres-Marquez ME, Garcia-
Sainz JA, et al. Assembly and sealing of tight junctions: possible participation of G-proteins,
phospholipase C, protein kinase C and calmodulin. J Membr Biol. 1991;122(3):193-202.
Balda MS, Gonzalez-Mariscal L, Matter K, Cereijido M, Anderson JM. Assembly of the tight
junction: the role of diacylglycerol. J Cell Biol. 1993;123(2):293-302.

Troy TC, LiY, O’Malley L, Turksen K. The temporal and spatial expression of Claudins in
epidermal development and the accelerated program of epidermal differentiation in K14-
CaSR transgenic mice. Gene Expr Patterns. 2007;7(4):423-30.

Toka HR, Al-Romaih K, Koshy JM, DiBartolo S, 3rd, Kos CH, Quinn SJ, et al. Deficiency of
the calcium-sensing receptor in the kidney causes parathyroid hormone-independent hypo-
calciuria. J Am Soc Nephrol. 2012;23(11):1879-90.

Gong Y, Renigunta V, Himmerkus N, Zhang J, Renigunta A, Bleich M, et al. Claudin-14
regulates renal Ca(+)(+) transport in response to CaSR signalling via a novel microRNA
pathway. EMBO J. 2012;31(8):1999-2012.

Eckert JJ, McCallum A, Mears A, Rumsby MG, Cameron IT, Fleming TP. PKC signal-
ling regulates tight junction membrane assembly in the pre-implantation mouse embryo.
Reproduction. 2004;127(6):653-67.

Zhang L, Li J, Young LH, Caplan MJ. AMP-activated protein kinase regulates the assembly
of epithelial tight junctions. Proc Natl Acad Sci U S A. 2006;103(46):17272-7.

Corton JM, Gillespie JG, Hawley SA, Hardie DG. 5-aminoimidazole-4-carboxamide ribo-
nucleoside. A specific method for activating AMP-activated protein kinase in intact cells? Eur
J Biochem. 1995;229(2):558-65.

Henin N, Vincent MF, Gruber HE, Van den Berghe G. Inhibition of fatty acid and cholesterol
synthesis by stimulation of AMP-activated protein kinase. FASEB J. 1995;9(7):541-6.
Egawa M, Kamata H, Kushiyama A, Sakoda H, Fujishiro M, Horike N, et al. Long-term for-
skolin stimulation induces AMPK activation and thereby enhances tight junction formation
in human placental trophoblast BeWo cells. Placenta. 2008;29(12):1003-8.

Baas AF, Kuipers J, van der Wel NN, Batlle E, Koerten HK, Peters PJ, et al. Complete
polarization of single intestinal epithelial cells upon activation of LKB1 by STRAD. Cell.
2004:116(3):457-66.

Jacobowitz O, Chen J, Premont RT, Iyengar R. Stimulation of specific types of Gs-stimulated
adenylyl cyclases by phorbol ester treatment. J Biol Chem. 1993;268(6):3829-32.
Yoshimura M, Cooper DM. Type-specific stimulation of adenylylcyclase by protein kinase
C. J Biol Chem. 1993;268(7):4604-7.

Mandel LJ, Bacallao R, Zampighi G. Uncoupling of the molecular ‘fence’ and paracellular
‘gate’ functions in epithelial tight junctions. Nature. 1993;361(6412):552-5.

Belardi B, Son S, Vahey MD, Wang J, Hou J, Fletcher DA. Claudin-4 reconstituted in unila-
mellar vesicles is sufficient to form tight interfaces that partition membrane proteins. J Cell
Sci. 2018;132(4).



Intracellular Traffic and Non-canonical Roles of ZO-2 Protein 79

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

Sourisseau T, Georgiadis A, Tsapara A, Ali RR, Pestell R, Matter K, et al. Regulation of
PCNA and cyclin D1 expression and epithelial morphogenesis by the ZO-1-regulated tran-
scription factor ZONAB/DbpA. Mol Cell Biol. 2006;26(6):2387-98.

Odenwald MA, Choi W, Buckley A, Shashikanth N, Joseph NE, Wang Y, et al. ZO-1 interac-
tions with F-actin and occludin direct epithelial polarization and single lumen specification
in 3D culture. J Cell Sci. 2017;130(1):243-59.

Quiros M, Alarcon L, Ponce A, Giannakouros T, Gonzalez-Mariscal L. The intracellu-
lar fate of zonula occludens 2 is regulated by the phosphorylation of SR repeats and the
phosphorylation/O-GlcNAcylation of S257. Mol Biol Cell. 2013;24(16):2528-43.

van Meer G, Simons K. The function of tight junctions in maintaining differences in lipid
composition between the apical and the basolateral cell surface domains of MDCK cells.
EMBO J. 1986;5(7):1455-64.

Nusrat A, Parkos CA, Verkade P, Foley CS, Liang TW, Innis-Whitehouse W, et al. Tight junc-
tions are membrane microdomains. J Cell Sci. 2000;113 ( Pt 10):1771-81.

Lynch RD, Francis SA, McCarthy KM, Casas E, Thiele C, Schneeberger EE. Cholesterol
depletion alters detergent-specific solubility profiles of selected tight junction proteins and
the phosphorylation of occludin. Exp Cell Res. 2007;313(12):2597-610.

Francis SA, Kelly JM, McCormack J, Rogers RA, Lai J, Schneeberger EE, et al. Rapid reduc-
tion of MDCK cell cholesterol by methyl-beta-cyclodextrin alters steady state transepithelial
electrical resistance. Eur J Cell Biol. 1999;78(7):473-84.

Kady NM, Liu X, Lydic TA, Syed MH, Navitskaya S, Wang Q, et al. ELOVL4-Mediated
Production of Very Long-Chain Ceramides Stabilizes Tight Junctions and Prevents Diabetes-
Induced Retinal Vascular Permeability. Diabetes. 2018;67(4):769-81.

Oertel S, Scholich K, Weigert A, Thomas D, Schmetzer J, Trautmann S, et al. Ceramide
synthase 2 deficiency aggravates AOM-DSS-induced colitis in mice: role of colon barrier
integrity. Cell Mol Life Sci. 2017;74(16):3039-55.

Van Itallie CM, Gambling TM, Carson JL, Anderson JM. Palmitoylation of claudins is
required for efficient tight-junction localization. J Cell Sci. 2005;118(Pt 7):1427-36.
Aramsangtienchai P, Spiegelman NA, Cao J, Lin H. S-Palmitoylation of Junctional Adhesion
Molecule C Regulates Its Tight Junction Localization and Cell Migration. J Biol Chem.
2017;292(13):5325-34.

Gonzalez-Mariscal L, Betanzos A, Nava P, Jaramillo BE. Tight junction proteins. Prog
Biophys Mol Biol. 2003;81(1):1-44.

Wawrzyniak AM, Kashyap R, Zimmermann P. Phosphoinositides and PDZ domain scaffolds.
Adv Exp Med Biol. 2013;991:41-57.

Meerschaert K, Tun MP, Remue E, De Ganck A, Boucherie C, Vanloo B, et al. The PDZ2
domain of zonula occludens-1 and -2 is a phosphoinositide binding domain. Cell Mol Life
Sci. 2009;66(24):3951-66.

Gottardi CJ, Arpin M, Fanning AS, Louvard D. The junction-associated protein, zonula
occludens-1, localizes to the nucleus before the maturation and during the remodeling of
cell-cell contacts. Proc Natl Acad Sci U S A. 1996;93(20):10779-84.

McCrea PD, Gu D, Balda MS. Junctional music that the nucleus hears: cell-cell contact signal-
ing and the modulation of gene activity. Cold Spring Harb Perspect Biol. 2009;1(4):a002923.
Lopez-Bayghen E, Jaramillo B. E., Huerta, M., Betanzos, A., and Gonzalez-Marical,
L. TJ proteins that make round trips to the nucleus. In: Gonzalez-Mariscal L, editor. Tight
Junctions. Georgetown, Texas and New York, New York: Landes Bioscience and Springer
Science+Business Media; 2006. p. 76-100.

Traweger A, Fuchs R, Krizbai 1A, Weiger TM, Bauer HC, Bauer H. The tight junction protein
Z0-2 localizes to the nucleus and interacts with the heterogeneous nuclear ribonucleoprotein
scaffold attachment factor-B. J Biol Chem. 2003;278(4):2692-700.

Hernandez-Monge J, Garay E, Raya-Sandino A, Vargas-Sierra O, Diaz-Chavez J, Popoca-
Cuaya M, et al. Papillomavirus E6 oncoprotein up-regulates occludin and ZO-2 expression in
ovariectomized mice epidermis. Exp Cell Res. 2013;319(17):2588-603.



80

78

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

L. Gonzalez-Mariscal et al.

. Traweger A, Lehner C, Farkas A, Krizbai IA, Tempfer H, Klement E, et al. Nuclear Zonula
occludens-2 alters gene expression and junctional stability in epithelial and endothelial cells.
Differentiation. 2008;76(1):99-106.

Tapia R, Huerta M, Islas S, Avila-Flores A, Lopez-Bayghen E, Weiske J, et al. Zona
occludens-2 inhibits cyclin D1 expression and cell proliferation and exhibits changes in local-
ization along the cell cycle. Mol Biol Cell. 2009;20(3):1102-17.

Chamorro D, Alarcon L, Ponce A, Tapia R, Gonzalez-Aguilar H, Robles-Flores M, et al.
Phosphorylation of zona occludens-2 by protein kinase C epsilon regulates its nuclear expor-
tation. Mol Biol Cell. 2009;20(18):4120-9.

Jaramillo BE, Ponce A, Moreno J, Betanzos A, Huerta M, Lopez-Bayghen E, et al.
Characterization of the tight junction protein ZO-2 localized at the nucleus of epithelial cells.
Exp Cell Res. 2004;297(1):247-58.

Townson SM, Kang K, Lee AV, Oesterreich S. Structure-function analysis of the estrogen
receptor alpha corepressor scaffold attachment factor-B1: identification of a potent transcrip-
tional repression domain. J Biol Chem. 2004;279(25):26074-81.

Hong EA, Gautrey HL, Elliott DJ, Tyson-Capper AJ. SAFB1- and SAFB2-mediated tran-
scriptional repression: relevance to cancer. Biochem Soc Trans. 2012;40(4):826-30.
Gonzalez-Mariscal L, Ponce A, Alarcon L, Jaramillo BE. The tight junction protein ZO-2 has
several functional nuclear export signals. Exp Cell Res. 2006;312(17):3323-35.

Vitale G, Gitto S, Raimondi F, Mattiaccio A, Mantovani V, Vukotic R, et al. Cryptogenic cho-
lestasis in young and adults: ATP§B1, ABCB11, ABCB4, and TJP2 gene variants analysis by
high-throughput sequencing. J Gastroenterol. 2018;53(8):945-58.

Betanzos A, Huerta M, Lopez-Bayghen E, Azuara E, Amerena J, Gonzalez-Mariscal L. The
tight junction protein ZO-2 associates with Jun, Fos and C/EBP transcription factors in epi-
thelial cells. Exp Cell Res. 2004;292(1):51-66.

Balda MS, Matter K. The tight junction protein ZO-1 and an interacting transcription factor
regulate ErbB-2 expression. EMBO J. 2000;19(9):2024-33.

Spadaro D, Tapia R, Jond L, Sudol M, Fanning AS, Citi S. ZO proteins redundantly regulate
the transcription factor DbpA/ZONAB. J Biol Chem. 2014;289(32):22500-11.

Zihni C, Mills C, Matter K, Balda MS. Tight junctions: from simple barriers to multifunc-
tional molecular gates. Nat Rev Mol Cell Biol. 2016;17(9):564-80.

Huerta M, Munoz R, Tapia R, Soto-Reyes E, Ramirez L, Recillas-Targa F, et al. Cyclin D1
is transcriptionally down-regulated by ZO-2 via an E box and the transcription factor c-Myc.
Mol Biol Cell. 2007;18(12):4826-36.

Lechuga S, Alarcon L, Solano J, Huerta M, Lopez-Bayghen E, Gonzalez-Mariscal
L. Identification of ZASP, a novel protein associated to Zona occludens-2. Exp Cell Res.
2010;316(19):3124-39.

Dominguez-Calderon A, Avila-Flores A, Ponce A, Lopez-Bayghen E, Calderon-Salinas JV,
Luis Reyes J, et al. ZO-2 silencing induces renal hypertrophy through a cell cycle mechanism
and the activation of YAP and the mTOR pathway. Mol Biol Cell. 2016;27(10):1581-95.
Bautista-Garcia P, Reyes JL, Martin D, Namorado MC, Chavez-Munguia B, Soria-Castro E,
et al. Zona occludens-2 protects against podocyte dysfunction induced by ADR in mice. Am
J Physiol Renal Physiol. 2013;304(1):F77-87.

Huh HD, Kim DH, Jeong HS, Park HW. Regulation of TEAD Transcription Factors in Cancer
Biology. Cells. 2019;8(6).

Oka T, Remue E, Meerschaert K, Vanloo B, Boucherie C, Gfeller D, et al. Functional com-
plexes between YAP2 and ZO-2 are PDZ domain-dependent, and regulate YAP2 nuclear
localization and signalling. Biochem J. 2010;432(3):461-72.

Mevel R, Draper JE, Lie ALM, Kouskoff V, Lacaud G. RUNX transcription factors: orches-
trators of development. Development. 2019;146(17).

Kausalya PJ, Phua DC, Hunziker W. Association of ARVCF with zonula occludens (ZO)-1
and ZO-2: binding to PDZ-domain proteins and cell-cell adhesion regulate plasma membrane
and nuclear localization of ARVCF. Mol Biol Cell. 2004;15(12):5503-15.



Intracellular Traffic and Non-canonical Roles of ZO-2 Protein 81

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

Lin KC, Moroishi T, Meng Z, Jeong HS, Plouffe SW, Sekido Y, et al. Regulation of Hippo
pathway transcription factor TEAD by p38 MAPK-induced cytoplasmic translocation. Nat
Cell Biol. 2017;19(8):996-1002.

Gallego-Gutierrez H, Gonzalez-Gonzalez L, Ramirez-Martinez L, Lopez-Bayghen E,
Gonzalez-Mariscal L. Tight junction protein ZO-2 modulates the nuclear accumulation of
transcription factor TEAD. Molecular biology of the cell. 2021:mbcE20070470.
Sanchez-Pena LC, Reyes BE, Lopez-Carrillo L, Recio R, Moran-Martinez J, Cebrian ME,
et al. Organophosphorous pesticide exposure alters sperm chromatin structure in Mexican
agricultural workers. Toxicol Appl Pharmacol. 2004;196(1):108-13.

Ortega-Olvera JM, Winkler R, Quintanilla-Vega B, Shibayama M, Chavez-Munguia B,
Martin-Tapia D, et al. The organophosphate pesticide methamidophos opens the blood-testis
barrier and covalently binds to ZO-2 in mice. Toxicol Appl Pharmacol. 2018;360:257-72.
Carlton VE, Harris BZ, Puffenberger EG, Batta AK, Knisely AS, Robinson DL, et al.
Complex inheritance of familial hypercholanemia with associated mutations in TJP2 and
BAAT. Nat Genet. 2003;34(1):91-6.

Sambrotta M, Thompson RJ. Mutations in TJP2, encoding zona occludens 2, and liver dis-
ease. Tissue barriers. 2015;3(3):e1026537.

Mirza N, Bharadwaj R, Malhotra S, Sibal A. Progressive familial intrahepatic cholestasis
type 4 in an Indian child: presentation, initial course and novel compound heterozygous
mutation. BMJ Case Rep. 2020;13(7).

Wei CS, Becher N, Friis JB, Ott P, Vogel I, Gronbaek H. New tight junction protein 2 variant
causing progressive familial intrahepatic cholestasis type 4 in adults: A case report. World J
Gastroenterol. 2020;26(5):550-61.

Dixon PH, Sambrotta M, Chambers J, Taylor-Harris P, Syngelaki A, Nicolaides K, et al.
An expanded role for heterozygous mutations of ABCB4, ABCB11, ATP8B1, ABCC2 and
TJP2 in intrahepatic cholestasis of pregnancy. Sci Rep. 2017;7(1):11823.

Sambrotta M, Strautnieks S, Papouli E, Rushton P, Clark BE, Parry DA, et al. Mutations in
TJP2 cause progressive cholestatic liver disease. Nature genetics. 2014;46(4):326-8.

Vij M, Shanmugam NP, Reddy MS, Sankaranarayanan S, Rela M. Paediatric hepatocellular
carcinoma in tight junction protein 2 (TJP2) deficiency. Virchows Archiv : an international
journal of pathology. 2017;471(5):679-83.

Zhou S, Hertel PM, Finegold MJ, Wang L, Kerkar N, Wang J, et al. Hepatocellular carcinoma
associated with tight-junction protein 2 deficiency. Hepatology. 2015;62(6):1914-6.

Ge T, Zhang X, Xiao'Y, Wang Y, Zhang T. Novel compound heterozygote mutations of TJP2 in
a Chinese child with progressive cholestatic liver disease. BMC Med Genet. 2019;20(1):18.
Xu J, Kausalya PJ, Van Hul N, Caldez MJ, Xu S, Ong AGM, et al. Protective Functions
of ZO-2/Tjp2 Expressed in Hepatocytes and Cholangiocytes Against Liver Injury and
Cholestasis. Gastroenterology. 2021;160(6):2103-18.

Itoh M, Terada M, Sugimoto H. The zonula occludens protein family regulates the hepatic bar-
rier system in the murine liver. Biochim Biophys Acta Mol Basis Dis. 2021;1867(1):165994.
Wilcox ER, Burton QL, Naz S, Riazuddin S, Smith TN, Ploplis B, et al. Mutations in the
gene encoding tight junction claudin-14 cause autosomal recessive deafness DFNB29. Cell.
2001;104(1):165-72.

Gow A, Davies C, Southwood CM, Frolenkov G, Chrustowski M, Ng L, et al. Deafness in
Claudin 11-null mice reveals the critical contribution of basal cell tight junctions to stria
vascularis function. J Neurosci. 2004;24(32):7051-62.

Riazuddin S, Ahmed ZM, Fanning AS, Lagziel A, Kitajiri S, Ramzan K, et al. Tricellulin is a
tight-junction protein necessary for hearing. Am J Hum Genet. 2006;79(6):1040-51.

Kim MA, Kim YR, Sagong B, Cho HJ, Bae JW, Kim J, et al. Genetic analysis of genes related
to tight junction function in the Korean population with non-syndromic hearing loss. PLoS
One. 2014;9(4):€95646.



82

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

L. Gonzalez-Mariscal et al.

Wang HY, Zhao YL, Liu Q, Yuan H, Gao Y, Lan L, et al. Identification of Two Disease-
causing Genes TJP2 and GJB2 in a Chinese Family with Unconditional Autosomal Dominant
Nonsyndromic Hereditary Hearing Impairment. Chin Med J (Engl). 2015;128(24):3345-51.
Walsh T, Pierce SB, Lenz DR, Brownstein Z, Dagan-Rosenfeld O, Shahin H, et al. Genomic
duplication and overexpression of TJP2/Z0-2 leads to altered expression of apoptosis genes
in progressive nonsyndromic hearing loss DFNA51. Am J Hum Genet. 2010;87(1):101-9.
Nunes FD, Lopez LN, Lin HW, Davies C, Azevedo RB, Gow A, et al. Distinct subdomain
organization and molecular composition of a tight junction with adherens junction features. J
Cell Sci. 2006;119(Pt 23):4819-27.

Kazmierczak M, Harris SL, Kazmierczak P, Shah P, Starovoytov V, Ohlemiller KK,
et al. Progressive Hearing Loss in Mice Carrying a Mutation in Usp53. J Neurosci.
2015;35(47):15582-98.

Gonzalez-Mariscal L, Miranda J, Gallego-Gutierrez H, Cano-Cortina M, Amaya
E. Relationship between apical junction proteins, gene expression and cancer. Biochim
Biophys Acta Biomembr. 2020;1862(9):183278.

Gonzalez-Mariscal L, Miranda J, Ortega-Olvera JM, Gallego-Gutierrez H, Raya-Sandino
A, Vargas-Sierra O. Zonula Occludens Proteins in Cancer. Current Pathobiology Reports.
2016;4(3):107-16.

Chlenski A, Ketels KV, Korovaitseva GI, Talamonti MS, Oyasu R, Scarpelli DG. Organization
and expression of the human zo-2 gene (tjp-2) in normal and neoplastic tissues. Biochim
Biophys Acta. 2000;1493(3):319-24.

Chlenski A, Ketels KV, Tsao MS, Talamonti MS, Anderson MR, Oyasu R, et al. Tight junc-
tion protein ZO-2 is differentially expressed in normal pancreatic ducts compared to human
pancreatic adenocarcinoma. Int J Cancer. 1999;82(1):137-44.

Chlenski A, Ketels KV, Engeriser JL, Talamonti MS, Tsao MS, Koutnikova H, et al. zo-2
gene alternative promoters in normal and neoplastic human pancreatic duct cells. Int J
Cancer. 1999;83(3):349-58.

Tokes AM, Szasz AM, Juhasz E, Schaff Z, Harsanyi L, Molnar IA, et al. Expression of tight
junction molecules in breast carcinomas analysed by array PCR and immunohistochemistry.
Pathol Oncol Res. 2012;18(3):593-606.

Wang Y, Yu Q, Cho AH, Rondeau G, Welsh J, Adamson E, et al. Survey of differentially
methylated promoters in prostate cancer cell lines. Neoplasia. 2005;7(8):748-60.

Martin TA, Mason MD, Jiang WG. HGF and the regulation of tight junctions in human pros-
tate cancer cells. Oncol Rep. 2014;32(1):213-24.

KatoY, Yashiro M, Noda S, Tendo M, Kashiwagi S, Doi Y, et al. Establishment and character-
ization of a new hypoxia-resistant cancer cell line, OCUM-12/Hypo, derived from a scirrhous
gastric carcinoma. Br J Cancer. 2010;102(5):898-907.

Kong FE, Li GM, Tang YQ, Xi SY, Loong JHC, Li MM, et al. Targeting tumor lineage plas-
ticity in hepatocellular carcinoma using an anti-CLDNG6 antibody-drug conjugate. Sci Transl
Med. 2021;13(579).

Fink C, Weigel R, Hembes T, Lauke-Wettwer H, Kliesch S, Bergmann M, et al. Altered
expression of ZO-1 and ZO-2 in Sertoli cells and loss of blood-testis barrier integrity in tes-
ticular carcinoma in situ. Neoplasia. 2006;8(12):1019-27.

Luczka E, Syne L, Nawrocki-Raby B, Kileztky C, Hunziker W, Birembaut P, et al. Regulation
of membrane-type 1 matrix metalloproteinase expression by zonula occludens-2 in human
lung cancer cells. Clin Exp Metastasis. 2013;30(7):833-43.

Akizuki R, Eguchi H, Endo S, Matsunaga T, Ikari A. ZO-2 Suppresses Cell Migration
Mediated by a Reduction in Matrix Metalloproteinase 2 in Claudin-18-Expressing Lung
Adenocarcinoma A549 Cells. Biol Pharm Bull. 2019;42(2):247-54.

Ben Mousa A. Sorafenib in the treatment of advanced hepatocellular carcinoma. Saudi J
Gastroenterol. 2008;14(1):40-2.



Intracellular Traffic and Non-canonical Roles of ZO-2 Protein 83

135.

136.

137.

138.

139.

Nakashima C, Yamamoto K, Kishi S, Sasaki T, Ohmori H, Fujiwara-Tani R, et al. Clostridium
perfringens enterotoxin induces claudin-4 to activate YAP in oral squamous cell carcinomas.
Oncotarget. 2020;11(4):309-21.

Glaunsinger BA, Weiss RS, Lee SS, Javier R. Link of the unique oncogenic properties of
adenovirus type 9 E4-ORF1 to a select interaction with the candidate tumor suppressor pro-
tein ZO-2. EMBO J. 2001;20(20):5578-86.

Thomas M, Myers MP, Massimi P, Guarnaccia C, Banks L. Analysis of Multiple HPV E6
PDZ Interactions Defines Type-Specific PDZ Fingerprints That Predict Oncogenic Potential.
PLoS Pathog. 2016;12(8):e1005766.

Tomiyama E, Matsuzaki K, Fujita K, Shiromizu T, Narumi R, Jingushi K, et al. Proteomic
analysis of urinary and tissue-exudative extracellular vesicles to discover novel bladder can-
cer biomarkers. Cancer Sci. 2021;112(5):2033-45.

Kim YJ, Jung YD, Kim TO, Kim HS. Alu-related transcript of TJP2 gene as a marker for
colorectal cancer. Gene. 2013;524(2):268-74.



®

Check for
updates

Modulation of Intestinal Disorders
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Abstract The past 35 years, beginning with the identification of ZO-1 in 1986,
have been an exciting time during which critical tight junction proteins were discov-
ered. We have, however, only begun to define the mechanism by which tight junc-
tions are regulated, their impact on health and disease, and noncanonical functions
of individual tight junction-associated proteins. Here, we provide an overview of
advances in understanding mechanisms of tight junction barrier regulation within
the intestinal epithelium and discuss recent discoveries related to claudin-2 and
occludin in greater detail. We anticipate that the next 35 years will yield major
advances in fundamental understanding of tight junction protein interactions, regu-
lation, and canonical and noncanonical functions that result in translational applica-
tions in which tight junction modulation is established as a therapeutic approach.
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Abbreviations

CK2 Casein kinase 2

DSS Dextran sulfate sodium

FRAP  Fluorescence recovery after photobleaching
MLC Myosin II regulatory light chain

MLCK Myosin light -chain kinase

TER Transepithelial electrical resistance
TNBS  Trinitrobenzenesulfonic acid

TNF Tumor necrosis factor
Introduction

The viability of multicellular life forms requires the presence of barrier-forming
tissues that partition distinct compartments within the organism and separate the
external environment from the internal milieu. In mammals, examples of surfaces
that interact with the external environment include the skin as well as oral, gastroin-
testinal, and genitourinary mucosae. At each of these sites, the tight junction creates
a selectively permeable seal that restricts flux across the paracellular space between
cells. Tight junctions in the skin are nearly impermeant, and, in burn patients, the
extent of epidermal barrier loss is a strong prognostic indicator of outcome. The
gastrointestinal epithelium, particularly within the distal gut, interfaces with a dense
and complex luminal microbiome that can include invasive pathogens as well as
potentially harmful bacterial components and metabolites. Dysregulated systemic
exposure to these luminal materials, which could lead to immune-mediated, meta-
bolic, and infectious diseases, emphasizes the essential nature of the intestinal epi-
thelial barrier. However, in contrast to the skin, the intestinal barrier must allow
paracellular flux of water, ions, and nutrients. The charge and size selectivity of this
barrier are determined by the tight junction, which is the rate-limiting step in para-
cellular flux.

Tight Junctions Are Regulated by Pharmacological
and Physiological Stimuli

Farquhar’s descriptions of the tight junction and apical junctional complex were
remarkably consistent across samples and tissues [1]. Together with other data, this
led many to conclude that tight junctions are static structures with unchanging per-
meabilities. Ussing’s report [2], only 1 year after Farquhar’s landmark publication,
that application of an osmotic gradient could markedly increase paracellular flux
across was interpreted as tight junction disassembly. Subsequent studies showing
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that osmotic gradients reduced [3], while phalloidin and proliferative stimuli
increased [4, 5], the complexity of strand networks were generally dismissed as
non-physiological. This changed in 1987 when Pappenheimer et al. published a
series of papers demonstrating that increased intestinal epithelial tight junction per-
meability was a physiological response to Na*-nutrient cotransport [6—8]. These
first studies showing physiological tight junction regulation also led to the discovery
of “solvent drag” [8—10], a mechanism by which paracellular flux allows continued
nutrient absorption despite saturation of transcellular transport pathways. Although
initially controversial [11-15], subsequent in vitro and in vivo studies demonstrated
that solvent drag occurs in many species, including humans [16, 17], as a result of
increased paracellular permeability [18-20]. Subsequent work has documented
similar paracellular amplification of transcellular transport in the renal tubule
[21, 22].

Ex vivo studies of rodent mucosae showed that Na*-nutrient cotransport-induced
tight junction permeability increases were associated with morphological changes
including expansion of spaces between tight junction strands and condensation of
perijunctional microfilaments [6]. This led to the hypothesis that actomyosin con-
traction might contribute to Na*-nutrient cotransport-induced tight junction regula-
tion. However, methods available at that time precluded mechanistic analysis in
intact mucosae. This obstacle was overcome by the development of a cell culture
model of intestinal epithelial tight junction regulation in response to Na*-glucose
cotransport [23]. Using a model facilitated the discovery that actomyosin contrac-
tion driven by myosin light chain kinase (MLCK)-mediated phosphorylation of
myosin II regulatory light chain (MLC) was essential for physiological tight junc-
tion regulation. Moreover, enzymatic MLCK inhibition blocked Na*-glucose
cotransport-induced tight junction regulation in cultured monolayers and isolated
rodent mucosae [23]. Subsequent studies showed that Na*-glucose cotransport led
to increased tight junction permeability and MLC phosphorylation in human intes-
tinal mucosae [19]. Importantly, both in vitro and in vivo studies showed that these
alterations were size selective in that mannitol (~7 A diameter) permeability was
increased, but there were no detectable changes in paracellular inulin (30-40 A
diameter) flux [20, 23]. Thus, MLCK activation by physiological stimuli is a canon-
ical mechanism of epithelial tight junction regulation.

Tight Junctions Are Differentially Regulated by
Inflammatory Stimuli

The discovery of MLCK as the mediator of Na*-glucose cotransport-induced per-
meability increases provided the first mechanistic insight into physiological tight
junction regulation. This also created opportunities to discover mechanisms of
pathophysiological barrier regulation. Of these, the most well-established is the dis-
covery that MLCK also mediates tight junction regulation induced by
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proinflammatory cytokines, including TNF, LIGHT, and IL-1p [24-26]. The effi-
cacy of anti-TNF therapies and their ability to restore barrier function in patients
highlights the clinical relevance of this discovery, although efficacy is more likely
due to immunomodulation [27, 28]. Experimentally, barrier loss induced by TNF
was completely reversed by a specific membrane-permeant inhibitor of MLCK
(PIK). MLC phosphorylation, which was increased following TNF treatment, was
also corrected by PIK [29]. PIK was, however, only able to restore barrier function
in response to modest degrees of barrier loss [29], indicating that the effect was due
to reversal of TNF-induced tight junction regulation rather than inhibition of TNF-
induced apoptosis [30-32]. Moreover, PIK or genetic epithelial MLCK inhibition
each prevented acute, TNF-induced barrier loss and diarrhea in vivo [33]. Further,
epithelial MLC phosphorylation and MLCK expression were found to be increased
in human inflammatory bowel disease and to correlate with disease activity [34].
Thus, TNF and more complex inflammatory stimuli hijack physiological mecha-
nisms of tight junction regulation to increase intestinal permeability. There are,
however, differences between tight junction regulation by physiological Na*-
glucose cotransport and that induced by TNF in that only TNF increases permeabil-
ity of molecules larger than small sugars [23, 30]. Thus, although both are driven by
MLCK, the barrier loss induced by TNF is qualitatively different from that induced
by Na*-glucose cotransport. This may reflect a second signal induced by TNF, as
TNF, but not Na*-glucose cotransport, triggers occludin endocytosis in vivo [33, 34].

Once claudins were discovered and antibodies became available, several groups
began to assess patterns of expression in health and disease [35-38]. These demon-
strated markedly increased claudin-2 expression during active inflammatory bowel
disease and showed that IL-13, which is elevated in both ulcerative colitis and
Crohn’s disease, was able to induce claudin-2 expression in cultured intestinal epi-
thelial monolayers [36, 37]. Further study showed that, although IL-13, like TNF,
reduced transepithelial electrical resistance (TER), only TNF increased paracellular
permeability to 4 kDa dextran (28 A diameter) and reduced charge selectivity [39].
In contrast to TNF, IL-13-induced barrier loss, was due to a claudin-2-
mediated increase in paracellular Na* permeability and was unaffected by PIK [39].
In vivo studies confirmed that IL-13 was sufficient to increase cation permeability,
and subsequent studies demonstrated that IL-13 was unable to affect paracellular
permeability of claudin-2 knockout mice, while transgenic claudin-2 overexpres-
sion was sufficient to replicate the effects of IL-13 in the absence of cytokine treat-
ment [40]. These data demonstrated that the IL-13 and TNF modify paracellular
permeability by different mechanisms, claudin-2 upregulation and MLCK activa-
tion, respectively, that have distinct functional effects.

Distinct Tight Junction Pore and Leak Pathways

In parallel with the studies above, analyses of genetically modified MDCK mono-
layers showed that claudin-2 expression increased paracellular permeability of
small molecules across pores with diameter of ~8 A but had no effect on
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Fig. 1 The intestinal barrier. The space between epithelial cells is sealed by selectively permeable
tight junctions that allow paracellular flux by two distinct pathways. The pore pathway (left) is a
size- and charge-selective, high-conductance pathway that accommodates molecules up to 6-8 A
in diameter. Upregulation of claudin-2, which forms paracellular channels, increases pore pathway
permeability. The mucosal immune system can induce claudin-2 transcription via IL-13 or IL-22
secretion. The leak pathway (center) is a charge-nonselective, low-capacity macromolecular flux
route that accommodates molecules up to 100-125 A in diameter. TNF and IL-1 are each able to
increase leak pathway permeability by upregulating myosin light chain kinase (MLCK) expression
and activity and recruiting the MLCK1 splice variant to the perijunctional actomyosin ring. This
triggers removal of occludin by caveolar endocytosis and leads to increased leak pathway flux. A
potential third route, the unrestricted pathway (right panel), is tight junction-independent, size-
nonselective, and charge-nonselective. It is created by epithelial damage and can become the domi-
nant route of intestinal barrier loss

paracellular flux of larger probes [41]. In contrast, knockdown of either ZO-1 or
occludin increased paracellular permeability to larger macromolecules [42, 43].
Specifically, occludin knockdown increased flux across a pathway that accommo-
dates macromolecules up to ~125 A in diameter [43]. Thus, TNF treatment or occlu-
din knockdown increased macromolecular permeability and reduced charge
selectivity, while IL-13 treatment or claudin-2 overexpression increased cation
selectivity without affecting macromolecular permeability. This confluence of
observations led to the hypothesis that two distinct pathways, termed pore and leak,
mediate paracellular flux (Fig. 1) [44, 45]. The pore pathway, exemplified by clau-
din-2 channels, is a high-conductance route that is both charge- and size-selective,
with a maximum diameter of 6 to 8 A. The low-capacity leak pathway is size-
selective, with an estimated maximum diameter of 100 to 125 A and is not charge-
selective. In contrast to the pore pathway, which is created by claudin-based, gated
channels [46], the anatomy of the leak pathway has not been defined; some have
suggested that leak pathway flux may occur primarily at tricellular tight junc-
tions [47].
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The increases in intestinal epithelial tight junction permeability induced by Na*-
nutrient cotransport to amplify transcellular nutrient absorption are charge-
nonselective, permit flux of molecules too large to traverse claudin channels, and
are regulated by the cytoskeleton [8, 19, 23, 48]. These changes, therefore, reflect
leak pathway flux. In an analogous fashion, claudin-2-mediated pore pathway flux
allows paracellular Na* absorption to amplify transcellular Na* absorption in the
renal proximal tubule [21]. Thus, defined flux across both pore and leak pathways is
of physiological benefit.

Claudin-2: A Paracellular Cation and Water Channel

In normal human and rodent development, intestinal epithelial claudin-2 expression
is highest in the immediate perinatal period, where it is expressed in villous and
crypt epithelial cells [35, 49, 50]. Claudin-2 expression is then progressively down-
regulated until, by weaning, expression is low and restricted to crypt epithelial cells
[35, 49, 50]. Claudin-15, which also forms a paracellular cation and water channel
[51-55], has a reciprocal temporal expression pattern and is present at low levels
prior to weaning but is expressed at higher levels in both villous and crypt epithelia
by adulthood [35, 49, 50].

Although the reasons for developmental regulation of claudin-2 expression have
not been defined, it may reflect differences in nutrient demand, which is greatest
during the rapid growth that characterizes the neonatal and pre-weaning periods.
This is best understood by recognizing that expression of claudin-2 or claudin-15 is
required for ongoing Na*-nutrient cotransport; mice lacking either claudin survive
while those lacking both die of malnutrition by 3 weeks of age [56]. It is also nota-
ble that paracellular Na* conductance is significantly greater in neonatal mice, rela-
tive to adults [49]. Thus, it may be that claudin-2 is able to more effectively conduct
Na* than claudin-15. This has not, however, been demonstrated experimentally. In
the context of inflammatory stimuli, including disease, intestinal epithelial claudin-
2 expression is upregulated, while claudin-15 expression is largely unchanged
(Fig. 2) [36, 39, 40, 50, 57-60]. This could therefore represent a compensatory
mechanism that restores nutrient absorption in the face of mucosal damage.
However, the observation that claudin-2 is not upregulated in claudin-15-deficient
mouse intestine [61] suggests that alternative explanations should also be considered.

Claudin-2-Dependent Fluid Efflux Promotes
Pathogen Clearance

One major limitation of most in vivo studies of permeability is that the probe or
probes used do not allow discrimination between changes in pore, leak, and damage-
induced (unrestricted pathway) permeability. Lactulose and mannitol, the most
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Healthy Diseased

Fig. 2 Regulation of claudin-2, claudin-15, and occludin expression in healthy and diseased adult
human intestine. Claudin-2 (green) is primarily expressed in the crypts of the small intestine and
colon, and this is increased in inflammatory disease. In contrast, expression of claudin-15 (green),
which also forms paracellular cation-selective pores, is present throughout the crypt-villus axis and
is unchanged in disease. Occludin (green) expression is reduced in inflammatory disease.
E-cadherin (magenta), ZO-1 or y-actin (red), and nuclei (blue) are shown for reference. Bar,
50 pm; 20 pm (insets)

extensively used probes in human studies, are both able to traverse leak and unre-
stricted pathways. Mannitol is too large to be accommodated by claudin-2 channels
in vitro, but it remains to be determined if it can cross the pore pathway in vivo [41].
In mouse models, most investigators simply use 4 kDa FITC-conjugated dextran.
Serum recovery of this probe can reflect increased permeability across both leak and
unrestricted, but not pore, pathways [62]. Experimental data suggest that greater
than two-fold increases in 4 kDa dextran flux are most likely to reflect unrestricted
pathway activation as consequence of epithelial damage [62]. To overcome this
limitation, we established a method using creatinine (6 A diameter), 4 kDa dextran
28 A diameter), and 70 kDa dextran (120 A diameter), to measure flux across pore,
leak, and unrestricted pathways, respectively [60, 62]. This approach, which has
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been validated by other groups [63], readily distinguishes between barrier defects
induced by C. rodentium infection, TNF, and DSS [62].

Using the three-probe in vivo permeability assay, we discovered that creatinine
flux is uniquely increased 2 days after C. rodentium infection in mice [60]. This
correlated with increased epithelial expression of claudin-2, but not other tight junc-
tion proteins, and elevated mucosal IL-22 levels [60]. Analyses using recombinant
IL-22 demonstrated that this member of the IL-10 superfamily is responsible for the
increased intestinal epithelial claudin-2 transcription and translation seen after
C. rodentium infection.

In order to understand the impact of claudin-2 upregulation in C. rodentium
infectious colitis, we took advantage of claudin-2 knockout and claudin-2 trans-
genic mice [60]. The very low claudin-2 expression observed in healthy adults was
similar to the absence of claudin-2 in knockout mice, while the increased expression
in claudin-2 transgenic mice was comparable to levels detected at the peak of
C. rodentium infection [60]. The genetically modified mice therefore model the
extremes of claudin-2 expression in wild-type mice.

The severity of C. rodentium colitis was exacerbated by claudin-2 knockout, as
indicated by increased histopathology scores, increased mucosa-associated
C. rodentium, prolonged C. rodentium shedding, and markedly elevated mucosal
TNF, IL-1p, IL-6, and IL-22 (Fig. 3) [60]. The observation that fecal water and Na*
were increased in healthy claudin-2 transgenic mice suggested that the greater
severity of disease in claudin-2 knockout mice might be secondary to reduced water
and Na* efflux. Consistent with this hypothesis, induction of mild osmotic diarrhea
by adding polyethylene glycol to the drinking water reduced histopathology scores,
mucosa-associated C. rodentium, fecal C. rodentium shedding, and mucosal TNF,
IL-1p, IL-6, and IL-22 levels such that all measures of disease were similar in poly-
ethylene glycol-treated claudin-2 knockout, transgenic, and wild-type mice [60].
These data suggest that the primary means by which claudin-2 upregulation acceler-
ates pathogen clearance and reduces infectious enterocolitis severity is by promot-
ing paracellular water and Na* efflux [60]. Because epithelial cell turnover is
accelerated in C. rodentium-induced colitis, this cannot be simply due to bacterial
washing from the epithelial surface but is more likely to reflect disruption of the
cycle by which newly formed epithelial cells are infected (Fig. 3a). The increased
fecal water resulting from claudin-2 overexpression likely also dilutes and reduces
local DSS concentrations to attenuate mucosal damage, thereby explaining the pro-
tection fromm DSS-induced injury observed in claudin-2 transgenic mice [64].
Thus, claudin-2 increases luminal water efflux to promote pathogen clearance and
dilute offending chemical agents in infectious and chemical colitis, respectively.
Intestinal claudin-2 upregulation and the water efflux that follows can therefore be
considered a primitive form of innate immunity.
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Fig. 3 1L-22 upregulates epithelial claudin-2 to drive diarrhea and enteric pathogen clearance. (a)
IL-22 released in response to enteric infection upregulates claudin-2 expression to enhance para-
cellular Na* and water efflux and promote pathogen clearance. Here, polyethylene glycol (PEG) is
shown as an inducer of osmotic diarrhea. (b) C. rodentium (red) and nuclei (blue) 11 days after
infection. Colonization of crypt spaces in claudin-2 knockout mice is prevented by PEG treatment.
Bar, 50 pm. (¢) Mucosa-associated C. rodentium numbers are reduced in Cldn2" and increased in
Cldn2~-, relative to wild-type (Cldn2+**), mice. PEG treatment eliminated differences between
genotypes. (d) Histopathology was increased in Cldn2~~ mice and reduced by PEG treatment. (e
and f) Mucosal TNF and IL-22 were markedly greater in Cldn2~~ mice relative to wild-type or
Cldn2™ mice, at day 11 after infection in the absence, but not presence, of PEG treatment. (Data
from Tsai et al. Cell Host Microbe, 2017, with permission)
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Claudin-2 Exacerbates Immune-Mediated Colitis

Although claudin-2 upregulation reduces severity of infectious and chemical colitis,
it is not clear if it represents a beneficial adaptation or contributes to progression of
immune-mediated colitis. To address this, claudin-2 knockout and transgenic mice
were crossed onto an immunodeficient Rag/ knockout background and studied
using the adoptive T-cell transfer colitis model [40, 65]. In contrast to infectious and
chemical colitis models, immune-mediated disease severity was increased by trans-
genic claudin-2 expression and reduced by claudin-2 knockout, as measured by
weight loss, disease activity index, cytokine production, T-cell infiltration, and his-
topathology scores (Fig. 4) [40]. Conversely, the same measures showed that clau-
din-2 knockout ameliorated immune-mediated colitis [40]. It therefore appears that
claudin-2 upregulation is a maladaptive response to mucosal immune activation in
the absence of offending exogenous agents, such as pathogenic bacteria or toxic
chemicals. Further study is needed to understand how claudin-2 modifies mucosal
immune activation and whether this contributes to the relative protection afforded
by claudin-2 overexpression in C. rodentium colitis.

Despite reduced disease severity, survival after T-cell transfer was reduced in
claudin-2 knockout mice. This was unexpected and, in most cases, followed an
unusual clinical pattern. Wild-type and claudin-2 transgenic mice displayed pro-
gressive increases in disease activity and weight loss over weeks. In contrast, clau-
din-2 knockout mice appeared well until they became acutely ill in the few days
before death. Necropsy showed that these mice suffered from intestinal obstruction
[40]. This was not due to fibrosis or dysmotility. We therefore considered the pos-
sibility that insufficient luminal hydration could result in fecalith formation and
obstruction. In contrast to humans, this led to obstruciton in mice, where the luminal
space is dramatically narrowed by mucosal inflammatory expansion. To prevent
obstruction, polyethylene glycol was added to the drinking water of claudin-2
knockout and wild-type mice. This did not affect disease severity but improved
survival of claudin-2 knockout mice [40]. Thus, increasing luminal water was suf-
ficient to prevent obstruction and death in claudin-2 knockout mice. Notably, clau-
din-2 knockout, but not wild-type, mice upregulated intestinal epithelial claudin-15
expression during colitis. This can be taken as an additional piece of evidence that,
despite our inability to detect functional differences at present [52], claudin-2 and
claudin-15 are not functionally interchangeable, as such claudin-15 upregulation
did not disrupt the effects of claudin-2 knockout.

Occludin S408 Phosphorylation Regulates Claudin-2
Channel Function

The occludin C-terminal tail can be separated into membrane-proximal and distal
portions. The distal half (residues 373 to 522) is most highly conserved [66] and can
be broken into an unstructured region (373—412) and a coil-coil domain (413-522)
composed of three alpha helices [67]. Biochemical studies found that the
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Fig. 4 Intestinal epithelial claudin-2 overexpression exacerbates, and claudin-2 knockout limits
immune-mediated colitis severity. (a) Weight loss and disease activity induced by T-cell transfer in
Cldn2**Ragl~~ mice (blue circles), Cldn2~-Ragl~~ mice (red circles), and Cldn2™Ragl~"~ mice
(green circles). (b) Histopathology of mice sacrificed at day 56 after T-cell transfer shows more
severe disease in Cldn2"*Ragl~~ mice and milder disease in Cldn27"Ragl~~ mice, relative to
Cldn2+*Ragl~~ mice. (¢) T-cell recruitment (CD3, green) parallels disease severity. ZO-1 or
E-cadherin (red) and nuclei (blue) are shown for reference. Bars, 50 pm (Data from Raju et al. J
Clin Invest, 2020, with permission)
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unstructured region within the distal occludin tail contains multiple sites that can be
phosphorylated by casein kinase 2 (CK2) [68—70]. The development of highly spe-
cific CK2 inhibitors as pharmacological therapies for neoplastic disease created an
opportunity to assess the impact of CK2-mediated occludin phosphorylation on a
barrier function. In Caco-2 intestinal epithelial cell monolayers, enzymatic CK2
inhibition reduced paracellular permeability of small cations, consistent with inhibi-
tion of the claudin-2 channel [71]. CK2 inhibitors had no effect in the absence of
CK2, occludin, or claudin-2 expression [71]. Mutagenesis studies showed that ser-
ine-408 dephosphorylation was required for the effect of CK2 inhibition on barrier
function. Fluorescence recovery after photobleaching (FRAP) studies showed that
CK2 inhibition reduced the occludin mobile fraction and that this behavior also
mapped to serine-408 [71]. Further analyses using pull-down assays showed that
the non-phosphorylatable tail of occludin®4 captured greater amounts of endoge-
nous occludin, claudin-1, and claudin-2 from Caco-2 cell lysates than the phospho-
mimetic occludin®®P [71]. Although no direct binding sites between claudins and
occludin are known, ZO-1 includes PDZ1 and U5-GuK domains that bind to each
of these, respectively [72, 73]. Consistent with an essential role for ZO-1-mediated
interactions between occludin and claudins, neither S408A nor S408D occludin
tails effectively recovered claudin-2 from ZO-1-deficient Caco-2 cell lysates [71].
Moreover, CK2 inhibitors had no effect on TER of ZO-1-deficient Caco-2 monolay-
ers. The TER response to CK2 inhibition could be restored by expression of full-
length ZO-1, but not ZO-14PP2! or ZO-14VCSK [71]. Together, these data demonstrate
that dephosphorylation of occludin®® triggers assembly of an occludin-ZO-1-
claudin-2 complex that interferes with claudin-2 channel function (Fig. 5a) [73]. As
a final test of this hypothesis, T84 cell monolayers, which do not ordinarily express
significant levels of claudin-2, were treated with IL-13 to induce claudin-2 expres-
sion. This reduced TER and increased cation selectivity, and both of these changes
could be reversed by CK2 inhibition. Thus, occludin phosphorylation at S408 is a
molecular switch that, indirectly, regulates claudin-2 channels [71].

Fig. 5 (continued) channels. (b) IL-13 administration increased claudin-2 (green) expression in
proximal colonic crypt epithelium. This was not affected by CK2 inhibition. Nuclei (blue) are
shown for reference. (¢) Ussing chamber analyses of proximal colonic mucosae from IL-13-treated
mice (red squares) shows specific increases in permeability of small cations relative to vehicle-
treated mice (blue circles). Treatment with CK2 inhibitor (green-outlined symbols) blocked IL-13-
induced permeability increases but had no effect in the absence of IL-13. (d) Weight loss following
T-cell transfer was attenuated in Rag/~~ mice treated with a CK2 inhibitor (green diamonds) rela-
tive to controls receiving vehicle (blue circles). (e) Histopathology was reduced by CK2 inhibitor
treatment. (f) T-cell (CD3, green) infiltration was reduced by CK2 inhibition. E-cadherin (red) and
nuclei (blue) are shown for reference. Bars, 50 pm (Data from Raju et al. J Clin Invest, 2020, with
permission)




Modulation of Intestinal Disorders by Claudin-2 and Occludin Via Canonical... 97

Na*
A
H,0 "
=
5408 L, 5@8 .:—J
; =
@ a Claudin-2 |
é;%r k) o
7 2
JI\ J s CK2 =
oD ' " inhibitor ¥
c d

[y
o

Permeability (x10¢ cm/sec)
o o o
Weight %(change)
> & o &
}
*

+|L-13 +CK2
inhibitor

+CK2
inhibitor
o+ 10
02468 02468 0 7 14 21 28 35 42 49 56
Cation diameter (A) Time after transfer (days)

+C
inhibitor

] 5
T X
OO0 a0E 2

Fig.5 CK2 inhibition limits immune-mediated colitis severity by inactivating claudin-2 channels.
(a) Casein kinase-2 (CK2) inhibition results in occludin S408 dephosphorylation and triggers
assembly of a trimolecular complex composed of occludin, ZO-1, and claudin-2 to inactivate claudin-2



98 Y. Y. Sweat et al.

Inhibition of Occludin Phosphorylation Is Therapeutic
in Experimental, Inmune-Mediated Colitis

In order to determine whether CK2 inhibition could also block claudin-2 channel
function in vivo, mice were treated with saline or IL-13, to induce claudin-2 expres-
sion, in combination with a CK2 inhibitor or vehicle [40]. Bi-ionic potential mea-
surements were then used to characterize excised proximal colonic mucosae [40,
53,74, 75]. As expected, IL-13 specifically increased claudin-2 expression (Fig. Sb)
as well as paracellular permeability to Na*, methylamine, and, to a lesser degree,
ethylamine (Fig. 5c¢) [40]. CK2 inhibition failed to prevent increased claudin-2
expression but reversed changes in paracellular permeability (Fig. 5b, c). In con-
trast, CK2 inhibition had no effect on permeability in the absence of IL-13 treat-
ment. CK2 inhibition is, therefore, able to block claudin-2 channel function in vivo.

Daily treatment with an orally bioavailable CK2 inhibitor, beginning 10 days
after T-cell transfer, dramatically reduced immune-related colitis severity by all
measures in claudin-2 wild-type, Rag!~~ mice [40]. In contrast, CK2 inhibition
afforded no benefit to claudin-2 knockout Rag/~~ mice [40]. Thus, although the
nearly ubiquitous expression and substrate promiscuity of CK2 make it impossible
to fully exclude other targets, the requirement for claudin-2 expression suggests that
the effect of CK2 inhibition reflects claudin-2 channel inactivation [40]. Thus,
in vivo inhibition of CK2-mediated occludin phosphorylation prevents progression
and attenuates severity of immune-mediated colitis [40]. CK2 inhibition can affect
many processes and, therefore, is not an ideal therapeutic approach. However, future
definition of how S408 phosphorylation regulates occludin tail interactions may
lead to more specific means of inhibiting claudin-2 function.

Occludin Endocytosis Is Required for TNF-Induced,
MLCK-Dependent Leak Pathway Permeability Increases

Remarkably, beyond the perijunctional actomyosin condensation seen by transmis-
sion electron microscopy, occludin internalization was the primary morphologic
change associated with T-cell activation-induced, TNF-dependent barrier loss [33].
Further study showed that occludin was internalized into caveolin-1-positive endo-
somes. Although TNF-induced MLCK activation and MLC phosphorylation were
increased, caveolin-1 knockout mice failed to internalize occludin and were pro-
tected from TNF-induced barrier loss [76]. Caveolar endocytosis is, therefore,
required for TNF-induced, MLCK-mediated leak pathway permeability increases.
Occludin was the only tight junction protein consistently identified within these
endosomes, but the data do not exclude the possibility that occludin is merely a
marker of some other critical change in tight junction structure. To assess this, trans-
genic mice that overexpress occludin within intestinal epithelial cells were treated
with TNF. Although endocytosis did occur, tight junction-associated occludin pools
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were preserved in transgenic, relative to wild-type, mice [76]. Moreover, the mag-
nitude of barrier loss was attenuated, and TNF-induced diarrhea was prevented by
transgenic occludin expression [76]. Occludin is, therefore, an essential regulator of
leak pathway permeability. Finally, this result is consistent with leak pathway bar-
rier loss and reduced occludin expression in human inflammatory bowel disease
[36, 77, 78].

Occludin Regulates Epithelial Survival

The initial reports of occludin knockout mice failed to identify intestinal or renal
barrier defects or spontaneous disease involving these organs [79]. Nevertheless,
occludin knockout was associated with male infertility, inability of females to effec-
tively suckle pups, gastric epithelial hyperplasia, brain calcifications, testicular atro-
phy, and osteoporosis, and subsequent studies showed that occludin knockout mice
became deaf over time [80]. Finally, our unpublished experience that the frequency
of knockout pups when occludin heterozygotes were bred was far less than the
expected 25% predicted by Mendelian genetics suggests embryonic loss; crosses
of occludin floxed and occludin floxed;villin-cre transgenic mice resulted in equal
numbers of cre-positive and cre-negative pups. Embryonic loss of occludin-deficient
embryos is, therefore, not due to Ocln deletion within the intestinal epithelium.

The absence of intestinal disease in occludin-deficient mice could be due to com-
pensatory mechanisms that overcome occludin loss. Universal and intestinal
epithelial-specific occludin knockout mice were, therefore, stressed in order to
unmask functional deficits. Remarkably, dextran sulfate sodium (DSS) failed to
induce weight loss in occludin knockout mice (Fig. 6a) [81]. Thus, intestinal epithe-
lial occludin expression sensitizes mice to chemically induced colitis.

Further analyses showed that histopathology, inflammatory cytokine production,
and epithelial apoptosis induced by DSS or trinitrobenzenesulfonic acid (TNBS)
were suppressed in intestinal epithelial occludin knockout mice (Fig. 6b). To better
define the mechanism by which occludin loss reduced epithelial apoptosis, mice
were treated with 5-fluorouracil, which triggers intrinsic pathway apoptosis, sys-
temic T-cell activation using anti-CD3, or TNF treatment to activate the extrinsic
apoptotic pathway [81]. Occludin knockout protected intestinal epithelial cells from
all three stimuli (Fig. 6¢). Biochemical analysis of apoptotic signaling induced by
TNF showed that ERK, p38 MAPK, IkB, and caspase-9 were all activated similarly
in occludin-sufficient and knockout intestinal epithelia (Fig. 6d). However, TNF-
induced caspase-3 cleavage was only detected in occludin-expressing epithelia
(Fig. 6d). Further characterization showed that this was due to a ~ 50% reduction in
overall caspase-3 mRNA and protein expression in the absence of occludin.
Although it was surprising that an only 50% decrease in expression would be suf-
ficient to prevent apoptosis, mice heterozygous for Casp3 knockout (Casp3+-),
which express caspase-3 at ~50% of normal levels, were also protected from intes-
tinal epithelial apoptosis induced by DSS or TNF [81]. Thus, occludin promotes
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caspase-3 transcription, and the reduced caspase-3 expression that follows occludin
loss is sufficient to prevent intrinsic and extrinsic pathway apoptosis.

Similar to mice, Caco-2 cells lacking occludin displayed reduced CASP3 tran-
scription and protein expression. Inducible occludin expression in these cells acti-
vated the CASP3 promoter and restored transcription to normal levels [81]. Thus,
although occludin has not been detected within nuclei, it promotes CASP3 tran-
scription, either directly or indirectly [81]. To assess the effect of inflammation-
induced loss of occludin expression on epithelial survival, Caco-2 monolayers were
treated with TNF at a low concentration that was insufficient to cause apoptosis.
This was, however, sufficient to reduce both occludin and caspase-3 expression and
protect cells from staurosporine-induced intrinsic pathway or high-dose TNF-
induced extrinsic pathway apoptosis. In contrast, pretreatment of occludin-deficient
Caco-2 monolayers with low-dose TNF had no effect on subsequent responses to
staurosporine or high-dose TNF. Thus, low-grade inflammation, modeled in vitro
by low-dose TNF, may lead to reduced occludin and caspase-3 expression that
results in cytoprotection [81].

In order to determine whether occludin downregulation in human disease is asso-
ciated with reduced caspase-3 expression, small intestinal and colonic biopsies
from Crohn’s disease and ulcerative colitis patients and age- and sex-matched
healthy control subjects were analyzed by quantitative immunohistochemistry
(Fig. 6e). Occludin expression was significantly reduced in both Crohn’s disease
and ulcerative colitis and was accompanied by caspase-3 downregulation (Fig. 6f).
Moreover, reductions in caspase-3 expression correlated directly with decreased
occludin expression. Thus, occludin downregulation in inflammatory disease may
be an adaptive response that promotes epithelial survival. Further studies will be
needed to understand how this cytoprotective function interfaces with the role of
occludin in tight junction barrier regulation.

fig. 6 (continued) out (KO™C), mice. Nuclei (blue) are shown for reference. Bar, 20 pm. (c)
Systemic T-cell activation induced by anti-CD3 treatment increased ISOL-positive (red) cell num-
bers in wild-type, but not KO™C, mice. Nuclei (blue) are shown for reference. Bar, 50 pm. (d)
Western blot of intestinal epithelia isolated from vehicle- and TNF-treated WT and Ocln™~ mice.
With the exception of cleaved caspase-3, signaling events downstream of TNF signaling were not
affected by occludin deletion. (e) Ileal biopsies from healthy subjects and Crohn’s disease patients
show reduced occludin (green) and caspase-3 (green) expression in disease. E-cadherin (red) and
nuclei (blue) are shown for reference. Bar, 50 pm. (f) Quantitative morphometry confirms similar
reductions in occludin and caspase-3 expression intensity in ileal epithelium from Crohn’s disease
patients (green diamonds) relative to healthy controls (yellow circles) (Data from Kuo et al.
Gastroenterology, 2019, with permission)
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Summary and Future Directions

The studies discussed here demonstrate the important contributions of pore and leak
pathway permeability to intestinal disease. They also highlight the importance of
considering these mechanisms as separate processes that are regulated by different
signaling events and have distinct effects on barrier function and pathophysiology.
The data also show that the impact of increased tight junction permeability may not
be the same in infectious and immune-mediated disorders. Although available data
cannot explain the reasons for these differences, one might hypothesize that
increased claudin-2 expression in infectious disease both enhanced water efflux and
augmented mucosal immune activation. Evolutionarily, where infectious diseases
had much greater impact on survival than immune-mediated disorders, increased
pathogen clearance and immune activation might be considered synergistic. The
contradiction only occurs in the context of immune-mediated disease. Although the
effects of occludin downregulation in infectious disease have not been defined, one
could hypothesize that increased leak pathway permeability might promote patho-
gen clearance while simultaneously downregulating caspase-3 expression to limit
tissue damage. Thus, regulatory mechanisms that evolved over billions of years to
promote survival may now have unintended consequences in the context of modern
maladies.

The growing synergy between in vitro and in vivo models makes this an exciting
time for tight junction biology in which future studies will address the questions
raised in this text and many others. Ultimately, we hope that both fundamental,
foundational advances and translational studies will lead to clinical trials in which
barrier and tight junction modulation are validated as therapeutic interventions for a
broad range of intestinal and systemic diseases.
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Tight Junctions in the Inflamed Gut )

Maria del Rocio Encarnacion-Garcia and Porfirio Nava

Abstract The gastrointestinal system digests and absorbs nutrients while integrat-
ing exogenous and endogenous signals that contribute to create immune tolerance.
Epithelial cells forming the physical barrier regulate ion, solutes, and water absorp-
tion in the gut. Tight junctions (TJs) are specialized cell-cell junctions that bring
adjacent gastrointestinal epithelial cells together and seal the paracellular space.
Additionally, TJs are important for maintaining cellular polarity in epithelial cells
and in the gastrointestinal epithelium itself. Dysfunctional gastrointestinal TJ
enhances leakage of luminal contents into the interstitium, a process that stimulates
the development of inflammatory disorders. Therefore, the pathophysiology of the
TJs has gained attention in the medical field. Several studies aimed to investigate the
viability of those structures are now used in the diagnosis for patients with chronic
gastrointestinal inflammation. This chapter focuses on analyzing the role of the TJs
in the gut, the techniques employed to study these structures, as well as various
mechanisms responsible for compromising the TJs and the intestinal epithelial
barrier.
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ECL1 First extracellular loop
ECL2 Second extracellular loop
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IEC Intestinal epithelial cells
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JAMs Junctional adhesion molecules
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MUPP1  Multi-PDZ domain protein 1

PDZ PSDY5, DigA, ZO1 homology

PKA Protein kinase A

QIIME  Quantitative Insights Into Microbial Ecology

SH3 Non-catalytic SRC homology 3
TJs Tight junctions

Z0 Zonula occludens
Introduction

The gastrointestinal (GI) tract encompasses all organs of the digestive system from
the mouth to the anus (Fig. 1). The principal function of the GI system is to digest
the food to extract nutriments and then to compact the waste and expelled it as feces
[1]. Anatomically, the GI tract contains a series of hollow muscular tubes fully inter-
connected that can be divided into upper (mouth, pharynx, esophagus, stomach, and
duodenum) and lower (colon, rectum, and anus) tracts. Accessory structures of the
GI tract include the liver, pancreas, and gallbladder [2]. Histologically, the GI tract
is formed by four concentric layers: the mucosa, the submucosa, the muscularis, and
the adventitia also referred to as serosa (Fig. 1). In the mucosal layer, millions of
intestinal epithelial cells (IEC) line the luminal space and create an absorptive sur-
face of approximately 100 m? [3]. IEC are polarized specialized cells with two bio-
chemically and functionally distinct domains, the “apical” and the “basolateral”
plasma membranes (Figs. 1 and 2). The apical membrane directly faces the luminal
fillings, while the basolateral domain is anchored to the lamina propria. To create a
functional physical barrier, epithelial cells connect to each other through a series of
intercellular junctions that include tight junctions (TJ), adherens junctions, desmo-
somes (DMs), and gap junctions [4-7] (Fig. 2). At the uppermost part of the baso-
lateral side, TJ proteins create an adhesive structure that closes the intercellular
space and strongly influences epithelial barrier properties [7—10].
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Fig. 1 The gastrointestinal system. A diagram of the gut in the average human, a transverse sec-
tion of the hollow intestines, a hematoxylin-eosin staining of the colon, and a schematic illustration
for the general structure of the gut wall are presented. The migration axis and the cellular popula-
tions present at the colonic crypt are also presented

In the gut, toxic luminal compounds damage superficial epithelial cells and/or
the TJs in between compromising epithelial barrier functions. Leakage of intestinal
fillings following epithelial barrier disruption builds up an acute inflammatory
response mediated by innate and adaptive immune cells residing in the lamina pro-
pria. Uncontrolled acute inflammatory events in the intestine often progress to
chronic diseases [11-13]. To overcome these challenges, the body created a protec-
tive mechanism where old or damaged epithelial cells are continuously replaced by
newly born cells arising from stem cell progenitors residing at the base of the crypt.
New cells migrate upward to the crypt surface where they replace exfoliated cells
and, in the process, undergo differentiation and specialization [14-16] (Fig. 1).
However, the homeostatic process that renews the epithelium in the GI tract requires
cellular adaptations at the microscopical level that preserve the macroscopic proper-
ties of the epithelial barrier. Then, to maintain epithelial barrier functions in the gut,
the TJs must evolve and change at the same rate or faster than the IEC. Consistent
with this, gastrointestinal TJs are envisioned as highly dynamic entities that rapidly
adapt to exogenous and endogenous signals. Therefore, pathological episodes com-
promising the gastrointestinal epithelial barrier often induce disorganization,
destruction, or dysfunction of the TJs [7, 11, 17]. In this overview, we will analyze
some of these events when occurring in the inflamed gut.
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Fig. 2 Intestinal epithelial cells. Drawing depicting the bottom-surface axis in the colonic crypts
where millions of polarized intestinal epithelial cells regulate the unidirectional transcellular and
paracellular flow of the luminal contents. Intercellular junctions encompassing tight junctions
(TJs), adherens junctions (AJ), and desmosomes (DMs) bring cells together, and hemidesmosomes
connect epithelial cells to the extracellular matrix. Actin and intermediate filaments constitute the
cytoskeleton network in the intestinal epithelial cells

Epithelial Barrier in the Gut

The gastrointestinal epithelium is the most extensive mucosal barrier in the body.
Therefore, the single layer of polarized columnar cells lining the organs of the
digestive tract and the TJ holding the cells together represent the most important
physical barrier in the organism. Two main functions have been attributed to this
barrier: (a) halting the entry of toxic materials and (b) facilitating the uptake of
nutrients. Thus, an intrinsic property of the epithelial barrier is the ability to consent
the unidirectional pass of molecules in a highly selective manner, a process known
as intestinal permeability (IP) [1, 18, 19]. The movement of luminal contents
through the epithelium follows two major routes: the transcellular and the paracel-
lular pathways [20] (Fig. 2). Transcellular permeability is mediated by specialized
transporters or by endocytic/exocytic mechanisms for the translocation into and out
of the cell of sugars, peptides, lipids, and several other molecules. Then, transcel-
lular transport involves an active process that uses energy to move substances across
the hydrophobic barriers created by the apical and basolateral membranes [21-26].
In contrast, paracellular permeability refers to the free flow of hydrophilic sub-
stances across the intercellular space generated between the lateral membranes of
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two neighbored cells [9, 10, 27, 28]. The passive absorption at the paracellular route
follows a concentration gradient and is limited by the channels created by the extra-
cellular domains of the integral proteins forming the TJ. Contrary to the transcellu-
lar transport, the absorption rate at the paracellular pathway cannot be saturated
because it is transporter independent.

Tight Junctions

More than 50 different types of proteins have been detected at the TJ. Despite the
high number and diversity of the molecules forming these structure, the basic core
encompasses tetraspan and PDZ (PSD95, postsynaptic density protein 95; DIgA,
Drosophila disc-large tumor suppressor; and ZO1, a mammalian tight junction pro-
tein) containing proteins [29] (Fig. 3). Cis and trans polymerization mechanisms
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Fig. 3 Tight junctions. Illustration showing the proposal mechanism for cis and frans interactions
that control the assembling of the TJ junctions in the intestinal epithelial cells. Cytosolic scaffold-
ing proteins constitute the cytosolic platforms linking the TJ strands with the actin cytoskeleton
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allow transmembrane TJ proteins to produce the paracellular channels that regulate
the flow of hydrophilic molecules moving across the intercellular cleft [9, 30, 31]
(Fig. 2). Cis interactions occur within the same membrane and produce non-linear
fibrils that traverse the uppermost region of the lateral plasma membrane. In con-
trast, the trans interface is created when fibrils of polymeric TJ proteins bind to the
analogous structures present in adjoining cells. Cis polymerization of transmem-
brane TJ proteins entails intracellular adapters to connect the cytosolic C-terminal
domain of the integral proteins with the actomyosin ring surrounding the cell. Thus,
the vast majority of cytosolic TJ proteins are essentially submembrane protein adap-
tors linking transmembrane molecules with the actin fibers [32, 33] (Fig. 3). A
direct association of the TJ proteins with the perijunctional actomyosin belt confers
rigidity and shape to the cells but also plays an important role in epithelial mechano-
transduction. In that context, circumferential contractions generated by the actin
belt can change the composition of the TJ, the paracellular permeability, and even
the turnover rate in the epithelial sheet. Then, the actomyosin belt is the perfect
companion for the TJ in controlling epithelial barrier function [32, 34-36].
Scaffolding TJ molecules also create intracellular membrane-bound platforms
where signaling molecules are “stationed.” In consequence, another function of the
tight junctions is to create an extracellular sensing system that transduces informa-
tion about the external environment. However, by targeting some core components
at the TJ, the signaling molecules associated with the scaffolding molecules may
also deliver plasticity to the epithelial barrier [32, 33, 37].

Claudins

Claudins are a family of integral membrane proteins (20-34 kDa) comprising
approximately 27 members and whose molecular structure includes a short cyto-
plasmic N-terminal region, four transmembrane domains, two extracellular loops,
and a long cytoplasmic C-terminal tail [29, 31, 35, 38] (Fig. 4). The intramembrane
and extracellular domains allow cis dimerization between claudins within the same
plasma membrane and trans interactions among claudins expressed in neighboring
cells, respectively. Claudins are promiscuous, and therefore cis and frans interac-
tions can be established by a single type of claudin (homophilic) or different types
of claudins (heterophilic interaction) [29, 33, 39, 40].

The first extracellular loop (ECL1) in the claudins forms the central core of the
paracellular channels, and its highly charged amino acids confer the anionic or cat-
ionic selectivity [41]. In contrast, conserved aromatic residues (phenylalanine 147,
tyrosine 148, and tyrosine 158) in the second extracellular loop (ECL2) form the
stable frans hydrophobic interactions. ECL2 inter-claudin interactions narrow the
paracellular cleft and play an important role in the pore size formation [40, 42].
Intracellularly, a C-terminal PDZ-binding motif allows claudins to partner with
PDZ-containing scaffold proteins such as zonula occludens (ZO)-1 to ZO-3, multi-
PDZ domain protein 1 (MUPP1), and MAGUK with inverted domain structure-1 to
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Fig. 4 Tight junction proteins. General depiction of the molecules that make up the central core
of the tight junctions: claudins, JAMs, occludin, and ZO proteins

—31[29, 35] (Fig. 4). By linking the transmembrane TJ proteins with the actin cyto-
skeleton, the scaffolding proteins perform as a stabilizing spring for the claudin-
based TJ strands [32, 37]. Regulatory mechanisms adjusting those interactions
regulate TJ efficiency. In this regard, upstream of the PDZ-binding motif, claudin
family members contain amino acid residues susceptible of posttranslational modi-
fications such as phosphorylation, sumoylation, and palmitoylation [43-45].
Therefore kinases, phosphatases, small ubiquitin-like modifier (or SUMO) proteins,
and DHHC domain-containing proteins recruited to the TJ are decisive factors in the
maintenance/establishment of the epithelial barrier. Distribution and expression of
claudin family members along the GI tract are notoriously complex with some pro-
teins exhibiting a regional occurrence along the intestine, while other members are
ubiquitously expressed (Fig. 5). In connection with this of the 27 claudin family
members identified, just claudin-6, claudin-9, claudin-10, claudin-11, claudin-14,
claudin- 16, claudin-18, claudin-19, and claudin-24 are not to present in the adult
murine intestine. Furthermore, each claudin expressed in the murine gut displays a
distinctive distribution along the crypt-villus axis with its own characteristic subcel-
lular localization [46-50] (Table 1). For instance, claudin-2 is uniformly expressed
in epithelial cells at the bottom of the gastrointestinal crypts; meanwhile, only sur-
face colonocytes and surface duodenal cells are positive for claudin-3 [48, 50]
(Fig. 5). Like in the mouse intestine, claudin family members are also partitioned in
the human gut (Fig. 5).

In the GI tract, the expression patterns of claudins dictate the biophysical proper-
ties of the epithelial barrier. For example, claudin-2 expression induces the forma-
tion of cationic channels [54, 58], and claudin-7-based TJs form anionic pores [56,
60]. However, the myriad of hetero-interactions stablished among the claudin
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Fig. 5 Tight junction proteins in the gut. Schematic representation for the distribution of TJ pro-
teins in the mouse and human gut

extracellular domains may affect the selectivity properties of the intestinal barrier as
shown for claudin 12 [46, 47, 61]. Notable, the intermolecular attractions generated
between the extracellular domains of the claudins are also involved in epithelial
cohesiveness. Therefore, changes in the expression of claudin family members dif-
ferentially affect epithelial barrier capabilities [41, 54, 60, 62] (Table 1).

Occludin

Occludin is a 65-kDa tetraspan molecule and was the first integral membrane pro-
tein identified in the TJ. Structurally, occludin contains a long cytoplasmic
N-terminal region, two extracellular loops, four transmembrane domains, and a
long cytoplasmic C-terminal tail [8] (Figs. 4). Homophilic trans interactions medi-
ated by highly conserved tyrosines and glycines in the first extracellular loop of
occludin create a flexible intermolecular bridge that confers the size selectivity to
the TJ [63, 64]. In contrast, the strong and robust interactions mediated by the sec-
ond extracellular domain stabilize occludin TJ strands [65]. A direct interaction
between ZO proteins and the occludin COOH-terminal region allows occludin-
based fibrils to be anchored to the actin cytoskeleton [66, 67] (Fig. 3).

N- and C-terminal domains of occludin are prone to posttranslational modifica-
tions that affect the localization and function of the molecule. For example, the
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Table 1 Gastrointestinal claudins
Intestine

Claudin | section Function Animal models | Phenotype Disease Refs.

1 Ubiquitously | Barrier Global Dehydration. | Reduced Garcia-
expressed Cldnl~~ mice |Died on expression | Hernandez
throughout postnatal in colorectal | et al. [48],
the GI tract day 1 cancer Nakagawa

Villin-claudin-1 | Increased IEC | (CRC) etal. [51],
transgenic mice | proliferation Yoshida
(intestinal Reduced etal. [52]
claudin-1 differentiation

overexpression) | of goblet cell

APC-Cldn1 Enlarged

mice (apc™in colonic tumor

mice growth and

overexpressing | size

claudin-1) Poor survival

2 High levels | Cationic Cldn2-'~ Reduced Highly Curry
at birth. The | channel (global intestinal expressed in | et al. [53],
expression regulates | claudin-2 permeability | IEC of Raju et al.
decreases in | Na + and deletion) for Na* and patients with | [54]
the first water. K+ celiac
90 days after | Regulatory Reduced disease,
birth and is | functions intestinal infectious
restricted to | in Ca** calcium enterocolitis,
the crypt excretion secretion and IBD
base Highly Increased in

susceptible to | CRC
experimental
colitis
CI"2TG Protected
(villin- against
claudin-2 experimental
transgenic mice | colitis and
(intestinal increased
claudin-2 colonocyte
overexpression) | proliferation
3 Distal colon | Barrier Altered in Lameris
IBD et al. [50]
Increased in
CRC
4 Distal colon | Barrier Lameris
et al. [50]
5 Duodenum | Barrier Decreased in | Xing et al.
CD [55]
Augmented
in CRC

(continued)
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Intestine
Claudin | section Function Animal models | Phenotype Disease Refs.
7 Highly Anionic Global claudin | Intestinal Decreased in | Ding et al.
expressed in | channel 7'~ mice inflammation | CRC [56],
the distal and mucosal | Reduced Lameris
colon ulcerations expression | et al. [50],
Salt wasting, | ininvasive | Tabaries
dehydration, |and and Siegel
and growth metastatic [57]
retardation, cells
dies within
12 days after
birth
Villin-claudin-7 | Colon
KO mice inflammation
(intestinal Dies within
claudin-7 12 days after
ablation) birth
8 Expression | Barrier Decreased in | Garcia-
progressively CD Hernandez
increases et al. [48]
from the
small
intestine to
the colon
10 Base of the | Pore Garcia-
crypt in the Hernandez
ileocecal et al. [48]
junction
12 Ubiquitously | Functions Decreased in | Lameris
expressed depend on CD et al. [50]
throughout | interactions
the GI tract | with other
claudins
13 Colon, Fujita
highly et al. [47]
expressed in
luminal
epithelial
cells
14 Expression | Barrier Holmes
progressively et al. [49]
increases
from the
duodenum to
the distal
colon

(continued)
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Table 1 (continued)
Intestine

Claudin | section Function Animal models | Phenotype Disease Refs.

15 Strong Cationic Cldn15-- Mega- Tamura
expression in | pore (global intestine et al. [58]
the (Na* claudin-15 Reduced
duodenum transport | deletion) intestinal
and jejunum. | and water) permeability
Weak for K*
expression in Reduced
the ileum glucose
and colon absorption via

the apical
sodium
glucose
co-transporter
SGLT

18 Duodenum Increased in | Xing et al.
and jejunum ulcerative [55]

colitis and
CRC

19 Transient Barrier Holmes
expression in et al. [49]
mouse
jejunum
(first 2 weeks
after birth)

23 Superficial | Barrier Reduced in | Garcia-
epithelial function CRC Hernandez
cells of the | remains et al. [48],
large unexplored Maryan
intestine et al. [59]

phosphorylation of occludin C-terminal tail impairs the association of the molecule
with ZO proteins and disrupts occludin-based TJ [63]. Consequently, protein kinases
targeting occludin C-terminal region compromise epithelial barrier functions.
Conventional Ca2*-dependent protein kinase C (cPKC), novel PKCs (nPKCs),
casein kinase 1 (CK1), CK2, p34cdc2/cyclin B-complex, extracellular signal-
regulated kinase 1, and nonreceptor tyrosine kinase c-Yes are among the kinases
targeting occludin C-terminal domain [43, 66]. At the opposite end, ubiquitination
of occludin enhances the turnover and degradation of the protein. Then an intact
N-terminal domain must be necessary to preserve and maintain TJ properties [68].
The expression of occludin 1B, an occludin splice variant missing part of the
N-terminal region, may therefore signal the presence of additional regulatory mech-
anisms in the intestinal epithelial barrier [69].

Occludin is homogeneously expressed in gastrointestinal epithelial cells (Fig. 5),
and its loss compromises epithelial barrier function [70, 71]. The mechanisms
underlying the process still debatable but, losing occludin from the TJ outcomes in
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the removal of the “pacemaker” at the paracellular channels. In supporting the the-
ory, phosphorylation of occludin C-terminal end by CK2 induces its subsequent
removal from the paracellular channels formed by the complex occludin/ZO-1/
claudin-2 and elevated the permeation of cations, resulting in the so-called leaky gut
[72]. Therefore, during inflammation occludin removal from the TJ plays a critical
role in the disturbance of the epithelial barrier [73] (Table 2). Within this context,
IFNYy increases the paracellular permeability in IEC by promoting the fast removal
of occludin from the TJ in a PI3K and Rho-associated kinase (ROCK)-dependent
manner [73, 82, 83], and the process occurs without affecting occludin protein lev-
els [83, 84]. Other cytokines enriched in the inflamed gastrointestinal mucosa
including TNFa, IL-6, IL-1f, and IL-22 not only stimulate the removal of occludin
from the TJ strands but also promote its turnover or lessen its expression [71, 73,
85-88]. However, the multifaceted role of the inflammatory mediators has pre-
vented the full understanding of the mechanisms controlling the formation/mainte-
nance of the occludin-based TJ. For instance, disintegration of occludin-based TJ
downstream of IFNy is lessened by the ubiquitously expressed proinflammatory
cytokine IFNP [89], and IL-17 stimulates the synthesis of occludin and its subse-
quent recruitment to the TJ strands (J. S. [90], p. 23). Understanding the unique

Table 2 Occludin defects during gastrointestinal diseases

Section of the
gastrointestinal tract
Modification Disease affected Refs.
ImRNA, |protein | Irritable bowel syndrome with Duodenum Hanning et al.
Relocated to the | diarrhea (IBS-D) Jejunum [74], Martinez
basolateral Descending colon et al. [75]
membrane Rectosigmoid colon
fstaining in
cytoplasm
Iprotein Irritable bowel syndrome with Colon Annahdzi et al.
constipation (IBS-C) [76]
Relocated to the | Crohn’s disease Colon Oshitani et al.
basolateral [77]
membrane
JmRNA Ulcerative colitis remission Colon Yamamoto-
Furusho et al.
(78]
TmRNA Active ulcerative colitis Colon Yamamoto-
Furusho et al.
[78]
|protein Crohn’s disease Colon Zeissig et al. [79]
Displaced from
the tight junction
|protein Collagenous colitis Sigmoid colon Biirgel et al. [80]
|protein Infection with enteroaggregative | Intestine Krug et al. [81]
or enterohemorrhagic
Escherichia coli and rotavirus




Tight Junctions in the Inflamed Gut 121

functions of occludin at the inflamed gut is also masked by the redundant roles
displayed of the other MARVEL (MAL and related proteins for vesicle trafficking
and membrane link) proteins, marvelD3 and tricellulin [91, 92]. In fact, it is well
known that marvelD3 can partially compensate for occludin loss [93]. Thus, in the
inflamed mucosa, the functions of occludin might be partially substituted by struc-
turally similar proteins and consequently lessen the effects engendered by occludin
alterations.

Formation and maintenance of the TJ are not the only role of occludin in the
organism. For instance, occludin is strongly expressed in cells lacking TJ, such as
immune cells, neurons, and myocytes [94-97]. Additionally, the global occludin
knockout (KO) mice reveal no significant abnormalities in either TJ morphology or
function. Nevertheless, occludin KO mice exhibit growth retardation, chronic gas-
tric inflammation, and intestinal epithelial hyperplasia [98]. The evidence, there-
fore, indicates that occludin plays unique roles in the body, such as NADH oxidation
[99] or regulation of immune cell transmigration [97]. Hence, although the idea of
occludin directly contributing to the formation and maintenance of the TJ is highly
accepted, it may be too simplistic and should be reevaluated. In fact, given the addi-
tional biological mechanisms where the molecule is involved, a broad study may be
necessary to fully solve this puzzle.

Junctional Adhesion Molecules (JAMs)

Junctional adhesion molecules were described in 1998 as immunoglobulin (Ig)
superfamily members expressed along the lateral membrane of polarized cells
[100]. Some JAM proteins are enriched at the TJ of endothelial and epithelial cells
of different origins, including the endothelium and the epithelium of the small intes-
tine, liver, and colon. Classically JAM family members include JAM-A (JAM-1)
mainly expressed in endothelial and epithelial cells, JAM-B (JAM-2, VE-JAM)
expressed only in endothelial cells, and the ubiquitously expressed JAM-C (JAM-3).
Other JAM family members currently identified are JAM-4 and JAM-L (AMICA1).
JAM proteins are important regulators of cell-cell contact maturation, epithelial
homeostasis, epithelial morphogenesis, and assembly/disassembly of the TJ
[101-104].

JAM family members have certain common structural features: a short N-terminal
signal peptide, two extracellular Ig-like domains, and a single membrane-spanning
element followed by a short cytoplasmic tail (~40 aa) that contains consensus phos-
phorylation sites and ends with a classic PDZ-binding motif [29, 104] (Fig. 4). Cis-
dimerization and trans-homophilic interactions in JAM proteins are mediated by
charged and polar amino acids present in the first Ig domain [105]. Then, the adhe-
sive interface formed by the cis dimers establishes hetero- and homophilic trans
interactions with proteins expressed in neighbored cells (Fig. 3). Physiologically,
cis and trans interactions launched by JAM extracellular domains are necessary for
creating and maintaining intercellular contacts. Of note, at the inflammation site,
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those interactions also control leukocyte transmigration, angiogenesis, and platelet
activation [103]. Direct association of the JAM extracellular domain with occludin
is important for TJ assembly, epithelial barrier maintenance, pore formation, and in
the regulation of ion conductance [103, 106]. The C-terminal PDZ-binding motif in
JAM enables their association with PDZ-containing scaffold proteins such as ZO-1,
AF-6, MUPP1, and PAR-3 (also known as ASIP) and with signaling molecules like
PDZ-GEF1 [102, 106, 107]. Posttranslational modifications in the carboxyl-
terminal domain of JAM-A, JAM-B, and JAM-C not only regulate the interaction of
JAMs with the scaffolding proteins but also affect several physiological processes
governed by the molecules [43, 108]. For instance, the phosphorylation of JAM-A
at S285 by the atypical protein kinase C (aPKC) is necessary for stabilization of
nascent TJ strands and epithelial barrier formation [109], and the phosphorylation
of threonine 273 and tyrosine 280 is required for hepatocyte polarization and endo-
thelial morphogenesis/angiogenesis, respectively [110-112]. Also, tyrosine phos-
phorylation of the JAM-A C-terminal region modulates integrin signaling
transduction [111]. Meanwhile, the phosphorylation of serine 281 in JAM-C pro-
motes TJ assembly, and the phospho residues in the coxsackie and adenovirus
receptor (CAR) C-terminal region control E-cadherin recycling [113, 114]. In the
contrary, dephosphorylation of the carboxyl-terminal of JAM family members often
impairs TJ assembly and compromises epithelial barrier functions [109, 115]. Thus,
the interplay stablished between the kinases and phosphatases targeting the
C-terminal domain of JAM proteins controls the assembly and maintenance
of the TJ.

In the inflamed GI tract, removal of JAM proteins from the TJ is a very common
event induced by protein kinases activated downstream of proinflammatory media-
tors (e.g., TNFa, IFNy, IL-22, or IL-17A), the microbiota, and pathogens [103].
PKC, Yes-1, protein tyrosine phosphatase non-receptor type 13 (PTPN13), protein
kinase A (PKA), and CK2 are among the kinases that stimulate the turnover of JAM
proteins in the inflamed mucosa [109, 116]. Additionally, during inflammation loss
of JAM proteins is also reported [103]. Indeed, some pathogens such as adherent-
invasive Escherichia coli can chronically reduce JAM protein levels in epithelial
sheets by changing their gene expression programs [117]. Thus, multiple events
compromising the epithelial barrier function in the inflamed gut arise from altera-
tions in JAM proteins.

Zonula Occludens (20)

Z0 proteins are ubiquitous membrane-associated guanylate kinase (MAGUK) fam-
ily members comprising ZO-1 (~220 kDa) [118], ZO-2 (~160 kDa) [119], and ZO-3
(~130 kDa) [120]. Originally described as peripheral TJ proteins, the ZO proteins
link integral proteins (TJ proteins, adherens junction proteins, and channels) with
the filamentous actin cytoskeleton and cytoskeleton-associated proteins [29, 32]
(Fig. 3). ZO proteins encompass an amino-terminal half with three PDZ (PSD95,
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DlgA, ZO1 homology) domains. Following the PDZ domains, ZO proteins contain
a non-catalytic SRC homology 3 (SH3) module and a guanylate kinase homology
(GuK) domain [29, 121] (Fig. 4). The large plasma membrane-associated platforms
encompassing ZO proteins enable integral TJ molecules to interact and polymerize
into proteinaceous fibrils referred to as the TJ strand. Then, in the absence of the ZO
proteins, epithelial barrier function is compromised since transmembrane TJ pro-
teins fail to polymerize [122—124]. However, other mechanisms governed by the ZO
proteins might also be involved in the epithelial barrier breakdown. For example,
the multi-domain arrangement in the ZO proteins consents the formation of signalo-
somes as well as facilitates the intracellular shuttling of diverse molecules, includ-
ing transcription factors [125, 126]. Then, modifications in the localization or
expression of the ZO proteins might affect a diverse set of mechanisms that influ-
ence epithelial barrier functions.

Changes in the expression of ZO proteins during inflammatory disorders are not
as remarkable as reported for the integral molecules. However, direct posttransla-
tional modifications or rearrangements of the integral TJ proteins affect the solubil-
ity and distribution of these proteins (Table 3) [127, 128, 130]. In the inflamed GI
tract, the subcellular distribution of the ZO proteins is often altered [77], and the
process directly impacts intestinal epithelial homeostasis, protein expression, and
epithelial barrier function. Therefore, minor changes in the distribution of the ZO
proteins stemming from inflammatory events result in key biological alterations that
compromise organ functionality.

Fence and Gate Functions of the TJ

Two intrinsic properties of the TJ, the gate and fence functions, are essential for the
optimal performance of the gastrointestinal tract. Fence and gate functions are con-
trolled by the large array of proteins forming the central core of the junction [29].
For instance, the gate function is generated by a web of paracellular channels estab-
lished by the extracellular domains of the transmembrane TJ proteins [9, 27, 131].
Paracellular channels discriminate hydrophilic molecules moving across the para-
cellular pathway based on charge and size, and their formation is primarily

Table 3 Alterations of ZO proteins during intestinal inflammation

Protein | Disease/model Alteration Refs.
Z0O-1 | Crohn’s disease Relocated to the basolateral Das et al. [127], Oshitani
membrane etal. [77]
| protein levels
Ulcerative colitis | protein levels
DSS-induced colitis | protein levels Poritz et al. [128]
TNBS-induced colitis | 1 protein levels Han et al. [129]
Lactobacilli 1 protein levels Landy et al. [130]

administration
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determined by claudin interactions [28, 46, 62]. The highly charged amino acids in
the first extracellular loop of the claudins confer charge selectivity and electrical
resistance to the channels [29, 41]. By contrast, size discrimination is dependent on
the pore density rather than pore composition or pore size. Direct interactions
among the extracellular domains of the integral TJ proteins (claudins, occludin, and
JAM) limit the rate of pore formation and its size [72, 106]. However, the pore den-
sity reflects the pattern of claudin expression. Therefore, it is basically the type of
claudins expressed by each epithelium that dictates the gate properties of the TJ.
Transmembrane proteins at the TJ organize themselves in membrane microdo-
mains enriched in cholesterol, also known as lipid rafts [132—134]. The TJ-lipidic
microdomains are not randomly stationed in the plasma cell membrane and rather
limit the boundary between the apical (luminal side) and the basolateral membranes
(interstitial side), two functionally and compositionally distinct domains [4, 135,
136] (Fig. 2). The TJs are not directly responsible for the establishment of the
apical-basolateral polarity, but instead create a natural hurdle that restricts the mix-
ing of lipids and proteins freely diffusing in the exoplasmic plasma cell membrane
of both domains. Also, TJs specify the location of docking sites for the exocyst and
represent regions of active basolateral membrane addition. Thus, in polarized epi-
thelial cells, the fence function of the TJ restricts the intermixing of plasma mem-
brane molecules in the apico-basolateral domains while creating a “touchdown
spot” for the intracellular machinery of molecular recognition and sorting [4, 137].

Inflammatory Pathologies in the Gut

The GI tract is normally exposed to multiple insults that need to be properly con-
trolled, and therefore mild inflammatory events are constantly observed in the intes-
tinal mucosa of individuals of all ages [138]. Acute inflammation is also frequent
and mostly linked to food allergy, food poisoning, intestinal infection (viral, bacte-
rial, and/or parasitic) or to organ and tissue damage (appendicitis, gallstones, or anal
fissures). Episodes of acute inflammation in the GI tract produce a variety of symp-
toms ranging from abdominal pain, stomach cramps, and diarrhea (sometimes
blood can be detected in the stools) to the presence of ulcers/erosions and anorexia
[139-141]. In that context, an early and probably transitory epithelial barrier distur-
bance allows intestinal contents to breach into the submucosa and activate intestinal
immune and support cells. Cellular and molecular responses in the inflamed mucosa
are aimed to minimize injury and restore tissue homeostasis. However, some inflam-
matory mediators further weaken the intestinal barrier, enhance intestinal permea-
bility, and cause a “leaky gut” syndrome that exacerbates the influx of luminal
antigens [139, 142, 143]. The inability of resolving the acute inflammatory process
and reconstituting the GI barrier progresses into a chronic stage [141, 144]. Chronic
inflammation is a hallmark of several recognized intestinal pathologies, such as
inflammatory bowel disease (IBD) [144], irritable bowel syndrome [141], pancre-
atitis [145], diverticulitis [146], hemorrhoids, and gastroesophageal reflux disease
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[140, 147]. Of note, inflamm-aging [148, 149], obesity [150], metabolic syndrome,
and food allergies promote a chronic low-grade inflammation in the gut and should
be considered as chronic inflammatory pathologies of the GI tract. The etiology of
all those diseases is complex, but, as mentioned before, a compromised intestinal
epithelial barrier is the unifying factor.

A compromised intestinal epithelial barrier is also involved in the occurrence of
inflammatory pathologies affecting other organs, such as multiple sclerosis, sys-
temic lupus erythematosus, Parkinson’s disease, and Alzheimer’s disease [143,
151]. The mechanism behind the process is not fully defined although it is possible
that local intestinal immune responses triggered after epithelial barrier disruption
[152] can spread to other organs. In that premise, acute production/secretion of
inflammatory mediators by local-resident immune cells can disseminate and elicit a
long sustained immune response in other tissues [143]. Thus, secretory epithelial
cell lineages, tissue-resident innate immune cells, and support cells in the GI tract
are active mediators in inflammatory processes in the entire body. Then, a healthy
and functional epithelial barrier is important for preventing chronic inflammatory
diseases in the organism.

Mechanisms Compromising Epithelial Barrier in the GI Tract

The gastrointestinal epithelial barrier separates, physically and functionally, intesti-
nal contents from resident immune cells and consequently favors the induction of
oral tolerance toward environmental antigens [152]. A single layer of polarized cells
and the TJs sealing the paracellular pathway are the main constituents of the intes-
tinal epithelial barrier. Failing on preserving the integrity of any of those compo-
nents increases intestinal permeability and stimulates inappropriate inflammatory
responses. A hallmark in chronic gastrointestinal inflammation is the presence of a
leaky barrier arising from nonoperational TJ [139]. In the inflamed gut, the mecha-
nisms compromising the TJ comprise:

Microbiome

Age-related changes in the intestinal microbial ecology encompassing alterations in
microbial diversity and bacterial load create asymptomatic chronic low-grade
inflammation in the gut that progresses over time [153]. Inflamm-ageing occurs
because of the weakening in the response of the adaptive immune system toward the
microbiota which in turns make the innate immune mechanisms to be more respon-
sive [148, 149]. Consequently, chronic activation of the innate immune system and
changes in the composition/response of tissue-resident immune cells promotes
hypersecretion of proinflammatory mediators and compromises epithelial barrier
function [144, 154]. Additionally, the intrinsic properties of the newly generated
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microbiome could also affect epithelial barrier capabilities. For instance, bacterial
proteases can damage or alter the extracellular domains of the TJ proteins. Also,
intracellular signaling originating from the association of pattern-recognition recep-
tors with bacterial bioproducts can adversely affect TJ composition [155]. In the
contrary, an abrupt decompensation in the microbiota caused by pathogenic bacteria
often implies sudden alterations in the TJ and is characterized by the appearance of
diarrhea, abdominal pain, and loss of the epithelial barrier function [156]. Various
mechanisms triggered by pathogenic bacteria induce tight junction alterations and
include rearrangement of the actin cytoskeleton [157—-159]; proteolytic degradation
of TJ proteins [160-162]; redistribution, internalization, and dephosphorylation
occludin and other integral TJ proteins [163—165]; changes in the association of the
TJ proteins that causes aberrant TJ strand formation [166]; binding to the extracel-
lular domains of TJ proteins [163, 167—169]; and activation of signaling transduc-
tion pathways that induce internalization and disorganization of the TJ [155,
170, 171].

The pathogenesis in both scenarios presents its own specificities but also shares
a common important characteristic, and intestinal mucosal inflammation often pro-
gresses to a chronic stage and is accompanied by a severe dysbiosis that mainly
reduces the load of butyrate-producing bacteria [172—178]. In that context, we can
assume that low-fiber diets, high processed food, or the drastic inflammatory
responses during infection stimulate the transition/adaptation of intestinal bacterial
species and reduces the bacterial community composition. The imbalance in the
composition of pro- and anti-inflammatory bacterial species creates a pathological
environment that disrupts homeostasis and differentiation in the epithelium. Such
changes modify the composition of the TJ, compromise the epithelial barrier func-
tion, and further extend the scope and duration of the immune response. Then, in a
scenario of gastrointestinal dysbiosis, the process will eventually accentuates local
inflammatory responses that degenerate in a chronic inflammatory disease [153,
179-182].

Changes in the microbiome, including the negligible modifications in the epithe-
lial barrier function experienced during inflamm-ageing, increase the susceptibility
or worsen the course of other inflammatory pathologies such as Alzheimer’s dis-
ease, atherosclerosis, obesity, type II diabetes, and chronic heart diseases [148, 180,
183-186]. Then, dysbiosis is linked to the development of many diseases ailing the
organism and is therefore clinically relevant to characterize the imbalance existing
in the intestinal microbiota of human patients. Advanced technologies for microbi-
ota/microbiome analysis including Quantitative Insights Into Microbial Ecology
(QIIME) and multi-omics analyses will be helpful in accurately measuring and
identifying changes in individual microbial populations in the gut. Meaningful
information in the changes in microbial ecology will clarify the contribution of dif-
ferent pathogens into the development of various inflammatory disorders [187-190].
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Cytokines

Inflammatory mediators enriched in the GI tract encompass a normal response to a
wide variety of tissular insults [154]. The regulation of enteric TJ by cytokines,
chemokines, and chemical intermediaries has been widely studied, and their contri-
bution in the epithelial barrier disruption well stablished. Mechanisms leading to
epithelial barrier deterioration in response to those mediators are vast and include
internalization, relocation, and degradation of TJ proteins, stimulation of the acto-
myosin ring activity, disruption of epithelial homeostasis, destabilization of TJ
strands, induction of posttranslational modifications on TJ proteins, disruption of
lipid rafts and changes in the organization, and expression and degradation of other
cell-cell junction proteins [144, 154, 191-203]. However, new evidence suggests
that in IEC the mechanism of action of the inflammatory mediators is more convo-
luted than previously thought. In connection with this, it has been proven that epi-
thelial polarization plays an important role in the inflammatory response in the
epithelial sheets. For instance, cytokine receptors are dissimilarly expressed in the
apical and basolateral domains [204—206], and the numerous cell types expressing
the inflammatory mediators at the GI mucosa and submucosa differentially target
these receptors [192, 207]. Then, it is tempting to speculate that any inflammatory
response in the epithelium is highly influenced by the targeted domain and the
source of the stimulus. This hypothesis fits in with the regulation of the colitic epi-
thelial barrier by interleukine-6 (IL-6). In the colitic mucosa, IL-6 is produced by
surface epithelial cells and by macrophages bordering the basolateral side of the
epithelial cells at the base of the crypt. Upon stimulation with IFNy, IL-6 is apically
released by surface IEC and in a non-polarized manner by the pyroptotic macro-
phages [206, 207]. As a result, IL-6 stimulates apical or basolateral receptors
expressed in the surface of epithelial cells. The IL6-IL6 receptor interaction in the
apical domain stimulates synthesis of claudin-1, a protein that tightens up the para-
cellular pathway [206]. However, IL-6-1L-6 receptor association at the basolateral
side robustly influences the expression of a leaky claudin, claudin-2 [208]. So, in the
inflamed epithelium, IL-6 can parallelly stimulate the expression of leaky and tight
claudins.

Adding more complexity to the system, in the inflamed mucosa, the mechanisms
for passive cellular release of intracellular contents that usually forge epithelial
homeostasis boost the release of commonly secreted proteins [209-213] and create
a more sophisticated and intertwined landscape in the system [144, 214]. In such
situation, the final outcome will arise from the integration of multiple inputs.
Therefore, we must conceive that proinflammatory environments create specific
scenarios that differentially affect the role/function of the TJ and ultimately shape
epithelial barrier properties.



128 M. del Rocio Encarnacion-Garcia and P. Nava
Intracellular Signaling Pathways

Intestinal epithelial cells express a wide variety of receptors coupled to different
transduction signaling pathways. Inflammatory signals activate more than one sig-
naling pathway in the same cell, and targeted cells integrate the inputs through a
series of positive or negative feedback loops. Then, the cellular machinery control-
ling signaling thresholds determines cause-effect sequences that modify or adapt
the cell behavior by encouraging posttranslational modifications in different pro-
teins. Posttranslational changes in TJ proteins (e.g., phosphorylation, ubiquitina-
tion, sumoylation, and proteolytical processing) instantly impair epithelial barrier
functions [43]. Then, the cytosolic platforms bringing signaling molecules and
intracellular proteases directly in contact with the integral TJ proteins are responsi-
ble for the plasticity observed in the paracellular channels [215]. Additionally, intra-
cellular signaling programs modify the expression of TJ components [215].
Adjustments in the expression of integral TJ proteins create new frans interactions
among newly synthesized proteins and enables the exclusion or relegation of incom-
patible molecules. For that reason, the changes in the transcriptional programs grad-
ually modify and adapt the intestinal epithelial barrier [216]. Therefore, the
heterogeneous epithelial barrier properties observed along the gut arise from the
integration of multiple local inputs created by the specific microenvironments in
each portion of the GI tract.

Epithelial Homeostasis

The number of epithelial cells in the gastrointestinal tract must remain constant dur-
ing the lifetime of an individual to maintain the epithelial integrity that prevents
unregulated leakage of intestinal contents into the organism. Surface epithelial cells
are continuously damaged by ravaging luminal chemicals and must be replaced by
new cells derived from highly proliferative progenitors. The highly proliferative
progenitor compartment arises from the asymmetric cell division of local popula-
tions of stem cells residing at the base of the crypt. Expansion of the proliferative
cell progenitors transiently creates a multiple cell layer until out-of-plane daughter
cells migrate and return into the original stratum. The robust signaling program that
triggers migration from the crypt base to the lower part of the villus in the progeni-
tor cells also stimulates the commitment of the cells into the appropriate cell lin-
eage. Thus, microenvironmental signaling gradients controlling proliferation,
migration, and cell death act in concert to stablish the homeostatic processes that
sustain the architecture and lineage compartmentalization in the epithelial sheets
in vivo [14]. Changes in the cell physiology or in the environmental cues disrupt
epithelial homeostasis and trigger adaptive responses. For example, cell damage
accelerates cell turnover at its fastest rate to maintain epithelial homeostasis [15].
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Inherently, during cell proliferation, migration, and differentiation and even dur-
ing the shedding of the damaged cells, the macroscopic properties of the epithelia
barrier must remain intact. Consequently, the intracellular signaling programs sus-
taining epithelial homeostasis must influence the formation and maintenance of the
TJ. In connection with this, it has been observed that pro-proliferative signaling
pathways control the expression of claudin-1, claudin-2, and claudin-4 ([217,
218, 224]). In contrast, signaling proteins governing epithelial cell differentiation
stimulate the expression of claudin-1 and claudin-5 ([219-221]). Based on that, it
could be easy to understand the presence of specific absorption profiles along the
crypt-villus axis [222] and the changes in the TJ composition exhibited by the dif-
ferent intestinal cell types [223]. However, in an organism the mechanisms control-
ling cellular homeostasis are never that simple. For example, a particular set of
cell-cell adhesion proteins activate signaling molecules that can modify IEC behav-
ior. For instance, claudin family members strongly influence cell cycle progression
([224, 225]). Therefore, we must assume that macro- and micro-intestinal epithelial
barrier properties along the gut encompass a heterogeneous response that is influ-
enced by the machinery controlling epithelial homeostasis.

Actomyosin Cytoskeleton

The apical junctional complex (AJC) consisting of the TJ and the AJ multiprotein
complexes associates with the perijunctional F-actin myosin ring to confer rigidity
and cell shape but also modulates the assembly and disassembly of the AJC. The
association between AJC proteins and the apical actomyosin cytoskeleton is tightly
regulated by signaling molecules (e.g., mMTORC2, PKC, Rho GTPases) and a broad
diversity of modulatory actin-binding proteins that include actin-related protein 2/3
complex (Arp2/3 complex), coronin, moesin, cortactin, cofilin-1, and the motor pro-
teins, the myosins (myosin light-chain kinase and non-muscle myosin IIA). The
spatiotemporal formation of the actomyosin cytoskeleton provides the mechanical
forces necessary for stabilizing, repairing, and disassembling the AJC. Then proper
functioning of the actomyosin ring is essential for limiting the paracellular perme-
ability and maintaining intestinal epithelial homeostasis [226-230]. Within this
context, it is understandable that any decompensation in the proteins controlling the
actomyosin cytoskeleton can compromise epithelial barrier function and induce
organ/tissue failure. For example, a dysfunctional intestinal epithelial barrier has
been observed in several animal models lacking actin-binding proteins implicated in
the actin polymerization (Table 4) [231-235, 237]. Incidentally, the activation of
compensatory mechanisms in these animal models allowed the formation and main-
tenance of semifunctional TJ and prevented the induction of dramatic alterations in
the crypt cytoarchitecture. Contrary to the observation for the actin-binding pro-
teins, the removal of the molecules conferring the tensile and contractile forces to
the actomyosin ring induces profound intestinal changes that cannot be compen-
sated. For instance, ablation of the non-muscle myosin II, unconventional myosin
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Table 4 Defects in regulators of actin filament turnover and effect over TJ proteins

Animal
model and Tight junction
Protein genotype Phenotype proteins altered | Disease related | Refs.
Neural Villin-Wasl | Spontaneous Occludin Garber
Wiskott-Aldrich | KO mice increase in mislocalization et al.
syndrome (intestinal | intestinal Impaired [231]
protein WASP permeability, assembly and
(N-WASP) ablation) abnormal disassembly of
microvilli, and | AJC proteins
decreased
perijunctional
actin
Cortactin Cortactin™~ | Increased Reduced levels | Decreased Citalan-
(Global intestinal of ZO-1, cortactin in IEC | Madrid
cortactin permeability claudin-1, and | of IBD patients | et al.
deletion) and augmented | E-cadherin [232]
epithelial Upregulation of
proliferation claudin-2
Deformation of
the colonic
crypts
Increased
susceptibility to
extran odium
ulfate (DSS)-
induced colitis
Actin- ADF - Increased Wang
depolymerizing | (Global intestinal et al.
factor (ADF) ADF permeability [233]
also known as | deletion) Increased

destrin

susceptibility to
extran odium
ulfate (DSS)-
induced colitis

(continued)


https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/dextran
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/sodium-sulfate
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/sodium-sulfate
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/dextran
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/sodium-sulfate
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/sodium-sulfate
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Table 4 (continued)
Animal
model and Tight junction
Protein genotype Phenotype proteins altered | Disease related | Refs.
Non-muscle ITA | Intestinal Increased Internalization | Mislocalization | Naydenov
(NM IIA) heavy | epithelial- | intestinal of claudin-7 of NM IIA in etal.
chain specific permeability. colonic mucosa | [234]
knockout Spontaneous of Crohn’s
mice rectal prolapses, disease patients
intestinal
lymphoid
aggregates,
enhanced
mucosal
cytokine
expression, and
neutrophil
infiltration
Increased
susceptibility to
extran odium
ulfate (DSS)-
induced colitis
Myosin IXb Villin- Impaired weight | Reduction of Myosin IXbis | Hegan
Myo9b~"- gain and Z0-1, an IBD et al.
KO mice intestinal claudin-1, and | susceptibility [235]
(intestinal | bleeding occludin in IEC | gene
Myo9b~"~ Increased IEC
ablation) apoptosis
Intestinal
mucosal
damage
(ulceration and
neutrophil
infiltration in
the ileum)
Myosin 1d Myold™= | Disruption in McAlpine
(Global intestinal et al.
cortactin homeostasis and [236]
deletion) epithelial barrier
function
Impairment of
actin
remodeling
Myosin la Myola™= | Disruption in Tyska
(Global intestinal brush et al.
cortactin border [237]

deletion)



https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/dextran
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/sodium-sulfate
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/sodium-sulfate
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IXb, or unconventional myosin 1D results in spontaneous intestinal inflammation,
spontaneous colitis, and high susceptibility to DSS-induced colitis, respectively
(Table 4) [234-236].

In the case of inflammatory events, most of our understanding concerning the
regulation of the TJ proteins by the actomyosin ring comes from in vitro studies.
Defects in the TJ that are associated with the impairment of the actomyosin ring are
diverse and include increased endocytosis of integral TJ proteins, changes in the
tensile forces at the AJC, mistargeting of TJ proteins, changes in epithelial homeo-
stasis, and modifications in the cellular transcriptional program [36, 82, 216, 227].
However, with the advent of transgenic animal models, other incidents driven by the
actomyosin ring decompensation that went longer undetected have been revealed.
For example, in vivo models showed that the acute responses of the actomyosin ring
prevented tissue damage and/or organ failure (Table 4).

Functional Analysis of the TJ in the Gut

Acute recurrent inflammatory episodes evolve into a chronic pathology. Therefore,
in patients with intestinal inflammation and its asymptomatic relatives, it is highly
recommendable to continuously monitor and evaluate epithelial barrier function.
Several techniques are commonly used to analyze the contribution of TJ proteins to
the maintenance of the gastrointestinal barrier (Fig. 6). However, other techniques
mostly used by experimental pathologists can provide useful information to com-
plement the diagnosis. Many of these assays are based on the analysis of cultured
epithelial cells since they provide a clearer system for quantification and visualiza-
tion of the TJ. Therefore, for their use as a diagnostic tool, we must adapt the assays
to the clinic.

Intestinal Permeability in Patients

Sugars and hydrophilic radioactively labeled molecules orally administered are rap-
idly absorbed in the small intestine through the paracellular pathway [238, 239].
Once consumed the levels of the molecules rapidly increase in the bloodstream, and
non-metabolized compounds are subsequently cleansed by the urinary system
(Fig. 6). The amount of the tracer retrieved from blood or urine samples over a cer-
tain period will be a direct reflection of the IP and the integrity of the TJ [21].
Clinically, IP is mostly assessed by monitoring renal excretion as a noninvasive test.
Although practical and safe, the use of this approach is rather limited due to inherent
and methodological problems [139]. For example, the sensitivity for some tracers is
low, and the villous atrophy induced by inflammatory events reduces the absorptive
area and artificially decreases intestinal absorption of the probes. Additionally,
some of the sugars used as tracers are widely present in nature, especially in edible
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Fig. 6 Functional analysis of the TJ. Illustrations corresponding to current and suggested methods
useful to analyze the function of the TJ in the human gut

plants, and repeatedly affect the measurements. Intestinal intolerance to sugars and
the danger posted by radioactive probes are also inconveniences limiting the num-
ber of functional tracers available.

TJ] Proteins in Biopsies

A broad number of TJ proteins are fully characterized, and therefore evaluating
posttranslational modifications or expression changes in these molecules represents
a viable method to explore the integrity of the TJ [43]. Also, the full arsenal of com-
mercial tools raised against TJ proteins will enable experimental pathologists to
assess subtle changes in the molecules when analyzing fresh biopsies of patients
with increased IP. Western blot and RT-PCR analysis can be used to efficiently iden-
tify alterations in TJ proteins. In the inflamed gut, claudin-1, claudin-2, claudin-3,
and claudin-4 are the most studied TJ proteins, but alterations in occludin and ZO
molecules are also fully documented [74, 76, 79]. The wide range of mechanisms
reshapes the TJs in the inflamed mucosa, and it is well known that TJ proteins dis-
play continuous or discontinuous patterns of modifications along the gastrointesti-
nal tract. Specimens harvested from different areas from the same individual may
even show different posttranslational modifications for the same protein. Different
modifications in the same molecule may impair its function at different levels. Then,
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tracking the site of the biopsy and analyzing biopsies from different regions are
important to accurately evaluate the degree of commitment of the different TJ pro-
teins within the GI tract.

Immunohistochemistry

During endoscopy it is common to observe normal-looking areas with abnormal
histology [240]. In these areas, epithelial barrier function impairment arises from
changes that minimally affect TJ proteins and therefore undetectable by quantitative
methods. Therefore, under these circumstances, alternative methods such as immu-
nohistochemistry (IHC) analyses of paraffin embedded sections represent an excel-
lent alternative to analyze changes in the TJ proteins. In that context, IHC analysis
allowed experimental pathologists to identify changes in the distribution of claudin-
1, claudin-2, claudin-3, claudin-4, and claudin-7 in the colitic mucosa of IBD
patients [127, 241]. Alterations in the distribution of occludin and ZO proteins were
also appreciated during IHC analysis [127]. However, it is important to point out
that identifying an anomalous distribution in the TJ proteins cannot deliver an etio-
logical diagnosis. Therefore, IHC analyses may only be used as a complementary
tool to acquire additional information pertaining to the changes experienced
by the TJ.

Other Methods

Using unconventional or more sophisticated methodology for analyzing biopsied
tissues from patients emerges as a good approach to fully identify the mechanisms
compromising intestinal TJ. Then, transmission electron microscopy, freeze-
fracture, and organoid cell culture assays may have to be adapted and included as
routinely evaluation tools.

Light microscopy is a fast and useful tool to grossly analyze TJ proteins.
However, electron microscopy offers information on the TJ structure at the nanome-
ter level and is effective to characterize TJ components and their precise distribution
[242]. Furthermore, by incorporating electron-dense tracers of different sizes into
the analysis, we may be able to determine some of the permeability capabilities
exhibited by the specimens and evenly delineate the extracellular spaces.
Electrodense probes may be also used to define the specific site of the TJ concerning
to the other intercellular junctions.

In the freeze-fracturing process [243], a biopsy will be quickly frozen in liquid
nitrogen and then tensile or knife fractured. The fracture of the specimen will occur
along the weak portions of the tissue, usually the center of the lipid bilayer, making
the transmembrane proteins of the TJ partition in one of the sides of the lipid bilayer.
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Then, the labile-frozen surface will be shadowed with a thin layer of platinum car-
bon before the organic material is removed. The composition and properties (leaky
or tight) of the TJ can be predicted by analyzing the two replicas of the membranes
that were obtained during the process. The type of strands present within the repli-
cas, the face where those fibrils are present, and the shape exhibited for the strands
indicate specific characteristics in the TJ [244]. For example, at the inflamed gut,
strand breaks indicate a disruption in the continuity of the TJ, and alterations in the
typical pattern of the TJ strands show abnormal assembly of the junction [245].

The etiology of the inflammatory diseases targeting the GI tract considers genetic
and epigenetic components that predispose specific individuals to develop these
pathologies. Whole-genome association studies identified genetic variants and
alterations in epithelial signaling pathways that could be accounted for the genetic
susceptibility. Novel models addressing epithelial biology will be useful in assess-
ing these specific dysfunctions. The growth of organoids, a technological break-
through, allows to re-create three-dimensional intestinal epithelial tissue in vitro,
starting from intestinal epithelial stem cells recovered from biopsied specimens [16,
246-248]. Advantageously, the organoid retains the properties from the parental
tissue allowing to study its natural properties in a strictly controlled environment
[249]. Therefore, culturing organoids constitutes a viable method to investigate and
validate mechanisms affecting the composition and function of the TJ including
genetical/epigenetical alterations.

The current methodology for analyzing ion conductance in the paracellular chan-
nels and the fence function of the TJ involves monitoring and measuring the diffu-
sion of ions and probes in real time. Additionally, such analysis heavily depends on
the use of single-cell monolayers with a homogenous population. Then, functional
assays for investigating the fence and gate function are circumscribed to in vitro
studies. Nevertheless, with the advent of the organoid growth, the pathological
mechanism(s) affecting the function of the TJ in the inflamed mucosa of each indi-
vidual might be certainly replicated in a controlled environment. Then, tissue-like
structures cultured from biopsied human pluripotent epithelial stem cells and single-
cell monolayers using 2D cultures derived from organoids represent a good approach
to overcome the problem (Y. [250, 251]).
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The Myriad Ways Enteropathogenic
Escherichia coli (EPEC) Alters Tight
Junctions

Rocio Tapia and Gail Hecht

Abstract Enteropathogenic Escherichia coli (EPEC) is considered one of the most
important enteric pathogens infecting children and one of the main causes of diar-
rhea worldwide. EPEC uses a type 3 secretion system (T3SS) to inject effector
proteins into host intestinal epithelial cells, causing diarrhea. Through a coordinated
action of virulence factors, EPEC translocates effectors into host cells, resulting in
the perturbation of cellular structures and functions by altering cell signaling path-
ways. Epithelial cells are held together by apical junctional complexes, including
tight junctions (TJs), adherens junctions (AJs), and desmosomes. TJs contribute to
the establishment of barrier function and maintenance of apico-basal cell polarity.
TJ integrity relies on several cell structures and functions including the actin cyto-
skeleton, microtubule networks, membrane integrity, inflammation, and cell sur-
vival. EPEC perturbs TJ structure and function, leading to impairment of the
intestinal barrier. This chapter summarizes the various mechanisms employed by
EPEC that contribute to TJ disruption.
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Introduction

Historically, enteropathogenic Escherichia coli (EPEC) has been considered an
important cause of infantile diarrhea in developing countries. EPEC, however, are
divided into typical and atypical strains. Typical EPEC expresses bundle-forming
pili (BFP) encoded on the E. coli adherence factor plasmid (EAF). These structures
allow for microcolony formation and enhanced efficiency of T3SS effector delivery
into host cells via BFP retraction [1]. Atypical EPEC now accounts for ~95% of
isolated clinical EPEC strains [2]. Atypical EPEC causes diarrhea not only in chil-
dren but also in adults. Interestingly, up to 22% of healthy asymptomatic individuals
test positive for EPEC by multiplex PCR assays [2—4]. Most of the studies regarding
the effect of EPEC on tight junctions have used typical EPEC strains, most notably
E2348/69. Therefore, the information presented here concerns typical EPEC.
EPEC adheres to the apical surface of host intestinal epithelial cells and produce
attaching and effacing (A/E) lesions, characterized by intimate attachment and the
loss of microvilli [5, 6]. The factors responsible for A/E lesion formation are
encoded by a 35-kilobase pathogenicity island called the locus of enterocyte efface-
ment (LEE) [7, 8]. The LEE encodes both the T3SS and bacterial effector proteins
it delivers into host cells. The molecular structure of the T3SS shows that EspB and
EspD form a pore in the host membrane and EspA forms a hollow filamentous
structure that assembles as a physical bridge between bacteria and the host cell sur-
face, allowing the translocation of EPEC effectors into host cells [9, 10]. LEE
EPEC-secreted effector proteins, including translocated intimin receptor (Tir),
EspF, EspG, EspH, mitochondrial-associated protein (Map), among others, inter-
fere with a variety of host cells functions. EPEC also uses effectors encoded outside
of LEE, known as non-LEE-encoded effectors such as NleA, NleB, NleC, NleH,
EspG2, EspM, and EspT, among others. The synergistic effects of effectors, either
encoded inside or outside of LEE, contribute to EPEC pathogenesis [11-15].

Molecular Structure and Function of Epithelial
Tight Junctions

Tight junctions (TJs) are part of the cell-cell adhesion complex localized to the most
apical portion of the lateral membrane of epithelial cells. Ultrathin-section electron
microscopy reveals that TJs are discrete membrane fusions, involving the outer leaf-
let of the plasma membrane of adjacent cells sealing the intercellular space in epi-
thelial and endothelial cellular sheets [16]. Freeze-fracture electron microscopy
shows that TJs are a set of continuous intramembranous particle strands composed
of integral membrane proteins [17, 18]. TJ strands contribute to the establishment of
a permeable-selective barrier for charged ions and uncharged solutes through the
paracellular space [19, 20]. TJs are also involved in creating and establishing apical
and basolateral membrane domains, inhibiting the free movement of proteins and
lipids through the different membrane surfaces [21].
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At the molecular level, TJs consist of transmembrane cell-cell adhesion mole-
cules located between cells in epithelial sheets (occludin, claudins, tricelulin, JAMs,
CAR, etc.), and scaffold submembrane proteins (ZO-1, —2, —3, cingulin, paracin-
gulin, MAGI-1-3, MUPPI-1, etc.), associated with integral TJ membrane proteins
through multiple interactions. In this chapter, we briefly describe the adhesion pro-
teins involved in regulating barrier function that are targeted by EPEC.

Occludin was the first transmembrane TJ protein identified [22-24]. Although
occludin appears to not be involved in TJ strand formation or in intestinal barrier
function, occludin-deficient mice show histological abnormalities in several tissues
[24]. The claudin family of proteins is composed of 27 four-transmembrane domain
proteins and constitutes the backbone of TJ strands [25-27]. Intracellular interac-
tions between claudins create the paracellular barrier and/or channels with specific
characteristics that define TJ function [28-33]. Tricellulin is a transmembrane pro-
tein preferentially localized at the vertically oriented TJs of tricellular contacts.
Tricellulin has been reported to be critical in the formation of the epithelial barrier
and the organization of bi- and tricellular TJ contacts [34]. Junctional adhesion mol-
ecules (JAMs) are single-span TJ membrane proteins. JAM proteins contain immu-
noglobulin (Ig)-like ectodomains and are found in epithelial cells, endothelial cells,
leukocytes, and myocytes. JAM-A has been reported to coordinate TJ development
and epithelial polarity [35, 36].

The TJ scaffold proteins ZO-1, ZO-2, and ZO-3 are multidomain proteins that
belong to the membrane-associated guanylate kinase homologs (MAGUKSs) con-
sisting of PDZ, SH3, and enzymatically inactive guanylate kinase (GUK) domains
[37-39]. ZO-1 and ZO-2 are required for TJ strand assembly and epithelial polarity
[36, 40]. Cingulin is a coil-coiled domain peripheral membrane protein that binds
directly to ZO-1 [41, 42]. Cingulin is involved in the recruitment of GTPase regula-
tory proteins to TJs; its phosphorylation promotes the junctional association of
microtubules [43—45]. Cingulin has also been reported to regulate gene expression
and cell proliferation [46, 47]. Afadin is localized at both TJ and AJs and has a criti-
cal role in the early polarization of the apical junctional complex [48, 49]. MAGI
(membrane-associated guanylate kinase inverted-1 and 3) and MPDZ (multiple
PDZ domain protein, MUPPI-1) are PDZ domain scaffolding proteins that interact
with a large number of TJ proteins [50-52]. MAGI-3 has been implicated in the
regulation and phosphorylation of the JNK signaling pathway [53]. Although there
is vast evidence regarding its numerous protein interactions, the role of these mul-
tiple PDZ molecules in TJ physiology is yet not clear.

Impact of EPEC Effectors on TJs

TJs are dynamic structures under normal physiological conditions and are altered in
a variety of disease states. Infection with microorganisms, such as bacteria, viruses,
parasites, and bacterial toxins, can disrupt TJ barrier. Increased intestinal TJ perme-
ability may contribute to diarrhea and to inflammatory responses. EPEC perturbs
intestinal epithelial cell (IEC) function as demonstrated by increased permeability
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to ions and solutes and loss of transepithelial electrical resistance (TEER), a con-
ventional barrier assessment used to detect changes in paracellular barrier proper-
ties. These changes are associated with the redistribution of TJ proteins. EPEC
effectors cause such changes by activating a variety signaling pathways that induce
cytoskeletal rearrangements that impact the localization and functionality of
membrane-associated proteins (e.g., adhesion components, cotransporters, chan-
nels, microtubules, polarity complexes, etc.). In this chapter, we focus only on the
EPEC effectors that play an important role in the disruption of TJs.

In vivo and in vitro studies show that EPEC changes the localization of TJ pro-
teins and perturbs intestinal barrier function. EPEC infection diminishes ileal and
colonic mucosal barrier function in murine models and augments paracellular per-
meability demonstrated by the ability of the molecular tracer biotin to traverse the
intestinal epithelium into the lamina propria. These changes correlate with the redis-
tribution of occludin, claudin-1, and ZO-1 from cell-cell contacts into cytoplasm
[54-56]. Citrobacter rodentium, an A/E-inducing pathogen of mice, has similar
pathogenic mechanisms as EPEC and shows the redistribution of claudin-1, clau-
din-3, and claudin-5 requires EspF [57]. In vitro, EPEC effectors exert synergistic
effects to increase intestinal permeability, redistribute TJ proteins, and alter trans-
port functions [58—61].

Tir is delivered into the plasma membrane of host cells by the T3SS and serves
as a receptor for the EPEC outer membrane adhesion protein, intimin, a bacterial
surface adhesion encoded by the eae gene housed in the LEE pathogenicity island
[11]. Initial Tir/intimin binding promotes intimate EPEC adhesion to host cells and
A/E lesion formation. A/E lesions are characterized by effacement of microvilli in
the area of attached EPEC and a dense concentration of actin microfilaments beneath
intimately attached bacteria [6]. EPEC infection stimulates the production of inosi-
tol phosphates such as PI(4,5)P, and PI (3,4,5)P;, which accumulate beneath EPEC
microcolonies and are required for EPEC adherence to the host cell surface and
actin pedestal development in a Tir-dependent manner [62—69].

Tir is phosphorylated at its COOH-terminus by host tyrosine kinases [70, 71]. Tir
phosphorylation (Y474) facilitates binding to the SH2 domain of Nck, a host adap-
tor molecule, and the activation of Neural Wiskott-Aldrich syndrome protein
(N-WASP) and Arp2/3 actin-nucleation complex, promoting reorganization of the
host cytoskeleton leading to the formation EPEC pedestals [72—77]. The NH-2 ter-
minus of Tir binds to cytoskeletal components found within pedestals, such as
a-actinin, talin, vinculin, and ezrin [73, 78-82]. Additionally, Tir interacts with and
recruits components of intermediate filaments (IF), CK8 and CK18, to pedestals
[83]. EPEC effectors also redistribute TJ proteins to these structures. N-WASP acti-
vation triggered by Tir/intimin binding contributes to the recruitment of ZO-1 to
EPEC pedestals via its proline-rich region (PRR) [84]. These findings suggest that
Tir promotes the local accumulation of inositol phosphates beneath EPEC pedestals
and, through its protein-protein interactions, stabilizes pedestals by anchoring
EPEC to the cytoskeleton of host cells. The recruitment of TJ proteins mediated by
Tir to pedestals may be an important step to indirectly destabilize the structure and
function of TJs.
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EPEC effectors cooperate in a coordinated manner to cause TJ disruption. For
example, Tir and intimin interactions play a crucial role in mediating EPEC intesti-
nal epithelial TJ disruption [85, 86]. Infection of intestinal cell monolayers with a
tir deletion strain does not alter TEER, suggesting that the Tir/intimin interaction is
needed for attachment and delivery of EPEC effectors into host cells that ultimately
impact permeability. In addition, EPEC alters the distribution of f1-integrin, which
is typically restricted to the basolateral membrane. Interestingly, the apical position-
ing of f1-integrin from the basal domain upon EPEC infection allows it to interact
with Tir, substituting for the natural EPEC ligand intimin. The interaction of
Bl-integrin with Tir results in impaired barrier function [85]. However, EPEC-
mediated loss of TEER does not require Tir as expression of intimin alone can
induce intestinal barrier dysfunction and remove occludin from TJs. The absence of
Tir, however, does not prevent the delivery of Map or EspF effectors into host cells,
two well-known effectors associated with TJ disruption [59, 60, 87, 88]. These data
suggest that both Tir and intimin are required to initiate the downstream signals that
perturb TJs function, and that intimin, probably by interacting with host cell pro-
teins, contributes to the ability of EPEC effectors to disrupt intestinal barrier func-
tion in a Tir-independent manner.

EspF has multiple functions in host cells including nucleoli disruption, multi-
nucleation, and cell hypertrophy [89, 90]. The NH-2 region of EspF functions as a
mitochondrial targeting signal (MTS) that targets host cell mitochondria and induces
cell death [91-94]. The COOH-terminus of EspF contains binding sites for the SH3
domain of the endocytic modulator sorting nexin 9 (SNX9) through its RxAPxxP
motif [95, 96]. EspF also interacts with SNX18 and SNX33, and WIPF1 (WAS/
WASL interacting protein family member 1) proteins [97]. EspF possesses
N-WASP-binding sites and directly stimulates the actin-polymerizing activity of
N-WASP [96, 98]. EspF from rabbit EPEC (REPEC) associates with N-WASP and
Arp2/3 and recruits ZO-1, ZO-2, occludin, and claudins to actin-pedestals, promot-
ing pedestal biogenesis [99]. In addition, EspF induces the sequential removal of
Z0-1 and afadin from cell-cell contacts with relocalization to actin-pedestals, driv-
ing pedestal maturation [100]. Recent evidence demonstrates that EspF, through its
binding partners SNX9 and N-WASP, promotes the redistribution of ZO-1 and
Z0-2 from TIs to actin-pedestals [101]. Interestingly, although mutations in neither
SNX9- or N-WASP-binding domains of EspF affect EPEC actin-pedestal forma-
tion, the binding of EspF to SNX9 alone is sufficient to contribute to the actin-
pedestal organization and increased colocalization of aPKCC and F-actin in those
structures [101, 102].

The essential role of EspF in EPEC pathogenesis has been demonstrated.
Infection of mice with an EPEC strain deficient of espF has no effect on barrier
function or on ileal TJ morphology. Only minor alterations of colonic TJ structure
are seen at 1-day postinfection, but these defects disappear at later times postinfec-
tion [54]. In polarized intestinal epithelial cell culture monolayers, delivery of EspF
correlates with a decrease in TEER, increased intestinal permeability, and redistri-
bution of occludin [103]. Although the mechanisms by which EspF perturbs TJs are
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still unknown, data suggest that the EspF chaperone CesF plays a crucial role in the
disruption of intestinal epithelial barrier function [104, 105].

Although EPEC is characterized as a noninvasive pathogen, EPEC utilizes mem-
brane microdomains (lipid rafts) of the host cell to invade IECs, leading to the dis-
ruption of TJ structure, altered composition of TJ proteins associated with lipid
raft-membrane fractions, and a drastic drop in TEER [96, 106, 107]. EPEC invasion
has been reported to be dependent on EspF, which accumulates in patches at the cell
surface and colocalizes with clathrin. EspF interacts with SNX9, causing the forma-
tion of elongated plasma membrane tubules, as well as the internalization of EPEC
into IECs [96, 107]. Recent evidence shows that EPEC prompts the recruitment of
clathrin and AP2, early (Rab5a, Rab7, and EEA1) and recycling (Rab4a, Rabl1a,
Rab11b, FIP2, Myo5b) endocytic proteins, to the sites of bacterial attachment [97,
108]. Additionally, transferrin receptor (TfR), f1-integrin, Exo70, a major compo-
nent of the exocyst complex, and the basolateral protein VAMP?3, involved in dock-
ing and fusion vesicles containing basolateral cargo, and aquaporins (AQPs), are
also recruited to pedestals. The recruitment of these proteins to sites of infection
correlates with increased endocytosis, recycling, and transcytosis to the infected
plasma membrane [97, 108]. The movement of endosomes and associated endocytic
proteins in polarized epithelial cells depend on EspF. SNX9 is recruited to clathrin-
coated pits and, in conjunction with N-WASP and associated proteins (dynamin,
Arp2/3 and AP2), promotes the endocytosis and recycling of plasma membrane
proteins [96, 97, 109-113]. For example, Crumbs3 (Crb3), a polarity protein, is
internalized via Rab5 vesicles and it is driven to the lysosome compartment in an
EspF- and dynamin-dependent endocytic process. The association of EspF with
SNXO causes displacement of Crb3 from the membrane surface to the cytoplasm
[114]. EspF/SNXO9 interaction also alters the localization of occludin, ZO-1, and
JAM-A/Ser285, a crucial phosphorylation step for TJ assembly. Ablation of the
EspF/SNX9 interaction or mutations in the SNX9- and N-WASP-binding sites
restore the junctional localization of these TJ proteins [35, 101, 102, 114].

Several studies have independently demonstrated EspF binding to SNX9 and
N-WASP and their impact on TJs. An espF-SNX9-binding-deficient mutant strain
disrupts barrier function in polarized T84 cells but does not alter the membrane
localization of occludin, suggesting that this interaction may be dispensable for
EPEC-induced junction disruption [96]. However, recent studies have shown that
although mutations in either the SNX9- or N-WASP-binding domain of EspF, or an
espF mutant, failed to bind SNX9, both attenuated EPEC-induced TJ disruption and
do not alter the junctional localization of occludin in infected cells [101, 102]. The
discrepancy in these data suggests that redundancy in sorting nexin proteins in
colon cancer cell lines may influence the impact of EPEC on barrier function. The
ability of EspF to bind both SNX9 and N-WASP is important, however, for the full
effects of EPEC on intestinal permeability.

EspF also regulates the expression of TJ proteins through transcriptional and
posttranslational mechanisms. Ectopic expression of EspF disrupts TJ integrity and
prevents the recruitment of occludin, claudin-1, and — 4 and ZO-1 into TJs during
junction assembly, leading to their cytoplasmic accumulation and eventual removal
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by lysosomes [115]. These data suggest that EspF promotes EPEC invasion of IECs,
regulates the transcription of TJ proteins, and induces endocytosis, recycling, and
trafficking of vesicles destined for the basolateral membrane to the apical sites of
bacterial attachment. This may contribute to EPEC attachment and subsequent
microcolony growth.

Besides its role in TJ perturbation, EspF dismantles IF architecture although
other secreted proteins may be involved. EPEC infection increases the solubility of
CK18, a component of IF cytoskeleton, and promotes its binding with the adaptor
protein 14-3-3( in infected cells. EspF interacts with host cell protein CK18 and it
has been suggested that EspF forms a complex with CK18 and 14-3-3( during
EPEC infection [116].

Map is a203 amino acid protein that contains a mitochondrial-targeting sequence
that directs it to mitochondria, causing dysfunction [117, 118]. Map also possesses
a WxxxE motif that induces filopodia formation through the activation of Cdc42,
functioning as a GEF [14, 119, 120]. A functional PDZ ligand, the TRL motif, at the
COOH-terminus, is also involved in filopodia formation and remodeling and elon-
gation of the brush border in infected cells [119, 121]. This motif allows Map to
interact with the host cell protein NHERF. During EPEC infection, NHERF1 is
recruited to sites of bacterial attachment colocalizing with ezrin, which is activated
by EPEC, resulting in altered barrier function [121, 122]. The binding of NHERF1
to ezrin functions as a molecular scaffold that links Map to the actin cytoskeleton.
This interaction assembles a positive feedback loop that amplifies Cdc4?2 signaling
within membrane microdomains [123].

Map has been shown to play a major role in disruption of intestinal barrier func-
tion as map deletion strains have less impact on both TEER and loss of occludin
from cell junctions. Although the mechanisms by which Map disrupts TJs are not
known, it likely occurs through modulation of the actin cytoskeleton. Map cooper-
ates with EspF to mediate TJ disruption [88]. Epithelial cells constitutively express-
ing EspF and Map have been used to elucidate the role of these effectors on TJs.
Ectopic expression of Map increases epithelial permeability and prevents junctional
recruitment of TJ proteins, ZO-1, occludin, claudin-1, and claudin-4 into TJs during
de novo TJ assembly. In addition, expression of EspF and Map downregulates the
expression of claudin-1, claudin-4, and occludin and inhibits their junctional recruit-
ment, leading to depletion at the plasma membrane. Interestingly, Map significantly
downregulates the transcription of claudin-1. Map interacts with all isoforms of
nonmuscle myosin II and actin, and EspF binds to ZO-1 and actin [115]. These data
suggest that these EPEC effectors regulate TJs by interacting with cytoskeletal pro-
teins and regulating contractility of the actomyosin cytoskeleton.

EspG is an EPEC effector with multiple functions. EspG binds to host ADP-
ribosylation factor (ARF), p21-activated kinases (PAKs), and Rac/Cdc42-binding
domain of PAK1, all important regulators of the actin cytoskeleton and cell motility
[124-126]. Recent findings indicate that EspG, via binding to ARF and PAK, plays
an essential role in EPEC attachment and pedestal formation in host cells [127,
128]. EPEC activates Rac and Cdc42 RhoA GTPases in an EspG-dependent man-
ner. EPEC promotes the activation of Rho GTPases by recruiting Fabrin, a host
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Cdc42-specific GEF and important regulator of the actin cytoskeleton, to actin-
pedestals [128, 129]. PAK activation, pedestal formation, and bacterial attachment
are reduced in Fabrin-deficient cells. EspG localizes to actin-pedestals via Arf6
binding. The recruitment of Fabrin to sites of EPEC attachment depends on EspG
and requires the enrichment of PIP2 and host ARF6 [128]. These data suggest that
EspG contributes to pedestal biogenesis by binding and activating cellular GTPases
required for actin pedestal formation.

It has been demonstrated that microtubule (MT) networks contribute to TJ main-
tenance. Disruption of MT prevents the movement of occludin-containing vesicles
to the plasma membrane and leads to a disruption of cell barrier function [130, 131].
In addition, disruption of MT or loss of myosin IIA and B results in impaired TJ
function [132]. EspG and its homolog Orf3 (EspG2) cause progressive fragmenta-
tion and loss of the MT network and induction of stress fibers formation, which
impact intestinal barrier function [133-138]. EspG and Orf3 induce disruption of
the MT network beneath adherent bacteria by direct association with tubulins, stim-
ulating MT destabilization. The regulation of MT disassembly is mediated by acti-
vation of the RhoA/ROCK signaling pathway, which enhances myosin contractility
and actin stress fiber formation [139-141]. EPEC activates RhoA in an EspG- or
EspG2-dependent manner [133, 134]. GEF-H1, a RhoA-specific guanine nucleo-
tide exchange factor, binds to MT in its inactive form and switches to an active form
when released from MT. [142] Interestingly, both EspG and Orf3 release GEF-H1
from the cytoskeleton into the cytosol, possibly increasing its activity. EPEC-
induced actin stress fiber formation is prevented by expression of dominant-negative
form of GEF-H1 and RhoA and by ROCK inhibition, suggesting that EspG and
Orf3 disrupt MT integrity, triggering activation of the RhoA-ROCK signaling path-
way via GEF-H1 activity [133]. EspG1/G2 causes the progressive movement of
occludin, claudin-1, and ZO-1 away from the membrane into the cytosol and reduces
the expression of tricellulin, leading to epithelial barrier disruption [134, 135, 139,
143]. Interestingly, EspG1/G2 regulates size-selective paracellular permeability
without altering the TJ architecture during EPEC infection in MDCK monolayers
[134]. In contrast, in polarized intestinal epithelial cells, depletion of espGI1/G2
induces a gradual loss of TEER and eradication of EPEC with gentamicin promotes
barrier function recovery [138]. These data suggest that the effects of EspG1/G2 on
MT delay the recovery of TJs damaged by EPEC infection, thus perpetuating the
loss of barrier function. In addition to its effect on MT and TJ disruption, EspG also
contributes to the arrest of vesicle trafficking and blocks the recycling of vesicle
cargo to the cell surface [144, 145].

EspH is translocated into host cells by the T3SS and localizes beneath EPEC
microcolonies. EspH decreases filopodia formation, disrupts stress fibers, and mod-
ulates pedestal formation and pedestal elongation during EPEC infection, suggest-
ing its potential function in modulating actin dynamics [15, 146]. EspH associates
with the plasma membrane of host cells and causes disruption of filamentous actin
structures. EspH binds directly to the guanine nucleotide exchange factor for Rho,
p115RhoGEF. This binding prevents Rho activation, thereby inhibiting downstream
Rho signaling and actin cytoskeleton dynamics [147]. Recently, it was found that
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EspH cooperates with Tir to promote actin polymerization at the bacterial attach-
ment sites. EspH then promotes the recruitment of N-WASP and Arp2/3 to bacterial
attachment sites via a mechanism involving the COOH-terminus of Tir and the
WHI1 domain of N-WASP [146]. Additionally, WASP-interacting protein (WIP),
which binds the N-WASP WH1 domain, is crucial in EspH-mediated actin polym-
erization. EspH induces the colocalization of Tir, WIP, and N-WASP at actin-rich
structures. These data suggest that Tir- and EspH-mediated actin signaling path-
ways contribute to pedestal biogenesis.

Interestingly, EPEC controls Rho GTPase activity by translocating one effector
to inactivate mammalian RhoGEFs and replacing them with bacterial RhoGEFs that
promote cell survival. EspH induces focal adhesion disassembly, cell detachment,
and induces cytotoxicity. EPEC translocates EspH, which inactivates mammalian
RhoGEFs, and, at the same time, translocates the bacterial RhoGEFs, EspM2, and
EspT, which inhibit the EspH-induced focal adhesion disassembly, cell adhesion,
and survival [148]. Furthermore, EspH perturbs desmosomes structures, which are
intercellular junctions that are connected to IF components of the cytoskeleton. It
has been reported that desmosomal proteins, desmoglein, desmocollin, and desmo-
plakin, as well as desmosome morphology, are unaltered during EPEC infection
[149]. However, recent evidence demonstrates that EPEC induces a dramatic sepa-
ration of apposing lateral membranes of adjacent cells by perturbing desmosomes,
compromising cell-cell adhesion and barrier function of IECs. The EPEC effector
EspH is responsible for these changes [150]. EspH inhibits RhoA GTPase, resulting
in actin depolymerization, in turn perturbing IF stability and ultimately leading to
destabilization of desmosomes and desmoglein-2 (DSG2) downregulation. EspH
induces DSG2 redistribution and subsequent degradation within lysosomes. These
changes precede the loss of occludin from cell-cell contacts [150]. EspH-induced
DSG?2 loss and desmosomal perturbation compromise epithelial monolayer integ-
rity, leading to loss of epithelial barrier function.

NleA effector (non-LEE-encoded effector A) binds and inhibits mammalian
COPII through direct interaction with the COPII component Sec24 [151]. COPII is
a protein complex that mediates the packaging and trafficking of proteins in the
endoplasmic reticulum (ER). NleA inhibits protein secretion from the ER to the
Golgi by direct interaction with Sec24. NleA increases intestinal permeability by
disrupting occludin and ZO-1 from cell-cell contacts [152]. Knockdown of COPII
components in epithelial cells is sufficient to disrupt TJ-associated occludin and
Z0-1, suggesting that NleA inhibits the transport of newly synthesized TJ proteins,
thus disrupting the barrier. Murine models infected with C. rodentium show that
NleA mutants unable to bind Sec24 have normal TJs and their fecal water content is
similar to that of uninfected mice [153]. Therefore, NleA and its interaction with
components of the COPII complex promotes TJ disassembly and diarrhea in
murine models.

EspM is an effector harboring WxxxE motifs, thereby possessing the ability to
modulate actin cytoskeleton dynamics [154, 155]. EspM induces the formation of
actin pedestals and stress fibers that are linked to the plasma membrane through
focal adhesions. Actin stress fiber formation is regulated by the GTP-binding
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protein RhoA. Infection of cells expressing RhoAN", a mutant that inhibits activa-
tion of the small GTPases, leads to the formation of typical actin-rich pedestals, but
there is a mark reduction in formation of stress fibers, suggesting that formation of
stress fibers by EspM is RhoA-dependent [154, 155]. Additionally, EspM increases
the phosphorylation of cofilin, a protein that binds actin filaments, and is a down-
stream ROCK target, suggesting that EspM regulates stress fiber formation through
RhoA-ROCK-cofilin signaling. EspM has also been demonstrated to be an impor-
tant modulator of pedestal formation. Ablation of both espMI and espM?2 induces
highly developed actin pedestals, whereas those induced by the wild-type strain
were poorly developed [156]. Importantly, EspM causes dramatic changes in TJ
architecture in infected polarized monolayers. In addition, cells infected with EPEC
expressing EspM2 show disruption of ZO-1 from TJs to the apical and basolateral
membrane surface but without a reduction in barrier function.

EPEC Perturbs Cytoskeletal Networks and Adhesion
Complexes Affecting Barrier Function

EPEC Infection Stimulates Contraction of the Actomyosin
Perijunctional Ring

TJ permeability is regulated in part by contraction of the perijunctional actomyosin
ring, leading to decreased TEER [157]. Phosphorylation of myosin light chain
(MLC) stimulates contraction of the actomyosin ring, thereby increasing TJ perme-
ability. EPEC infection enhances the phosphorylation of MLC and its association
with the cytoskeleton [158—161]. MLC is distributed between cytosolic and cyto-
skeletal cell fractions; its association with the cytoskeleton increases with the dura-
tion of EPEC infection. Analysis of phosphopeptide mapping indicates that MLC is
phosphorylated at different sites, strongly suggesting that PKC and MLC kinase
(MLCK) are involved in MLC phosphorylation in response to EPEC infection
[160]. PKC activators or ectopic expression of the catalytic domain of MLCK
increase MLC phosphorylation in a manner similar to levels observed during EPEC
infection [162, 163]. Phosphorylation of MLC by MLCK is associated with
increased intestinal TJ permeability during EPEC infection [161]. Inhibition of
MLCK with ML-7/9 pretreatment, or a membrane-permeant inhibitor of MLCK
(PIK), or the neuropeptide vasoactive intestinal peptide (VIP), which regulates epi-
thelial paracellular permeability, decreases intracellular MLC phosphorylation, pre-
vents the redistribution of occludin, claudin-3, and ZO-1, and ameliorates
EPEC-induced disruption of the colonic epithelial barrier [161, 164—166]. These
data suggest that ML.C phosphorylation by MLCK is involved in the perturbation of
TJs by EPEC.
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EPEC Disrupts AJs by Activation of PKCa

Als are linked to the actin cytoskeleton through f and a-catenins. EPEC dissociates
-catenin from the membrane and moves it to the cytosol, thus increasing intestinal
epithelial paracellular permeability [167]. EPEC phosphorylates PKCa, which
induces its association with E-cadherin, thus dissociating the E-cadherin/p-catenin
complex [167, 168]. Expression of dominant-negative PKC or treatment with a
PKCa-inhibitory peptide blocks these effects. Therefore, targeting of AJs by EPEC
may undermine the integrity of intestinal epithelial barrier function [167].

EPEC Alters the Phosphorylation State of Adhesion
and Cytoskeleton Molecules

Phosphorylation of occludin is required for its association with TJ complex. EPEC
induces a progressive decrease in occludin phosphorylation, correlating with an
increase in the nonphosphorylated form and its subsequent dissociation from TJs.
These changes correlate with a leaky intestinal barrier [87]. Inhibition of serine/
threonine phosphatases prevents EPEC-induced changes in both occludin and
TEER, implicating their involvement in the regulation of TJs. EPEC promotes the
accumulation of ezrin in A/E lesions, increasing its activity and association with the
actin cytoskeleton by promoting ezrin phosphorylation [122]. Ezrin belongs to the
Ezrin-Radixin-Moesin (ERM) protein family, which mediates the dynamic linkage
between the plasma membrane and cortical actin. Ezrin is reorganized by EPEC
infection, leading to impaired TJs [78]. EPEC-induced association of ezrin with the
cytoskeleton as well as the drop in TEER depend on the presence of EspB and
EspF. Expression of dominant-negative ezrin attenuates the effect of EPEC on ZO-1
and the drop in TEER [122]. These findings suggest that EPEC regulates the phos-
phorylation states of several proteins important in mediating EPEC-induced signals
that result in perturbation of the TJ barrier.

EPEC Perturbs Apico-Basal Polarity

TJs are crucial for the establishment and maintenance of epithelial apico-basal
polarity, which is controlled by Crb (Crumbs3/Pals1/Patj), Par (Par3/Par6/aPKC/
Cdc42), and Scribble (Scrib/Lgl/Dlg) polarity complexes. Apico-basal polarity con-
tributes to cell morphology, directional vesicle transportation, ion and solute trans-
port, and specific localization of proteins and lipids to different membrane domains
[169]. The impact of EPEC on intestinal epithelial polarity has been studied. EPEC
alters the distribution of Pl-integrin and Na'/K* ATPase, which are typically
restricted to the basolateral membrane. EPEC infection caused the movement of
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these proteins to the apical surface, resulting in impaired barrier function [85, 114].
Furthermore, cells infected with EPEC expressing EspM exhibit apical 1-integrin
staining at bacteria attachment sites and at the cell-cell contacts, presumably just
above TJs [156]. These data suggest that changes in apical domain morphology
induced by EspM are associated with redistribution of some basolateral membrane
proteins. EPEC also recruits basolateral endocytic and recycling membrane proteins
(Rabs), AQPs, Tnf, Exo70, and VAMP3 to the apical surface beneath sites of EPEC
microcolony attachment [97, 108]. In addition, EPEC alters plasma membrane lip-
ids by inducing the formation of PI(3,4,5)P3 at actin pedestals [69]. In polarized
MDCK monolayers, PI(3,4,5)P3 is restricted to the basolateral membrane domain
where it functions as a regulator of the basolateral membrane formation [170].
Therefore, it appears that basolateral proteins are specifically trafficked to EPEC
microcolonies at the apical membrane by intracellular vesicle transport, indicating
failed fence function in host cells.

In addition to the redistribution of basolateral proteins, EPEC infection induces
the relocalization of occludin, claudin-1, and ZO-1 from the TJ region to the lateral
membrane and cytoplasmic compartment, impacting the architecture and function
of TJs [171]. Freeze-fracture replicas of EPEC-infected monolayers reveal aberrant
strands containing claudin-1 and occludin extending down the lateral membrane
surface well below the TJ area. These structural changes correlate with both
increased paracellular permeability and decreased TEER [171]. Interestingly, EspM
causes host cells to take on an abnormal round shape, with the main mass of the cell
body bulging out and the TJs located at the lower part of the cell, close to the basal
membrane. In addition, EspM changes the localization of ZO-1 from the TJs to the
apical and basolateral membranes but without a reduction in barrier function [156].
These findings suggest that EPEC-induced perturbation of apico-basal polarity and
TJ structure allow the free diffusion of cytoplasmic and membrane proteins to inap-
propriate cellular domains, further contributing to EPEC pathogenesis.

The impact of EPEC on apico-basal polarity complexes was reported recently.
Par6 and aPKC{, both Par polarity members, are crucial for the establishment of
cell polarity and TJ formation. Par6 is a scaffolding protein that interacts with all
polarity complexes, thus allowing aPKCC to phosphorylate its kinase substrates.
EPEC displaces Par6 and aPKCC, but not Par3, from the cell-cell contacts to the
cytoplasm and basolateral membrane of IECs [102]. The interaction of Par6 with
Cdc42-GTP activates aPKCC to phosphorylate Par3, which binds 14-3-3 protein;
this interaction regulates cell polarity and TJ formation [172-177]. Par6 interacts
with Pals1 and Crb3, the latter being target of aPKCC, and this complex is crucial
for TJ formation [178—180]. Detailed in vitro and in vivo analyses show that EPEC
redistributes Crb3 and Pals1, but not Patj, from cell-cell contacts to the cytoplasm
of IECs [114]. Both espF and map are involved in this phenotype. Interestingly, in
a cyst morphogenesis assay, ectopic expression of EspF leads to the formation of 3D
cysts with multiple lumens, indicating disruption of the formation of cell polarity
[114]. These findings indicate that EspF perturbs cell polarity in intestinal epithe-
lial cells.
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Several studies have demonstrated the direct effect of EPEC on the activation
and translocation of aPKCC in infected epithelia. EPEC significantly increases
aPKCC activity in T84, but not SKCO-15, polarized monolayers. Inhibition of
aPKCC with a pseudosubstrate protects against disruption of the TJ barrier by EPEC,
suggesting that aPKCC is involved in EPEC-induced barrier disruption. EPEC also
induces the translocation of aPKC{ from the cytoplasm to membrane and from cell-
cell contacts to actin-rich pedestals of infected monolayers; both situations correlate
with loss of barrier function [102, 165, 181, 182]. Interestingly, aPKCC recruitment
to EPEC pedestals is not diminished by deletion of map or espF or by mutation of
the SNX9-binding domain of EspF. However, the interaction of EspF with SNX9
plays an important role in actin-pedestal organization and contributes to the colocal-
ization of active aPKCC and F-actin to the plasma membrane and within pedestals
in a cell-specific manner [102].

EPEC impairs both cell polarity and intestinal epithelial TJ barrier function.
Recent evidence indicates that the temporal sequence of TJ disruption following
EPEC infection correlates with the redistribution of polarity proteins. EPEC induces
the recruitment of aPKCC to pedestals colocalizing with actin almost immediately
upon bacterial attachment (5—15 min). TJ proteins are then removed from cell-cell
contacts to cytoplasm. JAM-A S285 is internalized by 30 min and TEER signifi-
cantly decreases 45 min postinfection. Phosphorylation of JAM-A at tyrosine 280,
which is related to loss of barrier function, is detectable after 1-2 h post EPEC
infection, corresponding with leaky TJs [102, 183]. Occludin and ZO-1 disruption
occurs at 1-2 h postinfection, respectively, corresponding with a more significant
drop in TEER. aPKC{ has direct and indirect roles in the formation and mainte-
nance of polarity and TJ structure and function. aPKCC phosphorylates Crb3, occlu-
din, claudins, JAM-A, ZO-1, and ZO-2 to establish and maintain TJ structure and
barrier function [35, 184—187]. EPEC alters the phosphorylation state and localiza-
tion of these proteins, leading to a loss of barrier function [87, 102, 114]. The dis-
placement of aPKC{ away from TJs results in perturbation of barrier function,
suggesting that the progressive dismantling of TJ by EPEC and the corresponding
impact on barrier function occur after the early recruitment of aPKCC to actin ped-
estals [102].

EPEC Activates Various Signaling Pathways

Inflammation in response to infection by enteric pathogens contributes to TJ disrup-
tion. For example, IL-13, a pro-inflammatory cytokine, which is increased in the
mucosa of patients with ulcerative colitis and Crohn’s disease, is able to induce
expression of claudin-2, which increases TJ permeability to both ions and small
nonionic solutes [188, 189]. Interferon (IFN)-y and tumor necrosis factor (TNF)-a,
both pro-inflammatory cytokines, are critical regulators of barrier function via MLC
phosphorylation and TJ remodeling [164, 190-192]. TNF-« induces occludin inter-
nalization, paracellular barrier loss, and diarrhea [190, 193]. Infection of T84 cells
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by enteric bacterial pathogens has been shown to increase the expression of both
TNF-a and IL-1p pro-inflammatory molecules [194]. EPEC and REPEC infection
increases TNF-a, IL-1p, IL-8, and IL-6 cytokines [195, 196]. EPEC infection
induces only a modest inflammatory response due in part to the presence of anti-
inflammatory EPEC effectors including non-LEE-encoded NleB, NleC, NleD,
NleE and the homologs NleH1 and NleH2 [197-200]. EPEC infection also activates
the mitogen-activated protein (MAP) kinases ERK1/2, p38 and JNK, and nuclear
factor-kB (NF-xB) signaling pathways that upregulate expression of the pro-
inflammatory cytokine IL-8 [201-204]. aPKCC has also been reported to be involved
in ERK1/2 and NF-«xB activation; both pathways are activated by EPEC [202-209].
aPKCC regulates NF-kB activation by binding and activating IxkB kinase (IKK),
which phosphorylates the NF-xB inhibitor IkB, triggering its degradation. Inhibition
of aPKCC or expression of a dominant-negative mutant significantly suppresses
EPEC-induced IkBa phosphorylation but does not impact the EPEC-induced stimu-
lation of ERK1/2 [181]. Interestingly, inhibition of ERK1/2 and p38 attenuates the
phosphorylation and degradation of IkBa and expression of IL-8 but does not affect
A/E lesion formation or protect against the decrease in barrier function associated
with EPEC infection [202, 204]. These data suggest that EPEC-activated ERK1/2
and aPKCC signaling pathways contribute to the inflammatory response during
EPEC pathogenesis.

EPEC Alters Intestinal Transport

EPEC-induced loss of intestinal barrier function is believed to contribute to diarrhea
by disrupting intestinal epithelial ion and fluid transport. The loss of TJ barrier func-
tion would prevent the creation of ion gradients needed for effective ion and solute
transport. In addition, infectious diarrhea can be caused by increased chloride secre-
tion, decreased NaCl absorption, or both. EPEC infection attenuates secretagogue-
induced net ion transport and impacts chloride secretion [210-212]. Both
electroneutral Na*/H* and C17/OH~ exchange activities are altered by EPEC [213].
EPEC modulates intestinal epithelial cell electrolyte transport, reducing the expres-
sion of the Na*/H* exchanger-3 (NHE3), the major intestinal transporter of Na*
absorption in an EspF-dependent manner, and stimulating the apical NHE2 and
basolateral NHE1 activity [213, 214]. Analysis of the signal transduction cascades
responsible for the increased NHE2 activity during EPEC infection shows that PLC,
PKCa, and PKCe signaling pathways are implicated [215]. Map interacts with
NHERF1 (Na*/H* exchanger regulatory factor I), Map and NleH1 bind to NHERF2
altering its function [121, 216]. EPEC infection decreases C1~ absorption in intesti-
nal cells by reducing the activity of the CI"/HCO3~ exchanger, SLC26A3 (down-
regulated in Adenoma, DRA), resulting in a reduced C1~ uptake and its accumulation
in the lumen, driving water loss. Mortality in C. rodentium-infected mice is associ-
ated with downregulation of DRA and other genes involved in intestinal transport,
decreased uptake of chloride, and fatal diarrhea [217-219]. EPEC reduces DRA
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protein expression and redistributes its localization from the apical membrane sur-
face to intracellular compartments. This process is mediated by EspG1/G2 [220,
221]. EPEC alters the activity of the sodium-D-glucose cotransporter (SGLT-1), a
major water pump in the small intestine [222]. EPEC causes a rapid movement of
SGLT-1 from the apical membrane into intracellular vesicles. EspF, Map, Tir, and
intimin cooperate to decrease activity of SGLT-1. AQPs function as a water chan-
nels to maintain the dehydration of fecal contents. C. rodentium infection alters the
localization of AQP2 and AQP3, from the lateral membrane to the cytoplasm. The
change in localization correlates with the diarrhea in infected mice [223]. The
altered distribution of AQPs is partially dependent on EspF and EspG effectors, sug-
gesting that AQPs may also contribute to diarrhea during bacterial infection. These
data suggest that during EPEC infection, the ability of the intestinal epithelium to
regulate absorption and secretion of ions and water is compromised, contributing to
diarrhea.

Conclusions

The findings presented in this chapter support the contention that EPEC-induced
perturbation of TJs is a complex process driven by the downstream effect of multi-
ple signaling pathways activated by EPEC effectors, disruption of cytoskeletal net-
works, increased endocytosis, changes in the localization of proteins to different
cell compartments and membrane domains, and altered apico-basal polarity
(Fig. 1a). EPEC-induced loss of intestinal epithelial barrier function is believed to
contribute to diarrhea by disrupting intestinal epithelial ion and fluid transport
(Fig. 1b). All of these changes converge disrupting intestinal epithelial host cell
homeostasis, leading to TJ disruption that contributes to EPEC-associated diarrhea.
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Microbial Metabolite Regulation
of Epithelial Tight Junctions and Barrier
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Abstract The intestine harbors trillions of metabolically active microbes, collec-
tively termed the microbiome, that is generally symbiotic with the needs of the host.
A single layer of intestinal epithelial cells provides a physiologic barrier that facili-
tates the selective permeability to microbial components. Paracellular transport is
regulated by specialized intercellular contact points known as the apical junctional
complex, and recent studies have identified microbial metabolites that regulate
paracellular permeability in the intestine. Analyses of these pathways have provided
a multitude of opportunities for understanding epithelial tight junction biology and
tissue barrier function. In this chapter, we summarize our current understanding of
how microbial-derived molecules directly and indirectly influence the regulation of
epithelial tight junctions.
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Abbreviations

AlC Adherens junction complex
AMP Antimicrobial peptide

Cldn Claudin

HBD-1  Human beta defensin-1
HDAC  Histone deacetylase

HIF Hypoxia-inducible factor
IEC Intestinal epithelial cell
PMN Polymorphonuclear leukocyte
SCFA Short chain fatty acid
SYNPO Synaptopodin

TJ Tight junction

Z0-1 Zonula occludens-1

Introduction

Intestinal epithelial cells (IECs) regulate intestinal homeostasis through isolating
the host immune system from the external environment of pathogenic and commen-
sal microorganisms. IECs form the largest single-cell layered physical and bio-
chemical barrier in the human body [1]. The intestinal epithelium is continually
regenerated every 3—5 days from the base crypt stem cells. These stem cells give rise
to multiple differentiated epithelial cell subsets that participate in specific functions
of the mucosal barrier. Aside from the absorptive enterocytes and colonocytes,
secretory IECs include the enteroendocrine cells, Paneth cells, goblet cells, and tuft
cells that each provide specific functions to the host [2]. For simplicity, IECs will
refer to enterocytes/colonocytes unless otherwise noted.

The mammalian gastrointestinal tract is host to trillions of microbes, including
bacteria, viruses, and fungi. This finely tuned host-microbe relationship coexists
with epithelial cells atop the mucus layer of the intestinal mucosa, where microbes
provide essential components for host health [3]. Conversely, microbes can initiate
and perpetuate both acute and chronic diseases [4]. In this chapter, we summarize
some of the important microbial-derived components that regulate mucosal barrier
function, with a specific focus on IEC tight junction structure and function.

Unique Environment of the Mammalian Intestine

The mammalian intestine has evolved to function as a uniquely suited environment
for the growth and survival of anaerobic and facultative anaerobic microbes [5].
Given the central role of oxygen to mammalian metabolism, such an austere
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Fig. 1 Butyrate impacts a multitude of functions in intestinal epithelial cells. Panel A depicts the
differences between “physiologic” and “inflammatory” hypoxia evident at the surface of the
mucosa. Panel B shows a histologic section of healthy mouse colon documenting low oxygen
regions (red) visualized by pimonidazole staining. Nuclear counterstain with DAPI is shown in
blue. Low oxygen regions within the tissue are enriched in butyrate utilization, where butyrate is
used as a fuel for the generation of ATP. Butyrate also functions to inhibit HIF-prolyl hidroxylase
domain proteins (PHDs) as well as HDACs

environment demands metabolic adaptation like no other barrier surface in the body.
The gastrointestinal (GI) tract, for example, harbors a quite unique oxygenation
profile [6]. Even at baseline, barrier epithelial cells that line the mucosa exist at a
low oxygen tension environment, defined as “physiologic hypoxia” [7] (see Fig. 1).
Original studies revealed that the countercurrent oxygen exchange mechanisms of
the GI tract provide for arterial blood supply diffusion to adjacent venules, along the
crypt villus axis, resulting in graded hypoxia [8]. This steep oxygen gradient has
been well-documented in the distal colon of the GI tract, spanning from the anaero-
bic lumen, across the epithelium, to the richly vascularized subepithelial mucosa
[9]. Given the high-energy requirement of the gut and the integral role of the epithe-
lium in maintaining intestinal homeostasis, it is not surprising that these cells have
evolved a number of mechanisms to cope with this austere metabolic environment
[10]. During active inflammation, the combination of recruited leukocytes, edema,
and vasculitis enhances the hypoxic gradient to become “inflammatory hypoxia” [7]
(see Fig. 1).

Tissue oxygenation has been tracked using 2-nitroimidazole dyes (e.g., pimoni-
dazole, see Fig. 1), a class of compounds known to undergo intracellular metabo-
lism dependent on the level of tissue oxygenation [11]. These dyes were developed
to image the low O, environment of growing tumors [12] and have subsequently
been used as tools to monitor levels of tissue oxygenation ex vivo. Nitroimidazoles
form adducts with thiol groups with various tissue macromolecules where all atoms
of the ring and side-chain of the 2-nitroimidazole are retained at pO, <10 mmHg.
Antibodies specific for these conjugated adducts provide a histochemical approach
to estimation of tissue pO,. It is notable that this approach has not been established
to titer tissue pO,, rather it is a quantitative estimate of tissue hypoxia (e.g., above
or below pO, of ~10 mmHg).
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Given the rather unique environment of the intestine, particularly the colon, a
number of studies have shown that stabilization of the transcription factor hypoxia-
inducible factor (HIF) in low oxygen environments triggers the expression of genes
that are essential to epithelial barrier function [13-16]. Additionally, HIF is one of
the central regulators of overall tissue metabolism [17] and has profound influences
on the inflammatory response [10]. HIF function is dependent on stabilization of an
O,-dependent degradation (ODD) domain expressed on the a-subunit and subse-
quent nuclear translocation to form a functional complex with HIF-1 [18]. In nor-
mally oxygenated tissues, iron-, alpha-ketoglutarate-, and O,-dependent
hydroxylation of two prolines (Pro564 and Pro402 of HIF-1« in humans) within the
ODD of the alpha subunit initiates the association with the von Hippel-Lindau
tumor suppressor protein (pVHL) and the recruitment of a ubiquitin-E3 ligase for
degradation via proteasomal targeting [19, 20]. An in-depth review of the adaptive
role of HIF in the context of barrier function has been reviewed in detail else-
where [5].

Microbial Short-Chain Fatty Acids and Barrier Regulation

The intestinal microbiota has the capacity to harvest large amounts of energy from
fibers unable to be digested by the human gut through anaerobic fermentation that
produces SCFAs as end products that exert beneficial influence not only on host
energy metabolism but also on systemic health. Humans lack enzymes to degrade
the majority of dietary fibers, and thus these nondigestible carbohydrates pass
through the small intestine undisturbed to reach the large intestine for fermentation
by anaerobic bacteria. Nondigestible dietary fibers include inulin, oat bran, wheat
bran, cellulose, Guar gum, and pectin. These substrates provide fuel for bacterial
fermentation. Fermentation by-products include multiple groups of metabolites, of
which SCFAs dominate. For the microbial community, SCFAs are a requisite waste
product to balance redox equivalent production in the anaerobic gut lumen. SCFAs
are classified as saturated aliphatic carboxylic aids between one and six carbons in
length that include acetate (C2), propionate (C3), butyrate (C4), valerate (C5), and
hexanoate (C6). Acetate, propionate, and butyrate are the most abundant and com-
prise >95% of SCFAs and exist in a molar colonic ratio of approximately 60:20:20,
with total SCFAs reaching 140 millimolar (mM) in the proximal colon and 70 mM
in the distal colon [21]. The majority of SCFAs are rapidly absorbed by colonocytes,
with only 5-10% secreted in feces. These SCFAs have significant impact on host
physiology as energy substrates, gene expression regulators, and signaling mole-
cules for specific receptors [22-25] (also see Fig. 1).

Sequestration of butyrate to the colon is due in large part to the different affinities
of the apical (K, = 1.5 mM) and basolateral (K, = 17.5 mM) SCFA-HCOj exchange
transporters, which confine butyrate to colonocytes [26, 27]. Similarly, the affinity
of the apical monocarboxylic acid transporter-1 (MCT1) for butyrate is also higher
than the basolateral transporter MCT4, and the higher intracellular pH renders all
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SCFAs in the dissociated form, which eliminates any passive diffusion across the
basolateral membrane. Peripheral systemic availability of colon-derived butyrate
has been shown to be less than 2%, where the vast majority of butyrate is utilized by
colonocytes [28].

Another aspect of butyrate sequestration lies in that it is the preferred energy
source of the colonic epithelium, with oxidation of this SCFA accounting for over
70% of the cellular oxygen consumption in the distal colon [29]. Colonocytes uti-
lize butyrate over acetate and propionate, where it is oxidized to ketone bodies and
CO,. More than 95% of produced butyrate is utilized by colonocytes for energy.
Butyrate metabolism stimulates mitochondrial respiration and has been shown to be
important in preventing IEC autophagy [30]. As an energy substrate, butyrate under-
goes P-oxidation to form acetyl-CoA, which enters into the tricarboxylic acid (TCA)
cycle to produce the reducing factors that drive the electron transport chain (ETC)
and oxygen consumption to ultimately regenerate ATP. Maintenance of the mucosal
barrier requires cytoskeleton stability, which needs substantial energy reserves, and
the rapid utilization of butyrate not only prevents butyrate from escaping into sys-
temic circulation but also provides the requisite energy for IECs to rapidly polarize
and form strong AJCs [31]. In fact, the colon of germ-free (GF) animals has been
shown to exist in a state of energy deficiency [30].

Due to the specificity of butyrate to the colon, multiple studies have shown butyr-
ate to influence the intestinal barrier. An mRNA-based screen of intestinal epithelial
cells exposed to physiologic concentrations of butyrate revealed the repression of
CLDN?2, a “leaky” claudin that increases permeability. The mechanisms of butyrate
activity were subsequently traced to induction of the IL-10 receptor on IEC through
mechanisms involving butyrate regulation of histone deacetylase (HDAC) inhibi-
tion [32] (see Fig. 2). Other studies have also shown butyrate to induce the expres-
sion of other “sealing” TJ proteins such as CLDNI1 also through HDAC inhibition
[33]. More recently, a newly characterized intestinal epithelial tight junction protein
synaptopodin (SYNPO) was identified via a single cell RNA sequencing approach.
Like claudins, the mechanisms of butyrate regulation of SYNPO were via HDAC
inhibition (see Fig. 2). SYNPO was additionally shown to regulate wound healing
and to be a critical component to butyrate promoting wound healing in vivo [34].
Butyrate can coordinate the repression of “leaky” TJ proteins and the induction of
“tight” TJ proteins, all through HDAC inhibition. While HDAC inhibition impacts
the expression of ~2% of mammalian genes [35], butyrate is seemingly able to regu-
late barrier function through influencing multiple genes through HDAC inhibition.
In the aforementioned studies, SYNPO was induced at the protein level after butyr-
ate treatment after 6 h, while the other studies showed that CLDN2 levels were
reduced by butyrate after 24 h, which corresponded with peak IL-10RA induction
at 24 h, and CLDN1 was increased after 36 h [32, 33]. While these time signatures
are dependent on the experimental limitations set during the separate analyses, it
could be that butyrate may temporally organize the induction and repression of
specific TJ proteins to ultimately promote barrier function. Wang et al. showed in
their scRNAseq that multiple TJ and actin-associated genes were upregulated by
butyrate not limited to cingulin (CGN) and claudin 3 (CLDN3), as well as genes
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Fig. 2 Microbial-derived butyrate and indole regulate epithelial tight junction expression and
function. Shown here is the influence of butyrate (left cell) and indole (right cell) on tight junction
protein expression. Through actions on HDAC and HIF, butyrate influences the expression of TJ
proteins (e.g., claudin-1, CLDN1) as well as TJ adapter proteins (e.g., synaptopodin, SYNPO).
Indoles act through the aryl hydrocarbon receptor (AHR) to induce the apical IL-10 receptor,
which, when activated, represses “leaky” claudin-2 (CLDN2) to promote barrier function during
inflammation

related to cellular motility including MYLIP and KIF11 [34]. This suggests that
butyrate could simultaneously and purposefully influence multiple genes related to
these processes, as naturally, the AJC is already comprised of many components and
active epithelial restitution to begin wound healing requires many proteins working
in concert.

As HIF is a well-known transcription factor stabilized in hypoxia, the influence
of butyrate metabolism on oxygen availability in the colon regulates HIF stabiliza-
tion in the intestinal mucosa. For example, mice lacking microbiota-derived butyr-
ate (e.g., germ-free mice) have diminished HIF stabilization at baseline [36].
B-oxidation of butyrate increases oxygen consumption of IECs to the extent that
HIF is stabilized [36]. In recent extensions of this work, it was revealed that butyrate
stabilizes HIF independent of B-oxidation. Further analysis using a combination of
recombinant HIF prolyl hydroxylase enzyme and 1D-NMR found that butyrate
regulates HIF by functioning as a direct, noncompetitive inhibitor of th