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Abstract

The intestinal epithelium forms a key protective barrier that separates internal organs from the
harmful environment of the gut lumen. Increased permeability of the gut barrier is a common
manifestation of different inflammatory disorders contributing to the severity of disease. Barrier
permeability is controlled by epithelial adherens junctions and tight junctions. Junctional assembly
and integrity depend on fundamental homeostatic processes such as cell differentiation,
rearrangements of the cytoskeleton, and vesicle trafficking. Alterations of intestinal epithelial
homeostasis during mucosal inflammation may impair structure and remodeling of apical
junctions, resulting in increased permeability of the gut barrier. In this review, we summarize
recent advances in our understanding of how altered epithelial homeostasis affects the structure
and function of adherens junctions and tight junctions in the inflamed gut. Specifically, we focus
on the transcription reprogramming of the cell, alterations in the actin cytoskeleton, and junctional
endocytosis and exocytosis. We pay special attention to knockout mouse model studies and discuss
the relevance of these mechanisms to human gastrointestinal disorders.
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1. Introduction

The epithelial lining of the gut represents the largest interface that separates the internal
organs from the environment. It plays several vital roles including absorption of nutrients
and water, and creation of the environment for symbiotic luminal microflora. One of the
most important functions of the intestinal epithelium is formation of the protective barrier
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between the internal organs and microbial pathogens and antigens of the gut lumen [1, 2].
This barrier includes many different components such as secreted mucus and antimicrobial
peptides as well as a powerful immune system populating the gut wall. However, one of the
most important manifestations of the intestinal barrier is a single layer of tightly-packed
columnar-shaped epithelial cells with extended lateral surfaces that interacts with adjacent
cells via multiple adhesive contacts.

Structure and permeability of the intestinal epithelial barrier is known to be modulated by a
variety of physiological and environmental factors. For example, metabolites derived by
luminal microbes increase barrier tightness, which is important for limiting exposure of gut
microbiota to intestinal immune cells [3]. Conversely, some nutrients such as glucose
increase permeability of the intestinal barrier, thereby accelerating fluid and nutrient
absorption [3, 4]. Such physiological plasticity of the gut barrier is essential for normal
gastrointestinal functions, epithelial rejuvenation, and tissue morphogenesis. In disease
conditions, however, the prolonged increase in permeability of the gut barrier enhances body
exposure to luminal bacteria and their products, leading to overactivation of intestinal
immune cells and perpetuation of mucosal inflammation [4, 5].

Mounting evidence highlights increased intestinal epithelial permeability as a common
pathophysiologic mechanism for a large group of diseases. This mechanism is primarily
characterized in different gastrointestinal disorders such as inflammatory bowel disease
(IBD; composed of Crohn's disease [CD] and ulcerative colitis [UC]), celiac disease (CeD),
irritable bowel syndrome (IBS), necrotizing enterocolitis, and enteric infections [2, 5, 6].
Furthermore, a leaky gut appears to contribute to the development of extraintestinal and
systemic immune diseases including obesity, type | diabetes, and liver steatosis [7, 8].
Dysfunctions of the gut barrier have been under extensive investigation during the recent
decade and these investigations have produced an exponential growth in the number of
related publications. Several excellent recent reviews summarized the progress achieved in
this field [2, 3, 5, 9, 10]. Many of these reviews discuss barrier disruption from the
immunological perspective by focusing on the effects of immune cells and mediators, or by
describing the signaling events triggered by activation of epithelial pathogen-recognizing
proteins and cytokine receptors. Less attention was dedicated to the fact that mucosal
inflammation causes profound changes in the intestinal epithelial homeostasis, which may
directly or indirectly impair intercellular adhesions leading to increased barrier permeability.
The present review focuses on recent developments in the understanding of fundamental
cellular mechanisms that regulate the integrity of epithelial barrier in normal gut and drive
barrier disruption during mucosal inflammation. Specifically, we focus on the molecular
composition of epithelial junctions, vesicle trafficking events, and the organization and
remodeling of the cortical actomyosin cytoskeleton. Due to the space limitation, we opted
not to include several important barrier-protective and barrier-disruptive mechanisms such as
mucin synthesisand secretion as well as epithelial cell death during intestinal inflammation.
These mechanisms have been recently discussed in several excellent reviews [2, 11, 12].
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2. Molecular composition of intestinal epithelial apical junctions

Permeability of the intestinal epithelial barrier is controlled by several multiprotein adhesive
complexes (junctions) located along the lateral surface of contacting epithelial cells. These
structures include the most apical tight junctions (TJs), subjacent adherens junctions (AJs),
and desmosomes [13]. While all three types of epithelial junctions cooperate in regulating
the passage of ions and other molecules across the gut barrier, this review is focused on AJs
and TJs, which have been the most extensively characterized.

2.1. Adherens Junctions

AJs, the most ancient and abundant adhesion structures, exist in virtually all mammalian
tissues. They have many crucial functions ranging from mediating tissue integrity to
controlling cell proliferation and motility. A general model of the AJ structure postulates the
existence of its transmembrane adhesive core interacting with several cytoplasmic scaffolds
that physically links AJs to the underlying actomyosin cytoskeleton [14, 15]. The
transmembrane adhesive core of epithelial AJs is composed of two major classes of integral
membrane proteins, cadherins and nectins, which regulate calcium-dependent and calcium-
independent intercellular adhesions, respectively [14, 15]. Mammalian AJs contain so called
‘classical cadherins’: single-spanned membrane proteins composed of an extended
extracellular amino-terminal region or ectodomain, a transmembrane segment, and a short
cytoplasmic domain [16]. Intestinal epithelial cells predominantly express epithelial (E)
cadherin, and to a lesser extent they express placental (P) cadherin [17]. As a result of E-
cadherin molecules engaging in homotypic trans-dimerization with partners on the opposing
plasma membrane and engaging in cis-dimerization with partners on the same membrane,
large cadherin clusters form that mediate epithelial adhesions. Assembly and stability of
these adhesive clusters is regulated by scaffolding proteins that bind to the cytoplasmic tail
of E-cadherin. Two armadillo-repeat proteins, B-catenin and p120-catenin, directly interact
with the E-cadherin cytoplasmic tail and control cadherin trafficking and retention at the
plasma membrane [14, 16]. Furthermore, -catenin interacts with an actin binding protein
(ABP), a-catenin, which mediates AJ linkage to the underlying actomyosin bundles.

In contrast to the well-studied E-cadherin-catenin complexes, little is known about the
functional roles and regulation of nectins in the intestinal epithelium. In mammals, the
nectin protein family is composed of four different immunoglobulin-like proteins: nectins-1
through -4 [18]. Nectin-2and -3 were shown to be abundantly expressed in the colon of
mice, whereas the two other isoforms were barely detectable [19]. Unlike classical
cadherins, different nectins are readily engaged in both homotypic and heterotypic trans-
dimerization. A conserved four amino-acid motif on the end of the cytoplasmic domain of
nectins interacts with a cytoplsmic scaffolding protein, afadin. Afadin is a known ABP and it
may provide an additional link between AJ proteins and the actin cytoskeleton [18].

2.2. Tight Junctions

TJs represent an elaborate network of protein-based fibrils embedded in the plasma
membrane [20-22]. The transmembrane proteins of TJs are engaged in variety of cis- and
trans- interactions at sites of intercellular contacts, thereby creating the paracellular barrier.
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The peripheral membrane proteins interacting with these transmembrane molecules form a
cytosolic plaque that is crucial for TJ stability and dynamics (assembly and disassembly)
[20-22]. Three major classes of transmembrane proteins cooperate in the establishment of
the TJ barrier. They include the claudin protein family, the tight junction-associated
MARVEL proteins (TAMP), as well as several immunoglobulin-like proteins such as
junctional adhesion molecule (JAM)-A and coxsackievirus and adenovirus receptor (CAR).
A number of scaffolding and signaling molecules have been associated with the cytosolic
plaque of TJs. They include zonula occludens (ZO) proteins, MAGI proteins, a PAR3/PARG
polarity complex, and cingulin [20-22].

Barrier properties in the intestinal epithelium critically depend on claudins that self-
assemble into the intramembranous fibrils and form size-restrictive and charge-selective
paracellular pores. Claudins are four-transmembrane domain (tetraspan) proteins. Their two
extracellular loops are enriched in hydrophobic amino acids, which favors different adhesive
interactions with other claudin molecules at the same and the the opposing plasma
membranes. This large protein family consists of 27 members in mammalian epithelia [5,
21, 23, 24]. Expression of almost all mammalian claudins (except for claudin 6, 16 and 19)
was detected in the human and murine intestinal mucosa [5, 23, 24]. Functionally, claudin
proteins have been divided into two groups: ‘sealing’ or ‘tight’ claudins, and ‘leaky’
claudins. Overexpression of ‘sealing’ claudins is known to increase transepithelial electrical
resistance, which indicates tightening of the paracellular barrier. By contrast, expression of
‘leaky’ claudins was shown to increase permeability of epithelial barriers. The majority of
mammalian claudins (claudin-1, 4, 5, 7, 8, 11, 14, 16, 18, and 19) have been assigned to the
sealing group, and only claudins 2, 10, and 15 were found to be leaky [5, 20, 21, 25].

The TAMP family of TJ proteins has thee homologous members: occludin, tricellulin, and
MARVEL (MAL and related proteins for vesicle trafficking and membrane link) D3 [20,
26]. Similar to claudins, these are tetraspan proteins that possess two hydrophobic
extracellular loops engaging into adhesive homotypical trans-interactions [27]. Occludin and
MARVELD3 were shown to be uniformly distributed in all TJs in model epithelial cell
monolayers and epithelial tissues in vivo. By contrast, tricellulin was found to be selectively
accumulated at tricellular junctions [28]. Despite an extensive research focus on TAMPs
during the last decade, the physiologic roles of these proteins remain poorly defined.
Conflicting reports exist on whether different TAMPs are important for the establishment
and regulation of TJs in model epithelial cellmonolayers [22, 26]. Some studies suggested
dispensability of occludin and MARVELD3 for the maintenance of the intestinal epithelial
barrier. This most likely reflects the functional redundancy between these adhesive proteins.
Alternatively, TAMPs may have intercellular adhesion-independent functions such as
regulation of epithelial cell death and proliferation [29].

JAM-A and CAR are structurally different from claudins and TAMPs. They are single span
proteins with one transmembrane domain, two extracellular immunoglobulin-like domains,
and a cytoplasmic tail [26, 30]. The extracellular domains of these proteins can be engaged
into homotypical or heterotypical cis- and trans-interactions. Different experimental
approaches using inhibitory antibodies, soluble ectodomains, or siRNA-mediated
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knockdown of these proteins provide strong evidence implicating JAM-A and CAR in the
regulation of TJ structure and functions in the model intestinal epithelium [26, 30].

The cytosolic TJ plaque represents a large multiprotein complex that contains various
scaffolding and signaling molecules and associates with underlying cortical actin
cytoskeleton. This complex is important for the assembly, stability and remodeling of TJs.
Members of ZO protein (ZO-1, 2, and 3) are the best-characterized molecular components of
the cytosolic TJ plaque. These scaffolds have several PDZ and SH3 domains, which are
essential for binding of all major transmembrane TJ proteins [21, 26, 31]. In vitro studies
involving knockdown of different ZO isoforms in epithelial cells revealed their unique and
redundant functions in regulating structure and permeability of apical junctions. While
downregulation of neither ZO-2 nor ZO-3 affected the formation of TJs, knockdown of
Z0O-1 attenuated TJ assembly and establishment of the epithelial barrier [32]. Interestingly,
only a simultaneous loss of all ZO proteins caused a dramatic disruption of the TJ
architecture and opening of the paracellular barrier in model epithelial cell monolayers [33].

3. Regulation of AJ and TJ protein expression in inflamed intestinal

mucosa

Increased permeability of inflamed intestinal mucosa is well-documented in both clinical
settings and different experimental models of colitis and gastrointestinal infection [2, 3, 5,
25, 34, 35]. Since AlJs and TJs are critical regulators of paracellular permeability, structural
abnormalities of these junctional complexes are thought to underlie the compromised barrier
properties of the gut during mucosal inflammation. Indeed, ultrastructural studies have
demonstrated a dilation of apical junctions and increased intercellular space in mucosal
biopsies of CD, UC, and CeD patients [36-38]. Furthermore, freeze-fracture electron
microscopy revealed abnormal fragmentation of TJ strands in active CD, which correlates
with the increased epithelial permeability [39]. A significant body of literature documents
multiple mechanisms that may mediate the impaired structure and functions of epithelial
apical junctions in the inflamed intestinal mucosa. These mechanisms can be classified into
three large categories: decreased expression of AJ and TJ proteins; altered trafficking of
junctional components; and remodeling of the perijunctional actomyosin cytoskeleton (Fig.
1).

3.1. Decreased expression of AJ proteins during intestinal inflammation

E-cadherin based AlJs are crucial regulators of epithelial differentiation and homeostasis in
different tissues. Surprisingly, the role of this junctional complex in the disruption of the gut
barrier during inflammation remains poorly understood, and research on this subject is
somewhat overshadowed by the focus on the dysfunctions of TJs. Clinical and experimental
studies demonstrate disruption of AJ architecture during intestinal inflammation, which may
significantly contribute to functional defects of the gut barrier. The available data are limited
to the E-cadherin-catenin module of AJs and they document either downregulation or
mislocalization of these proteins during mucosal inflammation. Indeed, decreased
expression of E-cadherin has been reported in tissue biopsies of CD, UC, CeD, and IBS
patients [40-44]. Both total level of E-cadherin and its junctional-associated fraction is
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decreased during gut inflammation. Importantly, genome-wide association studies revealed
significant association of E-cadherin polymorphism with susceptibility to UC [45] and CD
[46]. One IBD-associated haplotype of E-cadherin is characterized by a 72-amino acid
deletion in the N-terminal region of the precursor protein [46]. This truncated molecule was
not properly targeted to AJs and showed diffuse cytoplasmic localization that resembles E-
cadherin labeling in tissue biopsies of CD patients.

Interestingly, inflammation and injury of the intestinal mucosa does not simply
downregulate E-cadherin expression, but rather they lead to the ‘cadherin switching’, which
manifests itself by the increased expression of P-cadherin [17, 40]. Although E-cadherin and
P-cadherin are highly homologous proteins, they are functionally different. In addition to
regulating cell-cell adhesions, P-cadherin controls stem cell proliferation and differentiation
as well as epithelial cell migration [47]. While the roles of P-cadherin in inflamed intestinal
mucosa have not been investigated, the described functions of this protein in cancer cells
suggest that P-cadherin overexpression could be essential for mucosal restitution during the
remission stage of gut inflammation.

E-cadherin is not the only AJ protein that has its expression downregulated during mucosal
inflammation as several studies showed decreased levels of its cytosolic binding partners,
p120-catenin, and p-catenin [41, 42, 44, 48]. Since catenins are essential for the delivery and
stabilization of E-cadherin at AJs, loss of these scaffolding proteins should result in
depletion of the AJ-associated pool of E-cadherin in inflamed intestinal mucosa, further
weakening epithelial cell-cell adhesions. Disruption of E-cadherin-catenin complexes at AJs
may have other profound homeostatic consequences, such as nuclear translocation of -
catenin. Nuclear B-catenin acts as transcriptional co-activator that drives intestinal epithelial
cell proliferation [49]. There are two different functional outcomes of nuclear translocation
of B-catenin in inflamed intestinal mucosa: acceleration of wound healing during mucosal
restitution; and promotion of colitis-associated colon cancer.

Studies that used knockout animal models support a strong causal connection between the
disruption of AJs and the development of mucosal inflammation. Interestingly, the first
report that demonstrated the essential anti-inflammatory role of the intact gut barrier
involved a targeted disruption (by overexpressing a dominant-negative mutant of N-
cadherin) of intestinal E-cadherin-based cell-cell adhesions in mice [50]. This disruption
resulted in the development of spontaneous colitis resembling human CD. A subsequent
study characterized an inducible knockout of E-cadherin in small intestinal and colonic
epithelium [51]. Elimination of intestinal epithelial E-cadherin caused a bloody diarrhea
associated with enhanced cell death and loss of the mucosal architecture. Similarly, dramatic
disruption of epithelial cell-cell adhesions and induction of mucosal inflammation has been
reported in mice with intestinal epithelial-specific knockout of p120-catenin [52]. By
contrast, inducible ablation of intestinal epithelial p-catenin, while blocking cell
proliferation, did not impair the integrity of epithelial junctions [53]. Consistently,
downregulation of E-cadherin and p120-catenin expression was shown to increase
paracellular permeability and to disrupt TJ integrity in model epithelial cell monolayers [52,
54]. Together, these data strongly suggest that expressional downregulation of AJ proteins
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represents an important mechanism of epithelial barrier disruption during intestinal
inflammation.

Dysfunction of E-cadherin-based cell-cell adhesions in the inflamed gut may also be
associated with post-translation modification of AJ proteins. For example, mice deficient in
receptor protein tyrosine phosphatase sigma demonstrated enhanced intestinal permeability,
developed IBD-like intestinal symptoms, and had increased susceptibility to enteric infection
[55]. Molecular abnormalities identified in these animals involved increased phosphorylation
of E-cadherin and p-catenin in the intestinal epithelium, which is likely to destabilize AJs.
Interestingly, genetic polymorphism of this receptor tyrosine phosphatase is linked to the
development of UC [46]. On the other hand, tyrosine phosphorylation of B-catenin was
found to be dramatically increased in tissue samples of CeD patients [56]. Further studies
are warranted to determine the impact of post-translational modification of different AJ
proteins on the disruption of the gut barrier during mucosal inflammation.

Molecular mechanisms that mediate the decreased expression of epithelial AJ proteins in
inflamed intestinal mucosa remain poorly characterized. Generally, increased production of
proinflammatory cytokines such as TNFa and IFNy is considered as the major upstream
event leading to the disruption of the gut barrier [10, 57]. However, the roles of these
cytokines in AJ disassembly and downregulation of AJ proteins in model epithelia remain
controversial [15]. Since different inflammatory mediators have additive roles in enhancing
epithelial permeability, the defects of AJ organization observed in IBD patients are likely to
be driven by a complex inflammatory milieu composed of multiple cytokines, chemokines,
free radicals, and lipid mediators.

In contrast to a large body of literature that focuses on the mechanisms of E-cadherin
downregulation in cancer, little is known about similar mechanisms during intestinal
inflammation. A handful of studies suggests that inflammatory stimuli may downregulate
expression of epithelial AJ proteins on transcriptional, translational, and post-translational
levels. For example, the diminished transcription of E-cadherin mRNA could be due to
promoter methylation of the E-cadherin gene. Indeed, hypermethylation of the E-cadherin
promoter was observed in patients with chronic UC and UC-associated colon cancer [58,
59]. This was accompanied by decreased E-cadherin expression. Since hypermethylation of
the E-cadherin promoter is more abundant in UC patients with dysplastic lesions of the
intestinal epithelium as compared to non-dysplastic mucosa, such epigenetic blockage of E-
cadherin expression is likely to be limited to late stages of inflammation and its progression
into colorectal cancer.

Another possible mechanism for the decreased expression of AJ proteins involves inhibition
of their translation. Indeed, translation of E-cadherin and p120-catenin is decreased in
inflammatory breast cancer [60] and cytokine-exposed model pancreatic epithelium [54].
These effects are associated with defects in the translation initiation machinery. On the other
hand, impaired protein translation is reported in colonic epithelial cells treated with IFN-y
and TNFa [61]. Therefore, it is tempting to speculate that impaired protein translation may
be responsible for decreased expression of E-cadherin and some catenins in the inflamed
intestinal mucosa.
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Expression of E-cadherin and other AJ proteins could be also regulated on the post-
translational level. One reported mechanism involves proteolytic degradation of E-cadherin.
E-cadherin degradation was observed during colonization of intestinal epithelium by enteric
pathogens such as Bacteroides fragilis and Campylobacter jejuni[62, 63], or following
neutrophil infiltration in the inflamed mucosa [64-66]. Invading bacteria and activated
immune cells release different proteases that cause shedding of the E-cadherin ectodomain,
thereby decreasing the concentration of adhesion competent protein at the plasma
membrane. It is noteworthy that proteolytic cleavage is not a unique feature of E-cadherin,
since TJ and desmosomal proteins are also cleaved during mucosal inflammation and
infection [65, 66]. This makes it difficult to establish the relative contribution of proteolytic
degradation of individual junctional proteins in the disruption of the gut barrier.

3.2. Decreased expression of TJ proteins during intestinal inflammation

In contrast to the relatively less-studied alterations in the AJ organization, a large body of
literature documents the abnormal molecular composition of epithelial TJs during intestinal
inflammation and infection. Among these abnormalities, the most notable are ‘claudin
switching,’ the decreased expression of non-claudin transmembrane proteins, and the loss of
Z0-1 from the cytosolic plague of TJs. Claudin switching is manifested by the altered
balance between different members of the claudin protein family in the gut [5, 23].
Specifically, major intestinal inflammatory diseases such CD, UC, CeD, and IBS are
associated with the decreased expression of sealing claudins, primarily claudin 3, 4, 5, 7, and
8 [5, 37, 39, 67]. Since sealing claudins are essential for the formation of ion selective TJ
pores, their downregulation would be expected to compromise the integrity of the gut barrier
that in turn would accelerate the development of mucosal inflammation. This suggestion is
supported by a recent study of mice with intestinal epithelial specific knockout of claudin-7
[68]. These knockout animals demonstrated increased intestinal permeability, defects in TJ
morphology, and they developed spontaneous inflammation with mucosal ulceration. It
remains to be determined if the loss of other sealing claudins in the intestinal epithelium
recapitulates the above phenotypes of claudin-7 knockout mice.

The production of different cytokines is thought to be responsible for the downregulation of
sealing claudins in inflamed intestinal mucosa. Indeed, TNFa, IFNvy, interleukins (IL) 1
IL6, IL9, and I1L23 have been found to decrease claudin expression and increase epithelial
permeability in vitro and in vivo [10, 57, 69-73]. These cytokines interact with their
enterocyte receptors and induce intracellular signaling cascades resulting in the altered
activity of various transcriptional factors in the nucleus. Recent studies identified several
transcriptional factors (Hopx, Hnf4a, KIf4, Tcf712, Hif1p) that regulate claudin expression
during differentiation of normal colonic cell monolayers and under conditions that mimic
low oxygen availability in the gut [74, 75]. However, it has not yet been determined if the
dysfunction of one of these transcriptional factors contributes in the decreased expression of
different claudin proteins in the inflamed mucosa.

The ability of microRNAs (miRs) to regulate claudin expression and epithelial barrier
permeability during intestinal inflammation is an emerging area of research. miRs are short
strand non-coding RNA molecules that post-transcriptionally control expression of a large
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variety of genes. miRs bind to the targeted mRNAs resulting in either their degradation or
inhibition of translation. A disbalance in intestinal miRs has been recently implicated in the
development of IBD [76]. Some of these effects could be related to the regulation of the gut
barrier, since mice with intestinal-epithelial deletion of a miR-processing protein Dicer
demonstrated severe defects of barrier integrity [77]. Evidence suggest that induction of
different miRs can be responsible for the decreased expression of intestinal epithelial
claudins during mucosal inflammation. Specifically, miR-29 suppresses claudin-1 level [78],
miR-93 inhibits claudin-3 [71], and miR-223 downregulates claudin-8 expression [73]. Of
note, claudins are not the only targets for different miRs at epithelial junctions, since this
mechanism was also implicated in the expressional regulation of occludin and ZO-1 [79,
80].

Another aspect of the claudin switching involves the induction of channel-forming leaky
claudins-2 and 15 in the inflamed intestinal mucosa. While claudin-15 overexpression is a
specific feature of CeD [25], upregulation of claudin-2 is a common manifestation of
different types of gastrointestinal inflammation [81-83]. Since claudin-2 is a pore-forming
claudin, its induction is expected to increase ionic permeability of the gut, thereby
potentially triggering or exaggerating mucosal inflammation. Furthermore, claudin-2 was
shown to displace sealing claudin-4 from TJs, further weakening the paracellular barrier
[84]. Surprisingly, targeted overexpression of claudin-2 in the intestinal epithelium increased
barrier permeability, but did not induce spontaneous inflammation in mice [85]. Conversely,
these transgenic animals developed immune tolerance and were protected from experimental
colitis. Such protective effects of claudin-2 overexpression was associated with increased
expression of the transforming growth factor (TGF)-f, which has strong immunomodulator
activity [85]. Interestingly, induction of TGF- appears to be a common compensatory
mechanism that suppresses either spontaneous inflammation or experimental colitis in
different animal models with increased gut permeability [86, 87].

Molecular mechanisms mediating the upregulation of claudin-2 expression during mucosal
inflammation have been extensively investigated. IL-13 and IL-6 are powerful inductors of
this TJ protein in cultured intestinal epithelial cells [81]. The cytokines stimulate claudin-2
promoter activity via at least two distinct signaling cascades involving P13 kinase and MEK/
ERK. A recent study proposed a novel mechanism that controls the integrity of epithelial
barrier by modulating the cellular level of claudin-2 protein [88]. This study showed that
starvation-induced autophagy enhances epithelial barrier by triggering selective degradation
of claudin-2. Since defective autophagy has been attributed to IBD, it is tempting to
speculate that such autophagy inhibition can attenuate claudin-2 degradation, thereby
enhancing its expression in the inflamed mucosa.

In addition to the decreased levels of sealing claudins, expression of other epithelial TJ
proteins such as JAM-A, occludin, and ZO-1 is frequently downregulated during intestinal
inflammation [43, 89, 90]. Functional consequences of JAM-A downregulation have been
demonstrated by studies of knockout animals, whereas the pathophysiologic implications of
occludin and ZO-1 depletion remain unclear. Indeed, experiments involving mice with total
knockout of JAM-A have implicated JAM-A in controlling permeability of the intestinal
epithelial barrier to ions and large uncharged molecules [86]. Furthermore, when compared
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to wild-type controls, JAM-A-null mice shown a significantly exaggerated inflammatory
response and increased mortality during dextran sodium sulfate (DSS)-induced colitis [86].
In contrast, mice with total knockout of occludin did not demonstrate detectable defects of
the intestinal epithelial barrier structure and permeability [91]. Little is known regarding the
roles of mammalian ZO proteins in vivo due to early embryonic lethality of ZO-1 null mice
[92]. Of note, a Vibrio cholerae toxin that binds to and displace ZO-1 from TJs was shown
to increase paracellular permeability and trigger junctional disassembly in intestinal cell
monolayers in vitro and in rabbit small intestine in vivo [93]. This data indicates the
important role of ZO-1 in controlling structure and function of the gut barrier.

4. Altered trafficking of AJ/TJ proteins in the inflamed gut

Decreased expression of AJ and TJ proteins is not the only mechanism that underlies
functional defects of epithelial junctions in the inflamed intestinal mucosa, where junctional
proteins are frequently redistributed from the cell-cell contact into cytoplasmic
compartments [25, 94, 95]. Vesicle trafficking plays a key role in the establishment and
remodeling of epithelial junctions at the plasma membrane. A steady-state vesicle trafficking
of AJ and TJ proteins occurs even in confluent epithelial cell monolayers with fully-
assembled junctions. This is a cyclic process consisting of two opposite phases: the exocytic
delivery of newly-synthesized or recycled junctional proteins to the cell surface and the
removal of protein components of mature AJ and TJ via endocytosis [96]. An equilibrium of
these two trafficking events results in proper assembly and functioning of epithelial
junctions, whereas disbalanced trafficking of AJ and TJ proteins results in junctional
disassembly (Fig. 2). Disruption of AJs and TJs could be induced by either increased
endocytosis or decreased exocytosis of junctional proteins (Fig. 2). Evidence suggest that
both events may contribute to defective junctional architecture and functions in the inflamed
or injured intestinal mucosa.

4.1. Increased endocytosis of junctional proteins during intestinal inflammation

The roles of AJ and TJ endocytosis in the disruption of the mucosal barrier in IBD was
originally suggested more than a decade ago [97]. However, the mechanisms that regulate
internalization of junctional proteins in normal and inflamed gut remain poorly understood.
Since it is difficult to investigate vesicle trafficking in whole animals, the majority of studies
in this field were performed using model in vitro systems, by exposing epithelial cell
monolayers to inflammatory mediators and pathogens. Generally, plasma membrane
proteins can be internalized via multiple endocytosis pathways, among which clathrin-
mediated endocytosis, lipid raft/clathrin-mediated endocytosis, and micropinocytosis have
been the most intensively characterized. Limited data are available regarding the endocytic
pathways that mediate internalization of intestinal epithelial AJ proteins. For example,
internalization of E-cadherin and p120-catenin was found to be accelerated by extracellular
calcium-depletion [98] and by epithelial cell exposure to either IFNy [99] or trefoil factor
[100]. Clathrin-mediated endocytosis is the most common pathway of E-cadherin
endocytosis [15]. The affinity to this pathway is probably determined by the reported
interactions of classical cadherins with clathrin adaptors such as AP-2 and Numb [15, 101].
IFNy-induced internalization of E-cadherin requires its ubiquitination, which is mediated by
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Src tyrosine kinase and an ubiquitin ligase, Hakai [99]. Interestingly, internalized E-cadherin
is not targeted for immediate degradation and is accumulated in a cytoplasmic storage
compartment [98, 99]. This stored protein is likely to be reused to rapidly re-build cell-cell
adhesions during epithelial restitution.

Three major endocytic pathways have been shown to mediate TJ internalization in intestinal
epithelial monolayers. Examples include clathrin-dependent endocytosis of the entire TJ
complex in calcium-depleted cells [98], lipid raft/caveolae-mediated endocytosis of occludin
triggered by F-actin-depolymerizing drugs [102], and micropinocytosis of transmembrane
TJ proteins in IFNy-exposed epithelial cells [103]. Additionally, lipid raft-dependent
endocytosis appears to mediate TNFa-induced increase in permeability of the intestinal
epithelial barrier in vivo [104]. There are several explanations for such a diversity of the
internalization pathways that drive TJ disassembly. One possibility is the relative abundance
of the particular endocytosis machinery in different types of epithelial cells. A second
possibility is that different extracellular stimuli activate distinct internalization pathways at
the plasma membrane. Finally, despite the common belief that TJs become internalized as a
whole entity, this junctional complex could first be dissociated and then individual TJ
proteins could be internalized via different endocytic pathways. This possibility is supported
by a special link between occludin and lipid raft/caveolae dependent endocytosis. Indeed,
occludin and caveolin-1 colocalize and form a complex at normal TJs and following
junctional disassembly [105, 106]. Furthermore, occludin is able to affect caveolin-1
recruitment to lipid rafts [107], whereas either pharmacologic disruption of lipid rafts or
caveolin-1 knockdown was shown to inhibit cytokine-stimulated occludin endocytosis in
vitro and in vivo [104, 108].

Which upstream molecular events become activated by inflammatory stimuli to trigger TJ
disassembly? Recent live cell imaging demonstrated that IFNy/TNFa-induced disruption of
TJs in model intestinal epithelial cells is accompanied by the increased mobility of claudin-4
and redistribution of this protein from TJs to the lateral plasma membrane [84]. While this
increased mobility of claudin-4 is indicative of junctional destabilization, its role in
endocytosis of TJ proteins remains unclear. Other early events of stimuli-induced TJ
disassembly involve specific post-translational modification of junctional proteins, which
could be essential for their binding to endocytic adaptors. Specifically, occludin and
claudin-1 were found to be ubiquitinated by different ubiquitin ligases, leading to TJ
disassembly and internalization [109, 110]. Furthermore, several members of the claudin
family became phosphorylated in the colonic mucosa during DSS colitis-induced breakdown
of the intestinal barrier [111]. While phosphorylation of some claudin proteins is known to
affect their dynamics during TJ disassembly [112], the relationships between such post-
translational modification and claudin endocytosis in inflamed mucosa remain to be
elucidated.

It should be noted that the increased internalization of AJ and TJ proteins during gut
inflammation may not be a specific process limited to apical junctions, but rather a
bystander effect of the general increase in intensity of epithelial endocytosis. Indeed, it has
been realized for a long time that enterocytes of IBD patients have an increased ability to
internalize luminal antigens [113-115]. This phenomenon, observed in both CD and UC
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patients, is called ‘rapid antigen uptake into the cytosol of enterocytes’ (RACE). RACE is a
characteristic feature of both inflamed and non-inflamed intestinal mucosa of IBD patients,
and it was proposed to play an important role in the disease by increasing transcytosis of
luminal antigens and their presentation to the /amina propriaimmune system [114]. Since
TJs and AlJs are located in the close proximity to the apical plasma membrane, the increased
formation and internalization of apical membrane vesicles may destabilize junctional
complexes and shift their trafficking cycle toward endocytosis. While molecular mechanisms
of RACE and its relationships with endocytosis of epithelial junctions remain to be
established, a possible link between these processes highlights multiple benefits of
therapeutic inhibition of apical endocytosis in IBD. Such inhibition may attenuate mucosal
inflammation by blocking both transcellular and paracellular routes of luminal antigen and
pathogen penetration in the gut.

4.2. Decreased exocytosis of junctional proteins during intestinal inflammation

Exocytosis of AJ and TJ proteins involves their vesicle-mediated transport from the cell
interior to the plasma membrane. This event represents an interplay of two different
processes: delivery of newly-synthesized junctional proteins from the endoplasmic reticulum
(ER) and the Golgi, and recycling of previously internalized molecular components of AJs
and TJs [15, 96]. Exocytic trafficking involves interactions of carrier vesicles with different
intracellular compartments, and it is regulated by different adaptor and signaling proteins.
For example, the initial tethering of vesicles to the targeted membrane compartment is
regulated by a family of Rab small GTPases, whereas the ultimate fusion of two
phospholipid membranes is driven by the SNARE (Soluble N-ethylmaleimide-sensitive
factor Associated Receptor) proteins [116]. Recent studies shed light on some stages of
junctional protein exocytosis in the intestinal mucosa and suggest that trafficking defects
may significantly contribute to the disruption of the gut barrier during mucosal
inflammation. One study targeted a reticulon-4B/NOGO-B protein, which is essential for
formation of ER tubules [117]. Downregulation of reticulon-4B in intestinal epithelial cell
monolayers attenuated the establishment of the paracellular barrier and decreased expression
of E-cadherin, a-catenin, and occludin. Importantly, reticulon-4B expression was found to
be downregulated in the intestinal mucosa of CD patients and IL-10 knockout mice that
develop spontaneous colitis [117]. These results highlight a possible contribution of
impaired ER structure in the disruption of epithelial junctions during intestinal
inflammation. Significance of the ER-Golgi trafficking in the establishment of the intestinal
epithelial barrier was also demonstrated by studies targeting an important regulator of
vesicle fusion, soluble NSF-attachment protein alpha (a SNAP). aSNAP controls multiple
vesicle trafficking events, most notable, trafficking between the ER and the Golgi and within
the Golgi complex [118]. Downregulation of a SNAP in model intestinal epithelium had
profound effects on cell monolayers by disrupting the barrier integrity, inducing AJ and TJ
disassembly and selectively downregulating expression of E-cadherin and p120-catenin
[119]. Expression and functions of a SNAP during tissue inflammation have not been
investigated, and this could be an important topic for future studies. The roles of the Golgi
integrity in normal assembly of intestinal epithelial junctions is further highlighted by
experiments with either pharmacologic or genetic fragmentation of the Golgi, which caused
AJ and TJ disassembly and disruption of the epithelial barrier [119, 120]. It is noteworthy
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that the described abnormalities of the ER and the Golgi structure are not an artefact of the
described in vitro systems. Profound vacuolarization and fragmentation of the ER and the
Golgi have been observed both in inflamed and non-inflamed intestinal mucosa of UC
patients [2]. This phenomenon was attributed to the well-recognized induction of the ER
stress during intestinal inflammation, and one of its functional consequences is likely to be
interrupted exocytosis of junctional proteins.

Not only the supply of junctional proteins via the biosynthetic pathway, but also their
recycling appeared to be essential for the integrity of the intestinal epithelial barrier. Recent
studies highlighted the role of Rab11-positive recycling endosomes. Inhibition of this
vesicular compartment was crucial for cholera toxin-dependent disruption of the intestinal
barrier in Drosophila, an isolated murine ileal loop, and cultured human intestinal epithelial
cells [121]. Interestingly, ablation of Rab11a in the mouse intestinal epithelium triggered
IBD-like gut inflammation without disruption of the epithelial barrier by altering cellular
distribution and signaling by pattern-recognition receptors [122]. The recycling
compartment in polarized epithelial cells is composed of different endosomal populations
that specialize in the trafficking of different proteins. For example, Rab13 containing
endosomes were implicated in the selective trafficking of intestinal epithelial TJ, whereas
Rab8-positive endosomes were essential for E-cadherin exocytosis [123]. Of note, Rab13
expression was found to be decreased in the intestinal mucosa of CD patients [124],
however, the impact of such Rab13 depletion on the diseases pathogenesis remains
unknown.

5. Cytoskeletal abnormalities and junctional disassembly

Association of apical junctions with the cortical actin cytoskeleton is critical for the integrity
and plasticity of the gut barrier [35, 125]. While AJs are connected to the prominent
circumferential F-actin belt, TJs interact with more disorganized apical F-actin bundles (Fig.
3). Interestingly, the biochemical features of the associated actin filaments may significantly
influence stability and dynamics of apical junctions. For example, TJs appear to be
associated with stable filaments composed of y-cytoplasmic actin, whereas AJs uniquely
bind to more dynamic filaments polymerized by the p-cytoplasmic actin isoform [126]. A
number of studies have shown that different actin-depolymerizing drugs rapidly increased
paracellular permeability and induced AJ and TJ disassembly [127]. These data highlight
association with the actin cytoskeleton as crucial mechanism regulating integrity and barrier
function of apical junctions. How does interaction with the actin cytoskeleton regulate
junctional architecture and remodeling? At least three different mechanisms have been
suggested. The first mechanism involves clustering and stabilization of junctional proteins at
the specific regions of the lateral plasma membrane. The second mechanism involves
inhibition of AJ/TJ protein endocytosis. The third mechanism involves transduction of
mechanical forces by junction-associated F-actin bundles to drive stimuli-induced assembly
and disassembly of AJ and TJ. Importantly, disruption of the perijunctional actin
cytoskeleton has been observed in model intestinal epithelial cell monolayers exposed to
different inflammatory mediators [128, 129], and in tissue samples of human patients with
mucosal inflammation [125, 130]. Therefore, it is important to understand whether such
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cytoskeletal abnormalities are essential for the dysfunctions of the intestinal epithelial
barrier during mucosal inflammation.

5.1 Actin filament turnover regulates assembly and permeability of the intestinal epithelial

barrier

In epithelial cells, assembly and dynamics of actin filaments is regulated by a large number
of ABPs, and motor proteins. The architecture and dynamics of the actin cytoskeleton
depend on actin filament turnover, and filament interactions with non-muscle myosin 1l (NM
I1). The F-actin turnover ensures the polarized growth and movement of actin filaments, and
it involves the addition of monomeric actin to one (barbed) filament end coupled with the
removal of monomeric actin from the opposite (pointed) end. F-actin turnover accelerates
during disruption and assembly of epithelial junctions [131, 132]. However, this process
occurs even in stationary confluent cell monolayers where it is involved in the maintenance
of normal intestinal epithelial barrier [133]. F-actin turnover is regulated by various ABPs
responsible for accelerating either the polymerization or depolymerization steps. The
filament polymerization is primarily mediated by the actin related protein (Arp) 2/3 complex
and formin proteins, which are responsible for the assembly of branched and linear actin
filaments respectively. Depolymerization of actin filaments is primarily driven by members
of the actin depolymerizing factor (ADF)/cofilin family [134]. Limited studies that
investigated the roles of actin filament turnover in the regulation of the gut barrier focused
on the Arp2/3 complex and ADF/cofilin proteins. For example, an early report suggested the
involvement of Arp2/3-dependent actin polymerization in the assembly of AJs and TJs in
model epithelial cell monolayers [131]. In contrast, a recent study of mice with intestinal
epithelial specific knockout of the Arp2/3 complex component, ArpC3, revealed that this
complex is dispensable for the assembly of normal apical junctions [135]. Instead, ArpC3
knockout animals developed defects of endolysosomal system and displayed inhibited
nutrient absorption resulting in their early postnatal death. Generation of the inducible
knockdown of the Arp2/3 complex in the intestinal epithelium is needed to test the roles of
this F-actin regulator in the disruption and restitution of the gut barrier during inflammation.

Intestinal epithelium, which expresses both ADF and cofilin-1, is one of few tissues with
high expression of two actin-depolymerizing proteins [136]. Despite their close homology,
these regulators of F-actin turnover appear to play non-redundant functions in the assembly
of apical junctions and the formation of the epithelial barrier in vitro [136]. Of note, mutant
cornmice with spontaneous total knockout of ADF show neither increased barrier
permeability nor disrupted apical junctions in the intestinal epithelium [136]. This most
likely reflects functional compensation from the intestinal cofilin-1. However, ADF-null
mice demonstrate exaggerated barrier breakdown, cell apoptosis, and mucosal inflammation
during experimental colitis. This data suggests that experimental colitis may trigger a robust
remodeling of the epithelial actin cytoskeleton, which requires ADF activity and cannot be
compensated by cofilin-1. Interestingly, mice deficient in another regulator of F-actin
dynamics, cortactin, also did not develop spontaneous mucosal inflammation, but were more
susceptible to experimental colitis [137]. Together, these results emphasize protective role of
the efficient actin filament turnover that either limits epithelial damage or accelerates
restitution of injured and inflamed intestinal mucosa.
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Additional evidence implicating ADF/cofilin proteins in the regulation of model intestinal
epithelial barrier is provided by a recent study that focuses on the actin-interacting protein
(Aip)-1. Aipl (also known as WDR1) accelerates ADF/cofilin-dependent F-actin turnover
by recruiting these proteins to actin filaments [134]. Aip1 was found to selectively localize
at TJs in cultured intestinal epithelial cells and to be enriched at apical junctions in mouse
colonic mucosa [133]. Furthermore, Aipl depletion increased epithelial permeability and
attenuated AJ and TJ assembly by impairing architecture of the perijunctional F-actin belt
[133]. Interestingly, mice with inactivating mutations of Aipl develop a spontaneous
inflammatory response associated with activation of the inflammasome and cytokine
secretion [138]. It would be important to examine how conditional depletion of Aipl in the
intestinal epithelium affects the integrity of the gut barrier and the development of mucosal
inflammation in vivo.

5.2. Non-muscle myosin Il as a master regulator of apical junction integrity and remodeling

in the gut

Perijunctional actin filaments associate with NM I1, a key molecular motor that uses the
chemical energy of ATP hydrolysis to create mechanical forces that shape the architecture
and drive the remodeling of the actin cytoskeleton [125, 127]. NM Il functions as a
molecular ensemble of two heavy chains, two essential light chains, and two regulatory
myosin light chains (RMLC) [139]. Activated NM Il heavy chains simultaneously interact
with actin filaments and with each other creating large linear myofibrils. Such heavy chain
interactions determine two major activities of this cytoskeletal motor. One activity involves
the sliding of actin filaments against each other, thereby driving actin filament contraction
and relaxation. Another NM 11 activity involves the cross-linking (bundling) of actin
filaments, which result in the assembly of thick actomyosin bundles [139].

Despite the large number of publications that focus on myosin-dependent disruption of the
gut barrier during mucosal inflammation, the roles of this motor protein at the intestinal-
epithelial junctions remain incompletely understood. A current dogma in the field postulates
that increased phosphorylation of RMLC results in NM |1 activation and increased
actomyosin contractility, which drives TJ disassembly in the inflamed intestinal mucosa.
This mechanism is supported by solid in vitro and in vivo evidence, and it was extensively
discussed in previous reviews [4, 35, 125]. However, there are several reasons to believe that
such a narrow focus on RLMC phosphorylation is not sufficient to paint a comprehensive
picture of NM |1 functions at epithelial junctions, which are dependent on NM |1 heavy
chains. Indeed, NM Il heavy chains determine all functional properties of this cytoskeletal
motor—most notably, ATP hydrolysis, actin filament binding, and myofibril formation.
Furthermore, RMLC does not selectively regulate NM 11 activity, but has additional cellular
functions. For example, several studies reported promiscuous interactions of RMLC with
different partners, such as the heavy chains of unconventional myosin classes 14, 15, 18, and
19, and well as non-myosin proteins, the bile acid transporter, and calponin [140]. Hence,
functional effects of altered RMLC phosphorylation should be considered with caution. Of
note, a recent study reveals that NM Il heavy chains robustly interact with membrane
phospholipids resulting in the displacement of RMLC from the myosin complex [141].
These molecular events may have some impact on membrane associated structures such as
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epithelial junctions. Finally, a variety of regulatory mechanisms specifically target NM 11
heavy chains. They include heavy chain phosphorylation and binding to different scaffolding
proteins such as shroom, anillin, and septins.

Several studies used pharmacologic and genetic inhibition of NM Il heavy chains to examine
their functions in model intestinal epithelial cell monolayers [131, 132, 142]. These studies
yielded the following major conclusions. First, NM Il motor activity is important for the
maintenance of normal barrier properties of epithelial monolayers. Second, NM Il plays a
key role in regulating junctional remodeling by driving two opposite phases of this process:
junctional assembly and reassembly. Third, NM 1A heavy chain, but not the closely related
NM 1IB or NM 1IC heavy chain isoforms, acts as critical regulator of AJ/TJ functions and
remodeling in vitro. The physiological relevance of these conclusions was tested in a recent
study examining the intestinal epithelial specific knockout of NM I1A in mice [87]. This
study revealed that loss of NM IIA is sufficient to increase permeability of the gut barrier
and to trigger low-scale intestinal inflammation in vivo. Such inflammation did not become
a full scale colitis due to a TGF-B-dependent compensatory response that resulted in
mucosal accumulation of antibacterial immunoglobulin A [87]. Importantly, deletion of NM
I1A in the intestinal epithelium increased animal sensitivity to DSS colitis, which was
associated with marked epithelial erosion and further exacerbation of the barrier breakdown
[87]. Taken together, this data suggests that a balanced activity of perijunctional NM 11A
mediates the integrity of normal intestinal epithelial barrier. When junction-associated NM
I1A is either overactivated or inhibited, these opposite events result in barrier disruption.
Importantly, the described study of the mice with intestinal epithelial specific knockout of
NM IIA suggests that abnormal organization of the epithelial actomyosin cytoskeleton plays
a causal role in the development of intestinal inflammation.

Many previous studies identified extracellular mediators and signaling cascades that
stimulate activity of intestinal epithelial NM 1l during mucosal inflammation. However, little
is known about the roles and mechanisms of NM I1A inhibition in gastrointestinal diseases.
Different mechanisms control the activity and cellular distribution of NM I1A motors in
vitro. These mechanisms include expressional regulation of this cytoskeletal motor, its
chaperon-assisted folding, specific phosphorylation of NM 1A heavy chain, as well as
heavy chain interactions with myosin-binding proteins. Additional studies are needed to
elucidate which of these mechanisms regulate functions of intestinal epithelial NM 1A in
healthy gut and during intestinal inflammation.

5.3. Signaling events that regulate remodeling of the perijunctional cytoskeleton in the

inflamed gut

Molecular architecture and dynamics of the perijunctional cytoskeleton is regulated by
different signaling events, which are originated either from epithelial junctions, cell-matrix
adhesions, or different cell surface receptors. In well-differentiated polarized cell
monolayers, such signaling promotes the assembly of prominent actomyosin bundles that
support junctional integrity and tightness of the paracellular barrier. However, signaling
cascades initiated by inflammation and other external stressors may trigger profound
remodeling of the apical actin cytoskeleton leading to junctional disassembly. The Rho
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family of small GTPases plays key roles in regulating cytoskeletal architecture and
dynamics. These GTPase cycle through the active, GTP-bound and inactive, GDP-bound
forms, and upon activation, interact with and stimulate different downstream kinases and
accessory proteins. While actions of all three major members of this family, namely Rho,
Rac1, and Cdc42, have been implicated in the control of epithelial junctions, the majority of
studies addressed the roles of Rho GTPase in the regulation of barrier integrity in normal
and inflamed intestinal mucosa [143, 144]. Rho activation affects the actin cytoskeleton by
different mechanisms that include stimulation of NM 11 activity via downstream Rho-
associated kinase (ROCK), as well as alterations of actin filament turnover. The latter effect
is determined by the Rho-ROCK control of ADF/cofilin-dependent depolymerization and
Rho-formin dependent control of polymerization of actin filaments. Rho itself is tightly
regulated by various guanine nucleotide exchange factors (GEFs) and GTPase activating
proteins (GAPs) that activate and inactivate Rho, respectively.

The first study involving Rho inhibition in model intestinal epithelial cell monolayers
demonstrated that inactivation of this GTPase results in selective disruption of TJ integrity
and breakdown of the paracellular barrier [145]. Later, it was shown that RhoA is activated
during AJ/TJ disassembly in calcium-depleted epithelial cells and that inhibition of Rho or
ROCK s sufficient to prevent junctional breakdown in this experimental system [146].
Consistent with these results, the bacterial cytotoxic necrotizing factor that is known to
stimulate activity of Rho, Racl, and Cdc42 profoundly disrupted a model intestinal
epithelial barrier by inducing selective TJ disassembly [105]. These early in vitro studies
suggest that intestinal epithelial TJ integrity depends on the fine balance of Rho activity:
where both too little of active Rho and too much of active Rho have detrimental effects on
the TJ structure and barrier integrity. It should be noted that the Rho GTPase subfamily is
composed by highly homologous members (RhoA, RhoB, and RhoC) that play unique and
redundant roles in different cellular responses [147]. Since the described pharmacological
approaches modulate activity of all these Rho isoforms, future studies that use more specific
tools are required to examine specific roles of RhoA, RhoB, and RhoC at intestinal epithelial
junctions.

Do Rho GTPases play roles in the regulation of the gut barrier during intestinal
inflammation in vivo? Published data regarding intestinal RhoA activity in clinical and
experimental IBD are sparse and inconsistent. One study reported a robust RhoA activation
in the inflamed intestinal mucosa of CD patients and mice with trinitrobenzoic acid-induced
colitis [148]. However, a more recent study suggested that RhoA is inactivated in the
intestinal epithelium of IBD patients [149]. Such inactivation is not caused by the
expressional downregulation of this GTPase, but rather by its defective prenylation, which
depletes a membrane-bound pool of RhoA. Remarkably, intestinal epithelial-specific
deletion of either RhoA or an enzyme that mediates Rho prenylation resulted in epithelial
injury and spontaneous intestinal inflammation [149]. On the other hand, acute
pharmacological inhibition of ROCK had profound anti-inflammatory effects and attenuated
experimental murine colitis [148]. Furthermore, deletion of two different Rho GAP proteins,
Arhgapl7 and myosin 1Xb, which should increase Rho activity, had adverse effects on the
intestinal epithelial homeostasis [150, 151]. Thus, Arhgap17-deficient mice displayed
increased gut permeability and higher sensitivity to DSS colitis (Lee ST 2016). Consistent
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with RhoA activation, myosin IXb depletion resulted in the increased RMLC
phosphorylation in intestinal epithelium, which was accompanied by mucosal injury, AJ
disassembly, and gut leakiness (Hogan PD 2016). Collectively, these results suggest a dual
role of RhoA in the regulation of the intestinal epithelial barrier in vivo. An intermediate
activity of this GTPase is essential for maintenance of the intestinal epithelial homeostasis
and preservation of the normal gut barrier. Shift of this balance toward either inactivation or
activation of RhoA by inflammatory or infection agents may trigger profound junction
disassembly and barrier disruption, thereby perpetuating mucosal inflammation.

Little is known about the roles of Racl and Cdc42 in the regulation of the intestinal
epithelial barrier in vivo. The intestinal epithelial-specific knockout of Cdc42 in mice
increased barrier permeability in parallel to inducing multiple abnormalities of mucosal
homeostasis, such as defective Paneth cell differentiation, crypt hyperplasia, and microvilli
inclusion [152]. Furthermore, total knockout of a Racl GEF (called ‘dedicator of cytokinesis
2”) in mice increased animal susceptibility to enteric infection and exaggerated mucosal
inflammation [153]. These results suggest that a functional crosstalk between different Rho
GTPases is essential for the maintenance of normal intestinal epithelial homeostasis. Future
studies are needed to fully elucidate causes and consequences of altered epithelial Rho,
Rac1, and Cdc42 signaling during intestinal inflammation.

6. Conclusion

Disruption of the intestinal epithelial barrier is increasingly recognized as a crucial
mechanism of various inflammatory and immune disorders. This barrier dysfunction
culminates from a complex cross-talk between different cells and signaling molecules in the
gut resulting in altered molecular composition of epithelial TJs and AJs, and increased
passage of different molecules through opened intercellular spaces. Recent studies revealed
that compromised functions of epithelial junctions are not a specific, limited effect of the
mucosal inflammation. This phenomenon is a consequence of the global changes in
intestinal epithelial cell homeostasis in the inflamed gut that involve transcriptional
reprogramming of the cells and alterations in their cytoskeletal architecture and membrane
trafficking. We have already gained significant knowledge of some of these homeostatic
changes, but we have just scratched the surface in understanding the others. Unravelling the
complexity of the mechanisms that mediate intestinal epithelial barrier dysfunction is
essential for the development of pharmacological strategies that may prevent barrier
disruption or accelerate its restoration during mucosal inflammation. Such strategies are
likely to combine small-molecule inhibitors of endocytosis, modulators of the F-actin
dynamics and/or NM I1A contractility, as well as substances that stimulate expression of
different AJ and TJ proteins. Future studies are needed to test the feasibility and benefits of
this multimodal ‘therapeutic’ protection of the gut barrier in different inflammatory
disorders.
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Aipl actin-interacting protein 1
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EM electron microscopy

ER endoplasmic reticulum
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highlights

1. Increased permeability of the gut barrier contributes to the development of
various inflammatory and immune disorders.

2. Disruption of the gut barrier is mediated by disassembly of epithelial
adherens and tight junctions.

3. Increased endocytosis and/or attenuated exocytosis of junctional proteins
mediate epithelial barrier breakdown in inflamed gut

4, An interplay between actin filament turnover and myosin 1 activity regulates
integrity and functions of intestinal epithelial junctions.
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Figure 1. Different mechanisms that mediate disassembly of adherens junctions and tight
junctions in the inflamed intestinal mucosa

This schematic diagram summarizes the major mechanisms that contribute to intestinal AJ
and TJ disassembly during mucosal inflammation. Different cellular responses such as
altered expression of junctional proteins, cytoskeletal abnormalities, and altered vesicle
trafficking are marked by different colors.
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Figure 2. Vesicle trafficking mechanisms that regulate the integrity and disruption of the
intestinal epithelial barrier

The diagram depicts a balanced vesicle trafficking cycle that regulates proper assembly of
epithelial junction in normal intestinal mucosa. Altering this cycle by either increasing
endocytosis or inhibiting exocytosis of junctional proteins results in AJ and TJ disassembly.
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Figure 3. Regulation of epithelial apical junctions by the actin cytoskeleton
The diagram shows association of epithelial AJs and TJs with the cortical actin cytoskeleton.

Major actin-binding proteins, cytoskeletal motors, and signaling molecules that are known to
regulate intestinal epithelial junctions are presented.
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