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Abstract

Disruption of epithelial barriers is a key pathogenic event of mucosal inflammation: It ignites the
exaggerated immune response and accelerates tissue damage. Loss of barrier function is attributed
to the abnormal structure and permeability of epithelial adherens junctions and tight junctions,
driven by inflammatory stimuli through a variety of cellular mechanisms. This review focuses on
roles of the actin cytoskeleton in mediating disruption of epithelial junctions and creation of leaky
barriers in inflamed tissues. We summarize recent advances in understanding the role of
cytoskeletal remodeling driven by actin filament turnover and myosin 11-dependent contractility in
the homeostatic regulation of epithelial barriers and barrier disruption during mucosal
inflammation. We also discuss how the altered biochemical and physical environment of the
inflamed tissues could affect the dynamics of the junction-associated actomyosin cytoskeleton,
leading to the disruption of epithelial barriers.
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Introduction

Epithelial layers form protective barriers that separate internal organs from the external
environment and demarcate boundaries between different tissue compartments. Integrity of
these barriers is regulated by elaborate intercellular contacts, most notably, adherens
junctions (AJs) and tight junctions (TJs). Epithelial junctions are composed of adhesive
transmembrane and cytoplasmic scaffolding proteins that readily self-associate to form
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dynamic multiprotein platforms at the plasma membrane [1,2]. Self-organization, stability
and remodeling of epithelial junctions are regulated by their coupling to the underlying
cortical actin cytoskeleton. Indeed, a junction-associated cortical actin belt represents one of
the most recognizable cytoskeletal structures in epithelial and endothelial cells, and roles of
the actin cytoskeleton in AJ/TJ assembly and functions have been demonstrated by a variety
of pharmacological and genetic approaches [3-5]. Disruption of epithelial barriers is a
hallmark of tissue inflammation. An excessive and prolonged increase in epithelial
permeability has profound detrimental effects on tissue homeostasis by increasing body
exposure to harmful environmental agents and igniting uncontrollable inflammation [6-8].
Several mechanisms are known to mediate the disruption of epithelial barriers in inflamed
tissues [9]. Among them, remodeling of the junction-associated actin cytoskeleton could be
particularly important. In this review we summarize recent evidence regarding the roles of
actin filaments, actin motors and actin-binding proteins in regulating disruption of epithelial
barriers during mucosal inflammation. Based on the available data, we focus on
gastrointestinal and pulmonary inflammation. Actin-dependent regulation of endothelial
barriers in inflamed tissues has been recently reviewed elsewhere [10,11].

Actin-dependent regulation of intercellular junctions: a battle of the cytoskeletal motors

Actin is a highly abundant eukaryotic ATPase that readily polymerizes into a dynamic
network of filaments [12,13]. This network undergoes a constant remodeling driven by actin
filament turnover and interactions with myosin motors. Actin filament turnover is a
polarized process, at which the polymerization step occurs at a so-called ‘barbed’ end, while
depolymerization events happen at the opposite, pointed filament end [12,13]. This cyclic
process is controlled by specific sets of actin-polymerizing and depolymerizing proteins.
Thus, the actin-related proteins (Arp) 2/3 complex and formins are specialized in assembling
branched and linear actin filaments, respectively [12-14]. Members of the actin-
depolymerizing factor (ADF)/cofilin protein family play essential roles in actin filament
severing and depolymerization [15]. Arrangement and motility of actin filaments in
epithelial cells are further regulated by non-muscle myosin 11 (NM 11) motors that either
slide parallel actin filaments, or compress a loose filament meshwork into tightly packed
actomyosin bundles [16,17]. One of the key consequences of the actin filament dynamics is
creation of directional mechanical forces that act upon all actomyosin-coupled organelles
and subcellular structures. A protrusive (pushing) force is generated by the orchestrated
polymerization of actin filaments, whereas a contractile (pulling) force is driven by the
activity of bipolar NM 11 fibrils and actin filament sliding [3,17,18]. Both AJs and TJs are
physically coupled to the underlying actomyosin cytoskeleton via several actin-binding
molecules, such as a-catenin, vinculin, afadin and zonula occludens (ZO) proteins [19,20].
Therefore, these junctions constantly experience cytoskeletal pushing and pulling forces that
dramatically affect their assembly and permeability of epithelial barriers [3,4,16-18]. Net
functional effects of the cytoskeletal forces on epithelial junctions depend on the force
directionality, which is influenced by the spatial arrangement of the perijunctional
actomyosin network [17,18].

Intercellular adhesions of columnar epithelial cells are regulated by different cortical actin
cytoskeletal structures (Fig. 1A). The most recognizable structure, is a circumferential actin
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belt associated with mature AJs and, probably, with the basal aspect of TJs [21,22]. This belt
is flanked by the apical TJ-associated actin network [23] and lateral cortical actin filaments
coupled with non-AJ cadherin-catenin complexes [24]. The circumferential belt is composed
of thick actin filament bundles that run in parallel to the cell membrane and intercellular
contact areas (Fig. 1B) [21,23]. They are enriched in bipolar NM 11 filaments, which in some
epithelia are organized in periodic sarcomeric-type structures resembling the skeletal muscle
myofibrils [21]. It is unclear if the circumferential actomyosin bundles directly associate
with E-cadherin-catenin complexes at the plasma membrane. At endothelial, and possible
epithelial AJs, junctional proteins are physically linked to the network of orthogonal actin
filaments [23,25]. The orthogonal filaments originate from the circumferential actomyosin
bundles and extend toward the plasma membrane (Fig. 1B) as either a branched network in
endothelial cells [25], or linear microspikes in the columnar epithelium [26]. These actin
filaments undergo a constant turnover driven by the Arp 2/3-dependent actin polymerization.
[25,26]. The described organization of the actomyosin cytoskeleton enables generation of
different mechanical forces acting upon epithelial junctions (Fig. 1B). Protrusive forces
generated by polymerizing orthogonal actin network push plasma membranes of contacting
cells toward each other, thereby promoting E-cadherin trans-interactions and strengthening
AJs (Fig. 1B). The contractive/pulling forces generated by parallel actomyosin bundles (Fig.
1B) could either stabilize/repair intercellular adhesions [25,27,28], or trigger their
disassembly [26].

In contrast to the well-defined structure of the circumferential actomyosin belt, little is
known about the composition of apical-TJ-associated actin filaments. They appear to be
enriched in a specific actin isoform, -y-cytoplasmic actin, whereas p-cytoplasmic actin is
more abundant at AJ-associated/lateral actin filaments [29]. Yet, TJ- and AJ- associated
cytoskeletal structures cross-talk and compete for the available pool of monomeric actin.
Thus, loss TJ-associated actin filaments in ZO protein-depleted epithelium dramatically
enhances the assembly and contractility of the circumferential actomyosin belt [30,31].
Actin filaments associated with the lateral plasma membranes also contribute to intercellular
adhesions and epithelial barrier development [24,32]; however, their ultrastructure remains
poorly understood. These filaments generate both protrusive and contractile forces and may
regulate the cortical flow along the lateral membrane that delivers AJ and TJ proteins to
apical junctions.

Barrier-protective roles of actin filament turnover during mucosal inflammation

Actin filament turnover is known to be essential for AJ and TJ assembly in cultured
epithelial cell monolayers, in which both actin filament-polymerizing and depolymerizing
proteins have been implicated in the formation of epithelial barriers [9,33]. Surprisingly,
some of these actin regulators could be dispensable for the homeostatic functions of
epithelial barriers /in vivo. For example, mice with intestinal epithelial specific knockout of a
key component of the Arp2/3 complex, ArpC3, did not show noticeable defects in the
organization of epithelial junctions and apical actin filaments [34]. Likewise, intestinal
epithelial-specific loss of essential Arp2/3 activator, a neural Wiskott - Aldrich syndrome
protein, increased normal gut permeability, but caused no global alterations in the
architecture of TJ and the perijunctional actomyosin cytoskeleton [35]. By contrast, mice
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deficient in another regulator of actin polymerization, cortactin, showed abnormal molecular
composition of intestinal epithelial TJs, along with the deformation of colonic crypts [36].
However, the defects in intestinal mucosal organization caused by cortactin depletion most
likely reflect diverse functional roles of this protein in the intestinal epithelium that involve
not only control of the actin filament turnover, but also regulation of RhoA signaling [36].

Recent studies suggest that balanced actin filament turnover protects epithelial barriers and
attenuates tissue injury during mucosal inflammation /n vivo. For example, cortactin-
deficient mice developed more severe dextran sodium sulfate (DSS)-induced colitis as
compared to wild type controls [36]. Likewise, ADF-null mice while not displaying vivid
intestinal epithelium abnormalities under homeostatic conditions, demonstrated exaggerated
barrier disruption, colonic mucosal injury and inflammation during DSS colitis [37].
Interestingly, loss of ADF functions was not compensated by its close homolog, cofilin-1,
which is highly expressed in the intestinal epithelium. Disruption of the airway’s epithelial
barrier during bacterial endotoxin-induced acute lung injury was associated with the
perturbed balance of key actin monomer-binding proteins, profilin-1 and p-thymosin [38].
Normalizing epithelial profilin-1 and p-thymosin expression attenuated barrier disruption in
the airway and neutrophil influx into the lungs. These examples demonstrate that an
elaborate cross talk between different regulators of actin filament turnover creates a critical
protective mechanism that attenuates epithelial injury and/or promotes mucosal repair during
inflammation.

NM lI-dependent regulation of epithelial barriers: detrimental effects of strong and weak
cytoskeletal forces

Activation of junction-associated NM 11 is considered a key mechanism driving epithelial
barrier disruption during mucosal inflammation [6,7]. Such activation occurs via
phosphorylation of regulatory myosin light chains (RMLC), creating excessive contractile
forces that tear apart intercellular junctions [6]. While the increased RLMC phosphorylation
in inflamed epithelia has been well-documented, neither remodeling of the perijunctional
actin cytoskeleton, nor contractile/tension forces applied to epithelial junctions during
inflammation have been properly examined. RMLC phosphorylation is mediated by several
kinases, most notably myosin light chain kinase (MLCK) and Rho-associated kinases
(ROCK) [5,6]. These kinases are activated by a variety of proinflammatory stimuli,
including bacterial pathogens, cytokines and extracellular proteinases [39,40]. A recent
study revealed an unusual cellular mechanism of epithelial actomyosin activation by tumor
necrosis factor (TNF)-a. This activation is driven by MLCK recruitment to the apical/
perijunctional actomyosin cytoskeleton [41]. A small molecular compound, divertin,
preventing apical MLCK translocation, displayed potent barrier-protective effects in
different types of experimental inflammation [41]. However, other evidence suggests that
NM ll-dependent tension/contractility serves as an important enhancer of epithelial barrier
integrity that strengthens adhesive interactions between different AJ and TJ proteins [3,4,16]
and activates a RhoA-dependent protective response to repair junctional breaks [27,28].
Either pharmacological or genetic inhibition of NM Il was shown to attenuate both AJ/TJ
assembly and disassembly /n vitro [42,43]. Furthermore, intestinal epithelial specific
knockout of NM I1A in mice triggered leaky gut barrier along with spontaneous intestinal
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inflammation, and exaggerated mucosal injury during DSS colitis [44]. These studies
suggest that homeostatic integrity of epithelial barriers is regulated by balanced tensile/
contractile NM 11 forces. Loss of tension due to decreased NM 11 activity, or increased
tension/contractility caused by NM 11 activation, could lead to the barrier breakdown and
exaggerated mucosal injury.

Recent studies highlight the roles of so-called ‘unconventional’ myosins in the regulation of
epithelial barriers. For example, an unconventional myosin IXb is a unique cytoskeletal
motor that also modulates RhoA activity via its Rho GTPase activating domain. Loss of this
motor in the intestinal epithelium promoted epithelial cell apoptosis resulting in the
development of spontaneous colitis [45]. The epithelial injury in myosin IXb null animals
was associated with RhoA activation and stimulation of NM |1 contractility. Another
example is an unconventional myosin 1D that localizes at the lateral membrane of intestinal
epithelial cells and couples cortical actin filaments to the membrane phospholipids [46].
Mutations that decrease myosin 1D expression in different murine tissues increased animal
sensitivity to DSS colitis, via mechanisms which remain to be determined [46].

Mechanisms that mediate altered organization of the epithelial cytoskeleton during
mucosal inflammation

Mucosal inflammation results in profound changes in the biochemical composition and
mechanical properties of surrounding tissues, which contribute to the disruption of epithelial
barriers. Many of these environmental changes could be sensed and transduced to epithelial
junctions by the actin cytoskeleton. While altered organization of the apical/junctional
actomyosin bundles has been reported in clinical and experimental inflammation [33], the
mechanisms and functional impact of such alterations remain poorly understood. Below we
discuss the most likely mechanisms by which inflammatory environment affects structure
and dynamics of the epithelial actomyosin cytoskeleton (Fig. 2).

Altered expression of actin and actin-binding proteins—Accumulation of different
cytokines, free radicals and active lipids in inflamed tissues triggers robust transcriptional
reprogramming of epithelial cells that involves marked alterations in AJ and TJ protein
expression [7,9]. It is likely that inflammatory mediators also affect expression of different
cytoskeletal proteins, although this possibility has been investigated in only few studies. For
example, a comparative proteomic analysis of tissue samples from IBD patients and non-
IBD subjects documented altered expression of different actin isoforms along with several
actin-binding proteins in the inflamed IBD intestinal mucosa [47,48].

Posttranslational modification of actin-binding proteins—Inflammatory mediators
stimulate a variety of signaling cascades in epithelial cells resulting in phosphorylation of
different cytoskeletal proteins. A classic example is RMLC phosphorylation triggered by
TNFa and other cytokines that enhances actomyosin contractility and drives junctional
disassembly [6,7]. Phosphorylation events could also modulate the perijunctional actin
filament turnover in inflamed epithelia. For example, cortactin phosphorylation disrupts its
interaction with AJ proteins and underlying actin filaments, thereby uncoupling epithelial
junctions from the cortical cytoskeleton [49]. Increased cortactin phosphorylation was
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associated with disruption of the airway’s epithelial barrier caused by respiratory syncytial
virus infection [50]. Altered Rho/ROCK signaling in inflamed mucosa is known to affect
actin filament turnover via inhibitory phosphorylation of ADF/cofilin proteins [15,51]. For
example, Shigela infection destabilized intestinal epithelial barrier by causing activatory de-
phosphorylation of ADF/cofilin [52]. In contrast, increased phosphorylation and inhibition
of ADF/cofilin was observed in the intestinal mucosa of patients with irritable bowel
syndrome [53].

Altered energy metabolism and ATP depletion—Both actin filament turnover and
NM l1-dependent contractility are driven by the chemical energy of ATP hydrolysis [13,17].
Therefore, organization and dynamics of the actomyosin cytoskeleton could be affected by
metabolic alterations and fluctuations in the cellular ATP level. Chemical ATP depletion
readily disrupts the integrity of model epithelial barriers in parallel with disassembly of
perijunctional actin filaments [54,55]. Importantly, inflammation frequently decreases
cellular ATP level, due to tissue ischemia and defects in mitochondrial respiration [56,57].
However, causal links between altered energy metabolism/ATP depletion, disassembly of the
actomyosin cytoskeleton, and disruption of the epithelial barriers during mucosal
inflammation in vivo await future investigations.

Altered mechanical properties of inflamed tissues—Since assembly and dynamics
of the actomyosin filaments depend on the applied external forces, the cytoskeleton is able to
sense the mechanical properties of tissues and transduce this information to epithelial
junctions. Indeed, AJs and TJs are known to be sensitive to external mechanical forces /n
vitro, including shear stress and cyclic stretch [58—60]. Because of such mechanosensitivity,
permeability of epithelial barriers could be affected by mechanical stresses associated with
physiological processes /n vivo. Examples include stretching of airway and intestinal
epithelia due to lung breeding and gut peristalsis, as well as compression of the epithelial
segments during intestinal crypt invagination. Inflammatory processes markedly affect
biomechanical properties of different tissues, which could alter mechanical forces applied to
epithelial barriers [61]. Several changes could be envisioned. They include altered
magnitude and frequency of the cyclic stretch due to abnormal lung ventilation and gut
peristalsis, increased osmotic pressure by tissue edema and increased stiffness of the
underlining connective tissues in fibrotic organs.

Conclusions

The actin cytoskeleton is a master regulator of the assembly and remodeling of epithelial
junctions and establishment of tissue barriers. Epithelial junctions are subjected to constant
protrusive, tensile and contractile forces generated by two cytoskeletal motors: actin filament
polymerization and myosin I1-dependent contractility. Activity of these motors is controlled
by biochemical and mechanical properties of the environment. Surprisingly, little is known
about alterations in cytoskeletal forces that could affect structure and permeability of
epithelial barriers in inflamed tissues. Our understanding of the junction-associated
actomyosin cytoskeleton has been derived from studying epithelial cell monolayers existing
under excessive mechanical stress due to their attachment to stiff substrates /n vitro. These
conditions do not reflect physical features of the environment surrounding epithelial barriers
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in vivo and cannot model altered mechanical properties of tissues in different diseases.
Introduction of novel models, such as ex vivo primary epithelial cell organoids and animals
with epithelial specific knockouts of different actin regulators should provide critical novel
insights to our understanding the roles and mechanisms of cytoskeletal regulation of
epithelial barriers during mucosal inflammation.
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Figure 1.
Organization of the actin cytoskeleton and cytoskeleton-generated forces at epithelial

junctions.

a. A diagram depicts different fractions of the actin cytoskeleton associated with the apical
junctions and lateral contacts of adjacent columnar epithelial cells.

b. A putative spatial organization of the actomyosin cytoskeleton at epithelial
apicaljunctions. Red arrows indicate directionality of forces generated by the perijunctional
cytoskeleton.
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Figure 2.
Multiple mechanisms affecting the organization and dynamics of the epithelial actin

cytoskeleton during mucosal inflammation.

The diagram presents most likely mechanisms by which inflammatory environment can alter
the structure and remodeling of the perijunctional actomyosin cytoskeleton in epithelial
cells, resulting in breakdown of epithelial barriers.
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