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Tight junctions on the move: molecular mechanisms for
epithelial barrier regulation
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Abstract

Increasing evidence suggests that the tight junction is a dynamically regulated structure.
Cytoskeletal reorganization, particularly myosin light chain phosphorylation—induced actomyosin
contraction, has increasingly been recognized as a mediator of physiological and
pathophysiological tight junction regulation. However, our understanding of molecular
mechanisms of tight junction modulation remains limited. Recent studies using live cell and live
animal imaging techniques allowed us to peek into the molecular details of tight junction
regulation. At resting conditions, the tight junction is maintained by dynamic protein—protein
interactions, which may provide a platform for rapid tight junction regulation. Following
stimulation, distinct forms of tight junction protein reorganization were observed. Tumor necrosis
factor (TNF-a.) causes a myosin light chain kinase (MLCK)—mediated barrier regulation by
inducing occludin removal from the tight junction through caveolar endocytosis. In contrast,
MLCK- and CK2-inhibition—caused tight junction regulation is mediated by altered zonula
occludens (Z0)-1 protein dynamics and requires ZO-1-mediated protein—protein interaction,
potentially through regulating claudin function. Although some of the molecular details are
missing, studies summarized above point to modulating protein localization and dynamics that are
common mechanisms for tight junction regulation.
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Introduction

Epithelia form boundaries that separate liquid-filled tissue compartments throughout the
body. The cell layer is not only critical to forming physically separate spaces, but also is
crucial to defining the fluid composition of these spaces. For example, the renal tubular
epithelium forms a barrier to maintain the distinct luminal ion and macromolecular content
relative to the interstitium, which is critical to supporting transport across the epithelium,
and is essential to defining urine composition and normal waste removal and water balance.
In the gut, similar requirements exist to allow efficient nutrient absorption and water
handling. However, because many microorganisms normally reside in the gut lumen, the
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intestinal epithelium must also effectively form a barrier to prevent bacteria from entering
the lamina propria.

The intestinal epithelial cells are critical to forming such a barrier. Without selective
channels and transporters, the plasma membrane would be essentially impermeable to water
and solutes. Thus, a continuous epithelial cell layer is critical to maintaining epithelial
barrier. In addition, the space between individual epithelial cells also needs to be sealed.
This function is carried out by the apical junctional complex, containing the tight junction,
adherens junction, and desmosome. While the adherens junction and desmosome do not
directly seal the space between epithelial cells, they are critical to providing the adhesive
force to ensure the integrity of the cell layer.1:2 Once cell—cell adhesion is established, the
tight junction seals the space through its protein components, including the transmembrane
proteins claudins and occludin, and the cytoplasmic adaptor proteins such as ZO-1 (Fig.
1A).3-% Because ZO-1 and related proteins bind to a large number of transmembrane tight
junction proteins and the actin filaments through distinct protein domains, it was thought
that these proteins may form stable protein complexes.3>~7 However, such sealing is not
absolute. For example, Na* must be able to pass the tight junction to enter the intestinal
lumen to establish a Na* gradient to drive nutrient absorption, and following digestion,
glucose, and other nutrients cross the tight junction from the luminal side to maximize
absorption.8-11 Thus, the intestinal tight junction must balance the need to form a barrier
and the need to support paracellular transport to ensure the proper function of the
gastrointestinal tract.

Intestinal tight junction regulation occurs in health and disease

The tight junction must adapt to the different needs of providing a seal and allowing
paracellular transport under distinct physiological and pathophysiolgical conditions. 1214
An increasing number of stimuli are found to regulate tight junction function and there is a
growing understanding about how defective paracellular sealing or transport may contribute
to inherited and acquired human diseases.®15-19 For example, activation of Na*-nutrient
cotransport, such as Na*-glucose cotransport mediated by sodium-glucose cotransporter
(SGLT)-1, increases paracellular permeability and allows paracellular water and nutrient
absorption.-11.20-23 sch enhanced paracellular absorption is thought to supplement the
saturable transcellular pathways to allow efficient nutrient absorption.

Increased paracellular permeability is well-recognized in patients with inflammatory bowel
disease, particularly Crohn’s disease.242° A fraction of patients with quiescent Crohn’s
disease has increased intestinal permeability. When stratified by this criteria, patients with
increased permeability are more likely to relapse compared to patients with normal intestinal
permeability, indicating that intestinal permeability may participate in disease progression.26
Furthermore, such intestinal permeability increases are also present in a subset of healthy
first-degree relatives of Crohn’s disease patients, leading to the hypothesis that reduced
intestinal barrier function contributes to Crohn’s disease pathogenesis.2’28 This hypothesis
is supported by a recent study showing that mice with intrinsic increases in tight junction
permeability have subclinical inflammation and accelerated and exacerbated naive CD4 cell
adoptive transfer-induced intestinal inflammation.2? Such increased tight junction
permeability is at least partially mediated by TNF, as neutralizing antibody for TNF
normalizes intestinal permeability defects in Crohn’s disease patients and TNF can directly
induce increases in tight junction permeability in both cultured intestinal epithelial cells and
mouse epithelium,30-32
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MLCK mediates acute physiological and pathophysiolgical tight junction

regulation

The mechanisms for tight junction regulation are under close investigation. Studies of
humans and mice have demonstrated that tight junction protein expression and targeting are
critical to determining tight junction function. For example, 1L-13-mediated expression of
tight junction protein claudin-2 is associated with increased intestinal permeability in
ulcerative colitis patients, but the effects of IL-13 on barrier function do not occur
rapidly33:34

In contrast, physiological regulation of the tight junction by SGLT-1 activation and
pathophysiolgical tight junction regulation by proinflammatory cytokines, such as TNF,
LIGHT (lymphotoxin-like inducible protein that competes with glycoprotein D for herpes
virus entry on T cells), and IL-1, can happen in a matter of hours without changing tight
junction protein expression.3>-3 Early morphological studies showed that Na*-glucose
cotransport activation induces perijunctional actomyosin condensation and is associated with
actomyosin contraction, indicated by phosphorylation of myosin light chain (MLC), the
regulatory component of actomyosin function.11:38 Further studies demonstrated that MLCK
is responsible for MLC phosphorylation and SGLT-1-induced barrier regulation.38
Similarly, TNF also activates MLCK to increase tight junction permeability and remarkably,
specific MLCK inhibition either pharmacologically or genetically blocks TNF-induced tight
junction regulation in cell culture and animal models.354041 Fyrthermore, intestinal cell
lines or animals with intestinal epithelial specific constitutively active MLCK expression
have increased paracellular permeability, confirming MLCK activity alone is sufficient to
regulate tight junction function.2%42 Furthermore, increased MLCK activity has been
associated with other forms of tight junction regulation, including enteropathogenic E. coli
infection.#3 Thus, MLCK-mediated actin cytoskeletal reorganization has both physiological
and pathophysiological relevance to tight junction barrier regulation.

Caveolar endocytosis of occludin is critical for cytokine-induced, MLCK-
dependent TJ reorganization

Despite our understanding of the role of MLCK in regulating the tight junction function, the
molecular mechanisms for tight junction regulation downstream of actomyosin contraction
remain poorly understood. Although activation of actomyosin contraction by MLCK alters
tight junction protein distribution in detergent insoluble glycoprotein rich microdomains,
little is known about how such change occurs and the functional significance for these
changes.3%42 To understand the molecular basis for cytokine-induced tight junction
regulation, we examined the distribution of individual tight junction proteins before and
after exposure to T cell-derived cytokines.4! Most strikingly, occludin disappeared from the
tight junction in small intestinal epithelial cells and appeared in intracellular vesicles. This
occludin removal from the tight junction is MLCK dependent, as both pharmacological and
genetic inhibition of MLCK blocked this change.#1 Remarkably, this tight junction
reorganization closely resembles the acute occludin endocytosis from the tight junction
induced by the actin depolymerizing drug latrunculain A in cultured epithelial monolayers.44
In this form of tight junction reorganization, latrunculin A—induced occludin removal is
through dynamin I1-dependent caveolar endocytosis, and inhibiting such endocytosis blocks
latrunculin A—induced tight junction disruption.44

We then thought to test if and how the caveolar-dependent pathway contributes to cytokine-
induced tight junction regulation. We first demonstrated that LIGHT, a cytokine closely
related to TNF, increases tight junction permeability in an MLCK-dependent mechanism in
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cultured epithelial monolayers.3 This cytokine also induced occludin redistribution from
the tight junction to caveolin-1-containing vesicles, which was blocked by drugs inhibiting
caveolar function, but not drugs inhibiting clathrin-mediated endocytosis and
macropinocytosis.36 Such studies demonstrated a role for caveolar-mediated processes in
cytokine-mediated tight junction regulation, but the direct evidence for occludin endocytosis
and if occludin removal itself is critical for cytokine-mediated tight junction regulation
remained uncertain.

To address this question, we took advantage of the /n vivo model for cytokine-induced
barrier regulation. When live animal imaging of the small intestinal epithelium was
performed on mice with intestinal epithelial-specific transgenic expression of enhanced
green fluorescent protein (EGFP)—tagged occludin, we found TNF-induced focal
accumulation of occludin and evidence of endocytosis, indicated by vesicle budding from
sites of accumulation.*® Using inhibitors for endocytosis, we demonstrated that this
internalization is through the caveolar pathway.*® Furthermore, pharmacological inhibitors
for caveolar endocytosis and caveolin-1 deficiency both block TNF-induced occludin
endocytosis and loss of tight junction function.#® Studies using the occludin transgenic
animal showed EGFP-occludin overexpression can maintain large amounts of occludin at
the tight junction, which inhibited TNF-induced increase in tight junction permeability,
showing occludin itself is a critical component for TNF-induced tight junction regulation
(Fig. 2).%° This finding is consistent with the report that occludin participates in TNF-
induced tight junction regulation in canine kidney epithelial cells, although the
transepithelial resistance (TER) is increased rather than decreased in this cell type following
TNF treatment.46

MLCK induces TJ regulation through changing ZO-1 protein dynamics

Although occludin endocytosis occurs prominently in cytokine-induced tight junction
regulation, it is not seen in all forms of MLCK-mediated tight junction regulation. For
example, no occludin internalization can be observed in cells with activated SGLT-1, and
direct inhibition of MLCK failed to demonstrate changes in occludin internalization,
although both stimuli affect tight junction function. These findings suggest the tight junction
organizational changes, if any, are subtle following these stimuli. Understanding the
underlying mechanisms has been hampered by the lack of experimental tools to study
protein distribution and protein—protein interactions /n situ.

The first breakthrough came when it was discovered that distinct tight junction proteins have
unique dynamic behaviors when assessed by fluorescent recovery after photobleaching
(FRAP) experiments. By using epithelial cell lines expressing well-validated tight junction
proteins with N-terminally fused EGFP, we demonstrated that transmembrane proteins
claudin-1 and occludin have very different FRAP behaviors at the tight junction: while
~60% of claudin-1 molecules are immobile at the tight junction, only about ~30% of
occludin molecules are immobile (Fig. 1B).4” Furthermore, a large fraction of the
cytoplasmic protein ZO-1 undergoes constant exchange between the cytoplasmic and tight
junction pools.4” Thus, despite the ability of ZO-1 to directly bind to claudin-1, occludin,
other tight junction proteins, and the actin cytoskeleton, these proteins do not always form a
stable protein complex. Furthermore, this study suggested that tight junction protein
dynamics can be altered by a range of stimuli. For example, cholesterol depletion blocked
occludin, but not ZO-1, fluorescent recovery while ATP depletion selectively inhibited ZO-1
fluorescent recovery.#’ These findings show that tight junction protein dynamic behavior,
which reflects protein— protein interactions and protein-lipid interactions, can be modulated.
Such modulations may be critical for functional regulation of the tight junction, as both
cholesterol depletion and ATP depletion also decrease paracellular barrier function. Thus,
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studying the biochemical-functional relationships of the tight junction by combining
measurements of protein dynamics and paracellular barrier function may provide us
mechanistic insights toward tight junction regulation.

We then applied such an approach to understand how MLCK may affect tight junction
protein dynamics and function.*® When the dynamic behaviors for representative tight
junction proteins were measured in cells with active or inhibited MLCK by FRAP
experiments, altered exchange of ZO-1 to and from the tight junction was observed, but the
dynamic behaviors of occludin, and claudin-1 were unchanged.*® Following MLCK
inhibition, ZO-1 had decreased fluorescent recovery, indicating it had increased anchoring at
the tight junction (Fig. 3A and B).*8 The same results were seen /n vivo, after MLCK
inhibition, in mice with transgenic expression of fluorescently tagged ZO-1.48 Furthermore,
in knockout animals lacking the epithelial-specific isoform of MLCK, ZO-1 anchoring are
insensitive to MLCK inhibition.*8 In addition, in mice with constitutively active MLCK
expression in intestinal epithelial cells, ZO-1 recovery is faster.*® These results demonstrate
a critical role for MLCK to regulate ZO-1 dynamics. Using the model epithelium, we further
showed that ZO-1 anchoring depends on its ability to directly bind to the actin cytoskeleton,
as the ZO-1 mutant lacking its actin-binding region (ABR) failed to alter its dynamic
behavior following MLCK inhibition (Fig. 3A and B).#849 In addition, ZO-1 ABR
expression blocks MLCK inhibition caused ZO-1 anchoring at the tight junction.*® With the
results described above, we were able to test the contribution of ZO-1 and its ABR to tight
junction permeability regulation. MLCK inhibition caused a rapid decrease in tight junction
permeability in ZO-1-sufficient cells, however, in cells lacking ZO-1, MLCK inhibition
failed to regulate tight junction function, indicating a critical role for ZO-1 in MLCK-
dependent tight junction regulation (Fig. 3C).#8 While expression of the ZO-1 ABR domain
was able to block the MLCK inhibition-induced tight junction regulation in ZO-1-sufficient
cells, it failed to affect tight junction function in ZO-1-knockdown cells following MLCK
inhibition (Fig. 3C),*8 demonstrating that the ability of ZO-1 ABR to affect tight junction
function depends on endogenous ZO-1 expression. Taken together, the FRAP and barrier
function studies demonstrate that ABR-mediated ZO-1 anchoring is responsible for
decreased tight junction permeability following MLCK inhibition.

CK2 regulates tight junction through affecting tight junction protein
complex formation

The study discussed above demonstrated that ZO-1 anchoring is critical for MLCK
inhibition-caused decrease in tight junction permeability. However, it did not identify how
Z0-1, a cytoplasmic protein, may affect permeability across the tight junction. One can
hypothesize that ZO-1 could do so by regulating the function of transmembrane proteins at
the tight junction. Such evidence comes from studies of how CK2 inhibition regulates tight
junction function. CK2 is a kinase that directly phosphorylates occludin,?%-52 and CK2
inhibition results in decreased tight junction permeability to small, but not large ions.>3
Knocking down occludin blocked CK2 inhibition— induced barrier regulation, indicating a
critical role for occludin in CK2-mediated tight junction regulation.>3 In occludin
knockdown cells, exogenous expression of wild-type occludin, but not occludin with
nonphosphorylable or phosphomimetic mutations at S408, a major phosphorylation site for
CK2-mediated occludin phosphorylation, were able to reverse the phenotype, indicating a
critical role of occludin S408 phosphorylation in CK2-mediated tight junction regulation.>3
When the dynamic behavior of tight junction proteins were measured, occludin, ZO-1,
claudin-1, and claudin-2 FRAP behavior were altered following CK2 inhibition.>3 Although
these molecules have dramatically different FRAP behaviors at steady state, CK2 inhibition
caused decreased occludin dynamics with increased claudin-1, claudin-2, and ZO-1
dynamics, making the FRAP behavior for these molecules to converge.>3 Such results can
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be explained by formation of a large protein complex containing occludin, ZO-1, claudin-1,
and claudin-2 following CK2 inhibition.>3 As occludin does not directly bind to claudins,
we tested the idea that ZO-1, which binds to claudins through its first PDZ domain and
occludin through its U5-GuK region,>4-58 is responsible for complex formation.>3 Indeed,
Z0-1 knockdown blocked CK2 inhibition-caused alterations in claudin-2 dynamics, and
expression of wild-type ZO-1, but not ZO-1 mutants that cannot bind to occludin or
claudins, were able to reverse the phenotype.®3 Such findings suggest that ZO-1 may serve
as an adaptor molecule to transduce the CK2-mediated occludin phosphorylation signal to
claudins.

Guided by these FRAP findings, functional studies were performed. Knocking down
occludin or ZO-1 individually blocked CK2 inhibition—induced tight junction regulation.>3
While separate knockdown of claudin-1 or -2 attenuated CK2-mediated tight junction
regulation, double knockdown of claudin-1 and —2 abolished this effect, indicating a
cooperative role for these claudins.?® Furthermore, occludin C-terminal tail with S408A
mutation, a protein mimics the dephosphorylated occludin generated by CK2 inhibition, has
increased association with ZO-1, claudin-1, and claudin-2 than wild-type occludin tail and
occludin tail with S408D mutation, suggesting a multiple protein complex formation among
occludin, ZO-1, claudin-1, and claudin-2 following CK2 inhibition (Fig. 4A).%3 Such a
complex formation depends on ZO-1, as claudin-2 cannot be recruited to occludin in the
absence of ZO-1 when the occludin C-terminal tail S408A mutant in protein lysates without
Z0-1 expression (Fig. 4B).23 Together with FRAP studies, these findings suggest tight
junction protein complex formation is responsible for CK2 inhibition— induced tight junction
regulation.

Modulating tight junction protein interactions as a general mechanism for
tight junction regulation

MLCK inhibition and CK2 inhibition are very different stimuli, and they regulate tight
junction protein dynamics in distinct manners. MLCK inhibition selectively anchors ZO-1 at
the tight junction, without changing the FRAP behavior of claudin-1 and occludin.*®
However, how ZO-1 is anchored at the tight junction and the transmembrane component for
thisformof tight junctionregulation still needs to be defined. In contrast, CK2 inhibition
modulates occludin, ZO-1, claudin-1, and claudin-2 dynamics to allow formation of a large
protein complex.23 In this form of barrier regulation, the direct contribution of occludin in
forming the barrier remains to be addressed. As claudin-1 and -2 double knockdown made
CK?2 inhibition unable to regulate barrier function even in cells expressing occludin and
Z0-1, itis likely occludin is primarily a signaling intermediate rather than the molecule that
directly seals the paracellular space for CK2 to regulate paracellular permeability.

Despite these differences, these two studies presented a unified theme in the mechanisms for
tight junction regulation. Both MLCK inhibition and CK2 inhibition (1) selectively decrease
paracellular permeability of small, but not large ions, (2) affect ZO-1 dynamic behavior, and
(3) require ZO-1 to regulate barrier. Furthermore, in contrast to wild-type ZO-1, ZO-1
mutants lacking the protein domains that are responsible for interacting with its upstream
binding partners, that is, actin cytoskeleton or occludin, do not alter their FRAP behaviors
following stimulation, and these protein domains are responsible for tight junction barrier
regulation. Although some of the molecular details are still missing, such studies
demonstrate a common modality for barrier regulation: ZO-1 functions as an adaptor to
receive signals from the actin cytoskeleton or other tight junction proteins, which in turn
regulates the ability of its transmembrane binding partners, such as claudins to regulate
epithelial barrier.
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These studies demonstrate that we are on the verge of understanding the molecular
mechanisms for acute tight junction regulation. Using similar approaches, the molecular
mechanisms for tight junctions to be affected by a variety of stimuli can be dissected.
Detailed understanding of tight junction protein—protein interactions at the resting state and
their regulation following stimulation at amino acid residues or even at the atomic level will
not only provide us with scientific insight, but also will provide targets for specific
modulation of tight junction functions for disease treatment and prevention.
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Figure 1.

Components and dynamics of the tight junction. (A) The tight junction is composed of
multiple interacting transmembrane and cytoplasmic proteins that are linked to the actin
cytoskeleton. (B) In epithelial monolayers expressing both red fluorescent protein-tagged
occludin (red) and EGFP-tagged clauidn-1 (green). Following photobleaching of both
fluorescent proteins (shown with arrows), significantly more fluorescent recovery occurred
for occludin than claudin-1, making the bleached region appear red. Bar: 5 um.
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Figure2.

Occludin overexpression limits TNF-induced tight junction regulation. (A) Overexpression
of EGFP-occludin in intestinal epithelium determined by SDS-PAGE immunoblot. Jejunal
epithelial cells were isolated from wild-type and EGFP-occludin transgenic mice and were
subjected to immunoblot. (B) EGFP-occludin expression preserves occludin localization at
the tight junction following TNF treatment. Jejunal tissues from wild-type and EGFP-
occluidn transgenic mice treated with 5 pg TNF for 120 min were sectioned and stained for
occludin (top, and green in merge), and F-actin (red in merge). Regions of the tight junction
lacking occludin developed in wild-type, but not EGFP-occludin transgenic mice. Bar: 10
um. (C) Intestinal epithelial EGFP-occludin overexpression limits TNF-induced barrier loss
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and water secretion in small intestine. /n7 vivo perfusion assays show increased paracellular
BSA flux (left) and water secretion (right) in wild-type mice. TNF-induced paracellular
BSA flux (left) was attenuated, while TNF-induced water secretion did not occur in EGFP-
occludin transgenic mice. (D) Schematic presentation of the pathways for TNF to regulate
tight junction in intestinal epithelial cells. TNF activates MLCK in intestinal epithelial cells
to phosphorylate MLC and cause actomyosin contraction (left side). These events lead to
tight junction reorganization to cause occludin to internalize in a caveolin-1-dependent
fashion (right side). The original data are adapted from Ref. 45.
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Figure 3.

MLCK inhibition regulates ZO-1 dynamics and tight junction permeability. (A and B)
MLCK inhibition by peptide inhibitorPIK decreaseswild-type ZO-1 protein, but not ZO-1
mutant lacking the ABRexchangeatthe tightjunction. ZO-1 knockdown of Caco-2
monolayers expressing either the EGFP-Z0-1 or EGFP-Z0-1 mutant lacking the ABR were
treated with 300 uM MLCK inhibitor PIK and then subjected to FRAP experiments.
Representative kymographs of ZO-1 protein fluorescent recovery in FRAP experiments are
shown in A. Bar: 5 um. Mobile fractions of the wild-type ZO-1 and ZO-1 mutants lacking
the ABR with or without MLCK inhibition were determined on the basis of these
experiments (B). (C) The ZO-1 ABR domain overexpression affects the MLCK inhibition—
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induced TER increase in ZO-1-sufficient, but not ZO-1 knockdown, cells. Treating wild-
type Caco-2 monolayers with 300 uM PIK increased TER, which was blocked by ZO-1
ABR expression. In contrast, ZO-1 knockdown cells had minimal TER increases following
PIK treatment, which could not be blocked by ZO-1 ABR expression. The original data are
adapted from Ref. 48.
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Figure4.

CK2 inhibition alters tight junction protein interaction and barrier function. (A) GST-
occludin C-terminal tails (383— 522) immaobilizedon glutathione-agarose beads were used
tocapture proteins from Caco-2 lysates. Recovered proteins were assessed by SDS-PAGE
immunoblot. (B) GST-occludin C-terminal tails (383-522) were used to capture control and
Z0-1 knockdown Caco-2 lysates. Recovered proteins were assessed as in A. (C) In the
presence of CK2 activity, claudin-2 forms Na* permeable channels and does not form a
complex with occludin. (D) When CK2 activity is blocked, occludin is not phosphorylated at
S408, which allows it to bind to ZO-1. Occludin, ZO-1, and claudin-2 form a
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multimolecular complex to disrupt claudin-2 function, which leads to decreased paracelllar
ion permeability. The original data are adapted from Ref. 53.
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