This is a free sample of content from Cell-Cell Junctions.
Click here for more information or to buy the book.

Cell – Cell Junctions Organize Structural
and Signaling Networks
Miguel A. Garcia,1 W. James Nelson,1,2 and Natalie Chavez1
1

Department of Biology, Stanford University, Stanford, California 94305

2

Departments of Molecular and Cellular Physiology, Stanford University, Stanford, California 94305

Correspondence: wjnelson@stanford.edu

Cell–cell junctions link cells to each other in tissues, and regulate tissue homeostasis in
critical cell processes that include tissue barrier function, cell proliferation, and migration.
Defects in cell –cell junctions give rise to a wide range of tissue abnormalities that disrupt
homeostasis and are common in genetic abnormalities and cancers. Here, we discuss the
organization and function of cell –cell junctions primarily involved in adhesion (tight junction, adherens junction, and desmosomes) in two different epithelial tissues: a simple epithelium (intestine) and a stratified epithelium (epidermis). Studies in these tissues reveal
similarities and differences in the organization and functions of different cell– cell junctions
that meet the requirements for the specialized functions of each tissue. We discuss cell– cell
junction responses to genetic and environmental perturbations that provide further insights
into their roles in maintaining tissue homeostasis.

Overview of Epithelial Tissue Organization

pithelia are evolutionary conserved and
ubiquitous in multicellular organisms. They
form a continuous sheet of tightly linked cells
that line the external-facing surfaces of organs
and tissues, forming a barrier between the internal and external environments. The harsh
conditions at this interface require that the epithelium is structurally robust and maintains a
barrier to the outside environment. These properties are mediated by different types of cell – cell
junctions that link epithelial cells together into a
structural and functional continuum. Abnormalities in the organization of these junctions
are common in genetic and metabolic disorders
of epithelia. Here, we focus on the role of cell–
cell junctions in maintaining homeostasis in a
simple epithelium (the intestinal epithelium)
and a stratified epithelium (the skin epidermis).

E

The intestinal epithelium is lined by a single
layer of cells that have a columnar shape that
maximizes surface area for nutrient absorption
and maintenance of a barrier to the outside
environment (Helander and Fandriks 2014).
The skin epithelium is organized in stratified
cell layers to maximize the structural barrier,
response to wounding and to minimize water
loss (Furuse et al. 2002). Figure 1A illustrates the
tissue architecture of the intestinal and skin
epithelia. We focus on junctions involved in
cell – cell adhesion and the differences in their
roles in regulating tissue homeostasis. The
reader is referred to specialized reviews on the
development of the intestinal epithelium and
skin epidermis (de Santa Barbara et al. 2003;
van de Flier and Clevers 2009; Noah et al.
2011; Lu et al. 2013; Kulukian and Fuchs 2013;
Hsu et al. 2014; see also, Buckley and Turner
2017 and Niessen 2017), and gap junctions
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Figure 1. Tissue organization and cell junction composition in two different epithelia (intestine and epidermis).
(A) The epidermis (left) is organized as stratified epithelium, and the intestine (right) is organized as a simple
epithelium (one cell layer thick). (B) Composition and spatial organization of adhesive cell –cell junctions in
epithelial cells. The tight junction (TJ) is localized to the most apical region of the cell and is composed of
transmembrane proteins (claudin, occludin) and adaptor proteins (ZO-1 and ZO-2), which link to the underlying actin cytoskeleton. The adherens junction (AJ) is localized on the lateral membrane and is primarily
composed of the transmembrane protein, E-cadherin, and adaptor proteins, b-catenin and a-catenin, which
link to the underlying actin cytoskeleton. The desmosome (only one is shown, but many are located along the
lateral membrane) is composed of transmembrane proteins (desmocollin and desmoglein) and adaptor proteins ( plakoglobin, plakophillin, and desmoplakin), which links to cytokeratin intermediate filaments.

which are not discussed here (Willecke et al.
2002; Goodenough and Paul 2009; Maes et al.
2015).
Overview of Epithelial Cell– Cell Junctions

The intestinal epithelium and skin epidermis
have a similar complement of cell– cell junctions that includes the tight junction, adherens
junction, and desmosomes (Fig. 1B). These
cell – cell junctions form extracellular connections between adjacent cells and intracellular
connections with different elements of the cytoskeleton that together generate an integrated,
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structural continuum across the tissue. These
junctions maintain homeostasis by regulating
the structural integrity of the tissues, the diffusion of ions, solutes, and microbes across the
tissue, cell proliferation, and cell migration. Molecular alterations in these junctions caused by
genetic mutations and environmental perturbations provide further insights into junction
structure and function in tissue homeostasis.
Tight Junction

In mammals, the tight junction (TJ) is located
at the apex of the lateral plasma membranes
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between adhering cells. The TJ encircles each
cell, forming a proteinaceous seal that regulates
the diffusion of ions and solutes between cells
(the paracellular pathway). The TJ provides a
“fence” and “gate” barrier. The “fence” maintains the segregation of apical and basolateral
membrane proteins and lipids (Zihni et al.
2016), and the “gate” is responsible for regulating the paracellular pathway.
The TJ is composed of two families of transmembrane proteins, claudin and occludin (Van
Itallie and Anderson 2014), which form homotypic claudin – claudin and occludin– occludin
complexes between cells. Claudins expressed in
the human small intestine include claudin 1, 2,
3, 4, 5, 7, 8, 12, and 15 (Szakál et al. 2010; Sapone
et al. 2011; Lameris et al. 2013; Lu et al. 2013).
Claudins expressed in the epidermis include
claudin 1, 4, and 7 (Kirschner and Brandner
2012). Linear clusters of claudins form characteristic TJ strands observed by freeze fracture
electron microscopy (Furuse et al. 1998). The
mutual assembly of TJ strands between attached
cells generates a complex network of gaps or
pores through which different ions and solutes
are thought to diffuse (Gonzalez-Mariscal et al.
1985; Furuse et al. 1998, 2001; Van Itallie and
Anderson 2006; Zihni et al. 2016). Different
amino acids in the extracellular loops of claudins specify the permeability of ions of different
size and charge, and hence diffusion in the paracellular pathway varies with the claudin types
expressed (Van Itallie and Anderson 2006).
However, it remains unclear how the TJ strand
network is organized, and whether or how
strands open and close to regulate paracellular
flux.
The TJ function of occludin is less clear as
occludin-null mice are viable with functional
TJs and with no noticeable defects to intestinal
epithelial barrier integrity (Saitou et al. 1998;
Saitou et al. 2000). However, occludin may regulate the flux of large macromolecules across the
intestinal TJ barrier (Al-Sadi et al. 2011).
Claudin and occludin bind directly to cytoplasmic adaptor proteins that in turn bind to the
actin cytoskeleton (Umeda et al. 2004; Van
Itallie et al. 2009; Fanning et al. 2012). These
adaptor proteins comprise a family of PSD-

95/discs-large/zonula occludens-1 (PDZ) domain proteins (ZO-1, -2, -3), cingulin and additional proteins (Zihni et al. 2016). Zonula occludens (ZO) proteins contain multifunctional
domains that interact with claudins (PDZ1),
occludin (U5þGUK), each other (PDZ2), and
other signaling molecules (Fanning and Anderson 2009). These interactions are critical to life,
as a deficiency in either ZO-1 or ZO-2 results in
embryonic lethality (Katsuno et al. 2008; Xu
et al. 2008). The PDZ1 domain of ZO-1 is required for the proper organization of the TJ and
associated cytoskeleton (Rodgers et al. 2013).
Other ZO-1 domains, including the SH3 domain/U5 motif and PDZ2, are required for
proper ZO-1 localization to the apical junction
complex, and to establish normal permeability
through the recruitment of a continuous circumferential band of other TJ proteins (Rodgers
et al. 2013). Actin turnover and actomyosin
contraction at the TJ also regulate TJ barrier
function (Shen et al. 2006). Additionally, microtubules associate with TJs through cingulin
(Yano et al. 2013).
The TJ also plays a role in regulating cell
proliferation. ZO-1 and ZO-2 bind to the transcription factor ZO-1-associated nucleic acid
binding protein (ZONAB) in a cell-density-dependent manner. ZONAB target genes include
proliferative cell nuclear antigen (PCNA) and
cyclin D1, which control cell proliferation
(Balda et al. 2003; Sourisseau et al. 2006; Tsapara et al. 2006; Gonzalez-Mariscal et al. 2014).
Depletion of ZO-1 and ZO-2 results in loss of
ZONAB from the TJ and its degradation (Spadaro et al. 2014). The PDZ1 domain of ZO-2
also binds to another transcription factor, Yesassociated-protein (YAP), and facilitates YAP
shuttling from the cytoplasm into the nucleus
(Oka et al. 2010; Spadaro et al. 2014). The ZO2-YAP interaction may induce a proapoptotic
or procell growth response depending on the
physiological context (Oka et al. 2010; Dominguez-Calderon et al. 2016). ZO-3 also interacts with the PDZ binding domain of cyclin D1
to promote S phase transition (Capaldo et al.
2011). Thus, ZO proteins regulate both barrier
function and cell proliferation through interactions with different proteins at the TJ.
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ZO-1 binds to adherens junction (AJ) proteins a-catenin and afadin (Itoh et al. 1997;
Yamamoto et al. 1997; Muller et al. 2005). Additional PDZ-containing proteins interact with
one another and have roles in linking complexes
between the TJ and AJ. For example, PATJ is a
multi-PDZ domain protein crucial for epithelial cell polarity, which acts as a link between
apical and lateral compartments through its stabilization of AJ and its role in TJ assembly (Bhat
et al. 1999; Bilder et al. 2003; Michel et al. 2005).
Junctional adhesion molecule (JAM) is a
member of the immunoglobulin superfamily
(JAM-A, -B, and – C) (Ebnet et al. 2004). JAM
proteins localize to apical cell – cell contacts and
interact with proteins of the TJ and AJ to regulate barrier function, cell migration, and cell
proliferation (Laukoetter et al. 2007; Severson
et al. 2009; Nava et al. 2011; Monteiro et al.
2013).
Adherens Junction

The adherens junction (AJ) initiates and maintains cell– cell adhesion, regulates the organization of the underlying actin cytoskeleton, and
establishes a hub for cell signaling and regulation of gene transcription (Takeichi 2014). Classical cadherins, such as E-cadherin, are the main
type of transmembrane protein comprising the
AJ and contain five extracellular cadherin repeat
domains that engage in Ca2þ-dependent trans
binding to a cadherin on the opposing cell surface (Shapiro and Weis 2009).
The cytoplasmic domain of E-cadherin
forms a ternary complex with b-catenin, a
member of the Armadillo family of proteins,
and a-catenin; in turn a-catenin binds to
F-actin in a force-dependent manner (Buckley
et al. 2014). This cadherin-catenin complex also
associates with microtubules (Ligon et al. 2001;
Franz and Ridley 2004; Meng et al. 2008; Shahbazi et al. 2013). p120-Catenin also binds to the
cadherin ternary complex, and regulates E-cadherin lifetime on the plasma membrane (Yap
et al. 1998; Ireton et al. 2002; Davis et al. 2003).
E-cadherin adhesion is strengthened through the
recruitment of the mechanosensitive protein
vinculin (le Duc et al. 2010; Huveneers et al.
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2012; Thomas et al. 2013), which binds to a
force-dependent conformation of a-catenin
(Yonemura et al. 2010; le Duc et al. 2010; Yao
et al. 2014). Mechanical force links the E-cadherin ternary complex to the actin cytoskeleton
and strengthens adhesion between cells, which
emphasizes the importance of the mechanical
environment of tissues in regulating the structure and function of cell– cell junctions.
Nectin, an immunoglobulin-like adhesion
molecule, forms Ca2þ-independent cell – cell
adhesions at the AJ (Takai and Nakanishi
2003). Nectins bind afadin, which also binds
a-catenin (Pokutta et al. 2002; Weis and Nelson
2006) and ZO-1 (Yamamoto et al. 1997), which
link nectin-based complexes to the actin cytoskeleton. Nectin-based adhesions may form first
on cell – cell interfaces and in turn cooperate in
the formation of the AJ through recruitment of
the cadherin-catenin complex to nectin-based
adhesions (Tachibana et al. 2000; Honda et al.
2003). This is an example of how junctional
proteins work sequentially to regulate the transition from nascent to mature cell– cell contacts.
Desmosomes

Desmosomes comprise transmembrane cadherins of two subtypes, desmoglein (Dsg) and
desmocollin (Dsc). Similar to classical cadherins, Dsg and Dsc contain five extracellular cadherin repeat domains that form both cis and
trans interactions between opposing cells (Kowalczyk and Green 2013). The fundamental
trans adhesive unit are Ca2þ-dependent hetero(Dsg:Dsc) and homo- (Dsc:Dsc) dimers
(Lowndes et al. 2014; Harrison et al. 2016),
but a transition to a Ca2þ-independent
Dsg2:Dsc2 heterodimer occurs in very dense
cells (Lowndes et al. 2014), which confers even
stronger intercellular adhesion in the skin epidermis (Kimura et al. 2007; Tariq et al. 2015).
Dsg and Dsc interact with two members of
the Armadillo family of proteins, plakoglobin
and plakophilin (Broussard et al. 2015). Plakoglobin binds directly to Dsg and Dsc, and is
required for desmosome assembly by clustering
Dsg/Dsc in the plasma membrane; plakoglobin
can also substitute for b-catenin in the AJ
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(Lewis et al. 1997; Kowalczyk et al. 1997; Bierkamp et al. 1999; Bornslaeger et al. 2001; Acehan et al. 2008). Plakoglobin in turn binds a
member of the plakin family, desmoplakin,
which binds directly to cytokeratin intermediate filaments (Hudson et al. 2004). Plakophilin
is required for kinesin-2-dependent recruitment of Dsc2 to the plasma membrane (Nekrasova et al. 2011), and forms a scaffolding complex containing desmoplakin and protein
kinase C-a, which regulates the strength of interactions between desmoplakin and intermediate filaments to facilitate junctional integrity
(Bass-Zubek et al. 2008; Nekrasova et al. 2011).
INTESTINAL EPITHELIA ORGANIZATION
AND REGULATION OF HOMEOSTASIS

The intestinal epithelium forms the largest mucosal surface in the body with a total surface area
of about 30 m2 in the adult human, which is
approximately half the size of a badminton
court (Helander and Fandriks 2014). The intestinal epithelium is organized to maximize surface area and absorptive potential, forming
folds at the organ scale, tubular invaginations
(crypts) and projections (villi) at the multicellular scale, and apical membrane projections
(microvilli, also termed the brush border) at
the subcellular level. The main functions of
the small intestine epithelium are the digestion
and absorption of nutrients from intraluminal
food, and as a barrier to pathogens.
The intestinal epithelium comprises different cell types with specific functions that maintain intestinal epithelial homeostasis. Intestinal
epithelial stem cells, located at the base of the
crypts, divide continuously to give rise to the
entire population of epithelial cells (enterocytes)
(Al-Nafussi and Wright 1982; Schmidt et al.
1988). Paneth cells, which are also located in
the crypts, and Goblet cells located in the villus,
secrete mucin and antimicrobial substances that
form a protective coat on the external epithelial
surface. Enterocytes, which comprise 80% of the
cells in the small intestine (van der Flier and
Clevers 2009), are localized along the villus and
are involved in active transepithelial movement
of nutrients from the lumen to the serosa

(Lodish et al. 2000). Enteroendocrine cells are
also located in the villus and assist in digestion
through regulated secretion of hormones.
Cell– Cell Junctions Establish and Maintain
Intestinal Epithelia Homeostasis

Here, we focus on the roles of the TJ and AJ in
establishing and maintaining intestinal tissue
homeostasis through regulation of barrier function, cell proliferation, and cell migration. Other
junctional protein complexes (gap junctions,
desmosomes) have not been studied extensively
in the intestine, although some limited studies
indicate important functions: loss of gap junction connexin-43 expression caused acute ulceration and intestinal inflammation (Eyet al. 2009;
Sedhom et al. 2013), and loss of connexin-32 was
associated with increased tumor formation in
the small intestine of mice (King et al. 2005).
Other studies of desmosomes indicate that deletion of desmoplakin had no observable effect on
cell – cell adhesion or tissue integrity (Sumigray
and Lechler 2012). These limited studies indicate that further analysis of gap junctions and
desmosomes could be informative.
The Permeability Barrier and TJ Function

The intestinal epithelium, which is only one cell
layer thick, forms a barrier between the outside
environment (the lumen of the gut) and the
interior of the body (the serosa). At the whole
tissue level, the barrier function is established by
mucins and antimicrobial proteins secreted by
Goblet and Paneth cells that block access of bacteria and viruses to the epithelial surface. Goblet
cells also engage the immune system to defend
against pathogen entry by transporting bacterial
antigens across the intestinal barrier to immune
cells beneath the epithelial layer (Peterson and
Artis 2014). It is important to note that many
bacteria are not pathogens, and that commensal
bacteria enhance the barrier integrity of intestinal epithelia through Toll-like receptor 2 signaling (Cario et al. 2004).
At the cellular level, the barrier function is
regulated by the TJ (Fig. 2A). TJ organization
and function are regulated by the phosphoryla-
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Figure 2. Cell–cell junction regulation of intestinal epithelial homeostasis. (A) Barrier function is primarily
regulated by the tight junction (TJ) with indirect contributions by the adherens junction (AJ) through its role in
TJ assembly. Phosphorylation of occludin by PKC- z results in occludin incorporation at the TJ. Phosphorylation of claudin results in its incorporation or removal from the TJ depending on the claudin type. (B)
Proliferation is dually regulated by the TJ and AJ, which sequester proproliferation transcription factors,
ZO-1-associated nucleic acid binding protein (ZONAB), b-catenin and Yes-associated-protein (YAP). (C)
Cell migration is primarily mediated by alterations to components of the AJ, whereas changes in TJ protein
homeostasis also occur. See text for details.
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tion status of occludin, claudins, and ZO-1. The
highly conserved carboxy-terminal motif in
occludin (398YETDYTT404) is heavily phosphorylated and a target for regulation of barrier
function. Phosphorylation of Tyr398 and
Tyr402 by Src kinase prevents occludin binding
to ZO-1, resulting in the destabilization of occludin assembly at the TJ in Caco-2 intestinal
epithelial cells in vitro, and colonic mucosa in
vivo (Rao et al. 2002; Basuroy et al. 2005; Elias
et al. 2009). Phosphorylation at T403 and T404
of occludin by PKC-h is required for occludin
localization to TJ (Suzuki et al. 2009). Inhibition of CK2-mediated S408 phosphorylation
results in decreased paracellular cation flux,
and reduction of occludin exchange at the
membrane (Raleigh et al. 2011).
Phosphorylation of different claudin family
members is associated with either increased or
decreased TJ assembly and function. For example, PKA-mediated phosphorylation increases
the assembly of claudin-3 at TJs, and, paradoxically, decreases the assembly of claudin-16
(D’Souza et al. 2005; Ikari et al. 2006). PP2A
phosphatase activity results in decreased phosphorylation of claudin-1 resulting in increased
detergent solubility of claudin-1, perhaps
caused by decreased claudin-1 interaction with
the actin cytoskeleton because PP2A also targets
ZO-1 resulting in disruption of the interaction
between ZO-1 and F-actin (Nunbhakdi-Craig
et al. 2002). Tyrosine phosphorylation of ZO1 occurs during mechanical stimulation, but the
amino acid residues that are tyrosine phosphorylated and the biological consequences of these
phosphorylation events are unknown (Samak
et al. 2014).
JAM proteins are not directly involved in TJ
strand network formation, but nevertheless regulate epithelial paracellular permeability, cell
migration and cell proliferation, in addition to
immune cell recruitment during intestinal inflammation (Luissint et al. 2014). JAM proteins
appear to play an indirect role in TJ strand formation because JAM-A depletion results in increased paracellular permeability and decreased
transepithelial resistance (Martin-Padura et al.
1998; Furuse et al. 1998; Itoh et al. 2001; Laukoetter et al. 2007; Vetrano et al. 2008). JAM-A,

which is expressed in mucosal cells, contains
PDZ-binding domains and binds afadin (Monteiro et al. 2013), and afadin deletion phenocopied the JAM-A knockout in terms of a
barrier defect and enhanced susceptibility to
tissue injury (Laukoetter et al. 2007; TanakaOkamoto et al. 2011); afadin may be a downstream signaling molecule of JAM-A, perhaps
through modulation of RhoA and actomyosin
activities (Monteiro et al. 2013). Interestingly,
JAM-A and the immune system compensate for
each other in combating disease as JAM-A null
mice have increased mucosal TGF-b producing
CD4þ T helper cells and other leukocytes that
provide a protective role of adaptive immunity
in disease susceptible conditions (Khounlotham et al. 2012). Therefore, cell–cell junctions
may not only play a critical structural role in
establishing the barrier function, but may also
facilitate cross talk with other cell types (i.e.,
immune system) to maintain homeostasis.
Interactions between the TJ and cytoskeleton are important in TJ barrier function, cell
proliferation, and integrating the TJ with other
junctions in the cell. Actomyosin contraction
plays an important role in TJ formation, regulation of TJ dynamics, and TJ-mediated responses of cells to external stimuli (Rodgers
and Fanning 2011; Lechuga et al. 2015). Generally, myosin light chain kinase (MLCK) activity,
which activates myosin II, regulates barrier
function by remodeling TJ structure, specifically through the redistribution of ZO-1 and
occludin as shown in Caco-2 intestinal cells in
vitro (Shen et al. 2006). Changes of MLCK activity alter barrier function in intestinal cells in
vivo under various biological and physiological
contexts (Hecht et al. 1996; Turner et al. 1997;
Zolotarevsky et al. 2002; Shen et al. 2006; Feighery et al. 2008; Samak et al. 2014; see Buckley
and Turner 2017). Thus, cells generate internal
forces through the contraction of the actomyosin network to alter the organization of the TJ
and barrier function, that in turn regulate homeostasis in the presence of external challenges.
Disrupted TJ barrier function is found in
inflammatory bowel syndrome (IBD), a prevalent gastrointestinal disorder characterized by
chronic inflammation of the intestinal epithelia,
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and diarrhea (Barbara 2006). Many abnormalities in TJ protein organization and expression
have been identified in IBD patients, in addition
to alterations to immune system signaling (Fig.
3A) (Martinez et al. 2012a,b). However, it is
unclear whether disrupted TJ barrier causes
pathogenesis of IBD, or whether chronic inflammation results in the disruption of TJ function (Barbara 2006). Down-regulation of, and
alterations in the subcellular localization of ZO1 have been observed in intestinal epithelia of
IBD patients (Gassler et al. 2001; Poritz et al.
2007). Mislocalization of ZO-1 may be caused
by the lack of claudin recruitment and formation of TJs, which ultimately results in barrier
disruption (Umeda et al. 2006; Piche et al. 2009;
Martinez et al. 2012). There is a correlation between activation of MLCK with inflammatory
activity IBD (Blair et al. 2006; Cunningham and
Turner 2012), and expression of constitutively
active MLCK in the intestinal epithelia results in
intestinal barrier loss (Su et al. 2009). MLCK has
been linked to IBD, as discussed by Buckley and
Turner (2017). Additionally, polymorphisms in
the gene encoding Myosin9b have been identified in IBD patients; Myo9b is an actin-based
molecular motor that plays key roles in facilitating epithelial wound repair and barrier integrity
(Monsuur et al. 2005; van Bodegraven et al.
2006; Nunez et al. 2007; Cooney et al. 2009).
Overexpression of mutant Myo9b in Caco-2 intestinal epithelial cells results in defects in
wound closure caused by altered regulation of
actin organization, and abnormal TJ formation
caused by disruption of ZO-1 localization at the
TJ (Chandhoke and Mooseker 2012).
Alterations in the barrier function of the
mucosal lining have also been observed in inflammatory diseases of the intestine. Mucosal
barrier defects result in increased numbers of
immune-triggering antigens present in the mucosa, which in turn activate and amplify a response from the immune system that results in
inflammation and disease (Barbara 2006; Dunlop et al. 2006). Additionally, defective mucosa
barrier results in an overgrowth of bacterial colonies in patients with IBD (Lin 2004). Together,
the disruption of the TJ and the mucosal lining
in IBD act as a double loss of the cellular and
144

biochemical barriers that maintain tissue integrity and protection from unwanted pathogens.
Two therapeutic targets for IBD would be
the prevention of intestinal inflammation and
actomyosin contraction-induced disruption of
the TJ.
Bacteria are thought to play a role in the
inflammation and disease progression observed
in IBD. Salmonella and Vibrio cholerae are two
examples of pathogens that target the TJ to facilitate bacteria entry and cause disease (Guttman and Finlay 2009). Salmonella injects effector proteins into host cells, which decrease the
expression of ZO-1, reduce levels of occludin at
the TJ, and increase barrier permeability (Boyle
et al. 2006; Kohler et al. 2007). V. cholerae uses
the bacterial surface protein zonula occludens
toxin (ZOT) to disrupt TJ function, specifically
by causing the mislocalization of ZO-1 and occludin, and increasing barrier permeability (Fasano et al. 1995; Schmidt et al. 2007) perhaps
through PKCa activity (Fasano et al. 1991).
For more information regarding the relationship between bacteria, intestinal epithelia, and
IBD the reader is referred to (Canny and
McCormick 2008).
AJ and TJ Involved in Cell Proliferation

The entire gut epithelium in the adult human is
renewed every 2 weeks (Al-Nafussi et al. 1982;
Schmidt et al. 1988), which requires continual
cell proliferation to repopulate the epithelium.
Stem cells, located at the crypt of the villus, selfrenew, divide, and terminally differentiate into
all the absorptive and secretory lineages (Barker
2014). Once the cells terminally differentiate,
they migrate continuously to the top of the villus where they undergo apoptosis and are extruded from the epithelium into the intestinal
lumen. Cell – cell junctions play indirect roles in
regulating cell proliferation by sequestering specific transcription factors at the plasma membrane: ZO-1 and ZONAB (Balda et al. 2003),
cadherins and b-catenin (Nelson and Nusse
2004), and ZO-2 and YAP1 (Oka et al. 2010;
Spadaro et al. 2014). Figure 2B provides examples of the roles of each of these interactions, in
addition to specific details below.
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Figure 3. Disruption of homeostasis results in altered signaling at cell –cell junctions in intestinal epithelia. (A)
In inflammatory bowel disease (IBD), reduction or loss of ZO-1 and claudin-1 from the tight junction (TJ) has
been observed, resulting in a loss of barrier function. A hyperactive actomyosin contractile network has also been
reported. (B) In cancer, deregulated signaling at the TJ and adherens junction (AJ) occurs, resulting in uncontrolled proliferation mediated by b-catenin, Yes-associated-protein (YAP), and ZO-1-associated nucleic acid
binding protein (ZONAB). Mutations in adenomatous polyposis coli (APC) and in b-catenin result in
b-catenin accumulation by bypassing degradation in the absence of Wnt. Mutations in E-cadherin also result
in cancer. See text for details.
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ZO-1 levels and TJ organization were disrupted, and ZONAB is translocated into the nucleus in intestinal cells treated with low levels of
ethanol; nuclear translocation of ZONAB correlated with increased proliferation in the intestinal epithelium of ethanol-fed mice (Pannequin
et al. 2007). Significantly, ZONAB has also been
identified in the nucleus in adenomas of chronic
alcoholics (Pannequin et al. 2007). Other studies
in intestinal epithelial cells have shown that
ZONAB expression is inversely correlated with
differentiation, perhaps through the repression
of the transcription factor Runx1/AML1 (Buchert et al. 2009). In summary, the TJ plays a role
in regulating cell proliferation through its sequestration of ZONAB, and the TJ may be targeted for disruption to activate cell proliferation.
AJ proteins also regulate cell proliferation
through Wnt signaling in the intestinal crypt
(Fig. 2B). b-catenin is a transcription factor
and critical downstream effector in the Wnt signaling pathway (Nelson and Nusse 2004). Mutations in different components of the Wnt
pathway are common in intestinal cancers
(Fig. 3B). For example, germ line mutations in
the APC gene, a component of the b-catenin
destruction complex, occur in a family of hereditary intestinal cancers termed familial adenomatous polyposis (Kinzler et al. 1991; Nishisho
et al. 1991). These patients are heterozygous for
APC mutations, and develop early onset colon
polyps and adenomas in adulthood (Nishisho
et al. 1991). Abnormal Wnt signaling is directly
associated with uncontrolled proliferation in
the intestine leading to the formation of adenomas and colorectal cancer (Kinzler and Vogelstein 1996; Vogelstein et al. 2013): 80% of colorectal cancers are caused by mutations in APC
that delete the b-catenin binding site on APC
and therefore block targeting of b-catenin for
degradation; the remaining 20% of colorectal
cancers arise from mutations in b-catenin that
block b-catenin phosphorylation by CKI/GSK3 and targeting to the destruction complex (Albuquerque et al. 2011; Kwong and Dove 2009).
Genetic knockout of APC in mice leads to extraintestinal tumor formation (Sansom et al.
2004) caused by unregulated Wnt signaling
(Andreu et al. 2005), and rapid colorectal ade146

noma formation (Shibata et al. 1997). Therefore, mutations in either APC or b-catenin
that inhibit b-catenin degradation in the absence of Wnt result in unregulated proliferation
and disruption of homeostasis.
Mouse models have tested the role of bcatenin and cadherin in regulating cell proliferation in the intestine. An amino-terminal
truncated b-catenin mutant, which lacks the
CKI/GSK3 phosphorylation sites, accumulated
in cells and induced small intestine polyps that
phenocopied the effects of activation of Wnt
signaling (Whitehead et al. 2008; Buchert et al.
2015); cell division and apoptosis also increased
approximately fourfold in stem cells in the proliferative crypt compartment. Expression of a
dominant negative N-cadherin mutant lacking
the cytoplasmic binding site for b-catenin in
postmitotic enterocytes caused rapid and continuous cell migration up the small intestine
villus, loss of the differentiated polarized phenotype of enterocytes, and precocious apoptosis
(Hermiston and Gordon 1995).
E-cadherin mutations also cause gastrointestinal cancers. Hereditary gastric cancer is initiated as a result of a germ line mutation to the
E-cadherin gene with an additional somatic
down-regulation of the second E-cadherin allele
by DNA promoter methylation (Humar and
Guilford 2009). In vivo and in vitro studies
have highlighted the importance of E-cadherin-based cell – cell adhesion in regulating
critical homeostatic processes in the intestinal
epithelium, such as the establishment of the
brush border, crypt-villus migration, and cell
proliferation (Hermiston and Gordon 1995;
Hermiston et al. 1996). Mechanisms and regulation of these processes are discussed in detail
in Buckley and Turner (2017).
Intestinal homeostasis is also regulated by
the transcription factor YAP, which promotes
cell proliferation and is negatively regulated by
the Hippo pathway (Yu and Guan 2013). YAP
activity promotes intestinal stem-cell expansion
during normal growth and regeneration, and
deregulation of the Hippo pathway results in
colorectal cancer (Hong et al. 2016). Components of the AJ, including a-catenin and E-cadherin, regulate the Hippo pathway by increasing
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the activity of Lats kinase, which suppresses YAP
activation, or directly sequestering YAP at cell–
cell junctions (Yu and Guan 2013). Recently, a
link between APC and the Hippo signaling
pathway was shown in regulating cell proliferation. APC acts as a scaffold to components of
the Hippo signaling pathway, Sav1 and Lats1, to
regulate YAP-mediated cell proliferation in the
mouse colon (Cai et al. 2015). Furthermore,
YAP was shown to be required for the development of APC-deficient adenomas. This work
establishes a second pathway, independent of
the b-catenin destruction complex, by which
APC regulates cell proliferation.
Cell –Cell Junctions in Cell Migration

Cell migration in the intestinal epithelium occurs continuously as stem cells divide in the
crypt and daughter cells move up the villus,
and apoptotic cells at the tip of the villus are
sloughed off. This movement of cells from the
crypt to the villus has been described as a “conveyer belt.” As cells migrate to the top of the
villus, E-cadherin, myosin II, Rho-associated kinase (ROCK), and MLCK are redistributed in
cells (Fig. 2C) (Hopkins et al. 2007; Chen et al.
2014). In cells about to be extruded from the tip
of the villus, ZO-1 and actin reorganize to form a
“zipper” along the lateral membrane of live cells
surrounding the apoptotic cell until the latter is
completely extruded, and then the neighboring
cells reestablish contact to reseal the epithelium
(Madara 1990; Bullen et al. 2006; Guan et al.
2011; Marchiando et al. 2011; Williams et al.
2015 ). It is critical to maintain junctional integrity during cell migration and cell extrusion to
prevent entry points to opportunistic pathogens
that would disrupt homeostasis.
EPIDERMIS ORGANIZATION AND
REGULATION OF HOMEOSTASIS
Cell –Cell Junctions Establish and Maintain
Epidermal Homeostasis

The primary function of the skin epidermis is to
provide a protective barrier against physical
abrasions, pathogens, and the loss of water

from underlying tissues and organs. The skin
has an average surface area of 1.6 – 1.9 m2 in adult
humans, approximately 12 – 20 distinct floral
skin sites and an integrated sensory network
that are critical for maintaining homeostasis
(Sendroy and Cecchini 1954; Mosteller 1987;
Boulais and Misery 2008; Grice and Segre
2011; Abraira and Ginty 2013; Findley et al.
2013).
The skin is comprised of two main layers,
the dermis and the epidermis; here, we focus on
the epidermis. The epidermis is comprised of
four layers with many cell types and glands
(Watt 2014). Embedded in the epidermis are
melanocytes, immune cells, and sensory neurons that sense temperature, pressure, touch
and pain (Abraira and Ginity 2013). The primary function of the epidermis is to form a barrier
to the outside environment.
TJ and Desmosomes in Barrier Function

The epidermis is a permeability barrier to water
loss from the interior. The TJ is the primary
cell – cell junction that forms the barrier, although sebaceous glands also contribute a protective barrier of oils and antimicrobial lipids
(Takigawa et al. 2005; Shi et al. 2015). The TJ
is found in cells throughout the stratified epithelium, but canonical TJ strand networks are
found only in the stratum granulosum (Brandner et al. 2002; Ohnemus et al. 2008).
The function of claudins in the epidermal
barrier function is clear, because claudin-1 deficient mice die within 1 d of birth because of
massive dehydration (Fig. 4A) (Furuse et al.
2002). Inhibiting claudin-1 exocytosis also
causes a defect in epidermal barrier function
(Fig. 4A) (Youssef et al. 2013). Significantly,
the overall morphology and integrity of the epidermis in claudin-1 knockout mice appeared
normal, and other members of the claudin family were expressed. Thus, claudin-1 provides
unique properties to the TJ that cannot be replaced by other claudins. Phosphorylation of
claudins plays a role in TJ function, because
phosphorylation of claudin-4 at S195 by atypical PKC is required to form a TJ in cultured
keratinocytes (Aono and Hirai 2008).
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Figure 4. Cell junction regulation of homeostasis in epidermis. (A) Barrier function can be attributed to all
junctional complexes. The tight junction (TJ) in the stratum granulosum prevent dehydration from the underlying tissues. Disruption of any claudin family member, particularly those that confer classic TJ strand organization, increases TJ and tissue permeability. At the adherens junctions (AJ), E-cadherin depletion results in a
compensatory response by up-regulation of P-cadherin and desmosomes. Desmosomes are regulated by phosphorylation of desmosomal components, which is required for proper desmosome formation and cytokeratin
association. Disruption in either the desmosome complex or cytokeratins leads to tissue lesions and blistering
phenotypes. (B) Proliferation has been studied well with respect to AJ in the epidermis. The primary role Ecadherin in proliferation is to sequester transcription factors such as b-catenin from the nucleus. (C) Cell
migration is primarily studied in the context of wound healing. E-cadherin is down-regulated at wound edges,
proceeded by desmosome down-regulation perhaps to increase migration or release sequestered signaling
proteins. See text for details.
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The function of TJ adaptor proteins (ZO-1,
-2, -3) in the epidermis has not been studied
directly. However, expression of a mutant claudin-6 lacking the carboxy-terminal binding domain for ZO proteins led to the disruption of
barrier function and aberrant expression of differentiation markers (Fig. 4A) (Troy and Turksen 2007). Thus, binding of claudins to adaptor
proteins and the actin cytoskeleton is important
for maintaining epidermal TJ function.
The epidermis serves as a physical barrier
that covers the body, and it must, therefore,
have strong structural integrity. The primary
structures that confer mechanical integrity to
the epidermis are desmosomes, which are found
in all layers of the epidermis except the stratum
corneum. Members of the desmosomal cadherin family (Dsg, Dsc) are expressed throughout the stratified layers of the epidermis (Getsios
et al. 2004; Nekrasova and Green 2013), but in
different combinations. The differential expression of Dsg and Dsc family members may confer
different adhesive strengths specific to different
layers (Chidgey et al. 2001; Merritt et al. 2002;
Garrod and Chidgey 2008). For example, in the
presence of extracellular Ca2þ, desmosomes
form intercellular adhesions that are relatively
weak, similar to AJ cadherins, but over time
desmosomes become Ca2þ-independent and
form stronger adhesions (Kimura et al. 2007;
Tariq et al. 2015). This hyperadhesion may be
achieved by a transition from Ca2þ-dependent
Dsg:Dsg and Dsc:Dsc homodimers, to a Ca2þindependent Dsg2:Dsc2 heterodimer (Lowndes
et al. 2014; Harrison et al. 2016).
Disruption of any part of the desmosomal
complex leads to fragility, blistering and, in extreme cases, sloughing of the entire epidermis
(reviewed in Kottke et al. 2006; Haines and Lane
2012; Broussard et al. 2015). The lesion site in
the epidermis depends on which desmosomal
cadherin is disrupted. For example, loss of
Dsg3 adhesion, which is located in the stratum
basale, in Pemphigus vulgaris patients results in
detachment of the basal layers of the epidermis
from the dermis, which can be lethal (Amagai
et al. 1991; Koch et al. 1997). In Pemphigus vulgaris, autoimmune antibodies bind to the amino-terminal of the extracellular region of Dsg3

and cause desmosomes to undergo acantholysis,
the loss of intercellular adhesion between desmosomal plaques, without cytokeratin retraction on the apical surface of basal keratinocytes
(Fig. 5) (Shimizu et al. 2004; Yamamoto et al.
2007). Targeted disruption of Dsc1, which is
primarily expressed in the suprabasal layers,
led to barrier defects that are not as severe as
that caused by Dsg3 disruption (Chidgey et al.
2001). Differences in the severity of the structural defect in the epidermis are caused by the
locations of Dsc1 (more superficial layers) and
Dsg3 (more basal layers).
Staphylococcus aureus and adenovirus target
specific desmosomal cadherins resulting in disruption of epidermis integrity. S. aureus produces the serine proteases Exfoliative toxins A
and B, which bind to, and cleave the aminoterminal region of Dsg1 (Fig. 5) (Amagai et al.
1995; Sekiguchi et al. 2001; Bukowski et al.
2010), resulting in blistering just below the stratum corneum (staphylococcal scalded skin syndrome and bullous impetigo) (Amagai et al.
2000, 2002). In some serotypes of adenoviruses,
the fiber knob domain of spike-like protrusions
of the virus specifically target Dsg2 (Wang et al.
2011). Once bound, mitogen-activated protein
(MAP) kinases activate the extracellular matrix
metalloproteinase ADAM17, which cleaves the
extracellular domain of Dsg2 (Fig. 5) (Wang
et al. 2013, 2015); this process has been used
as an ectopic procedure to increase the penetration of therapeutic drugs into the skin (Yumul
et al. 2016).
Mutations in desmosomal-associated armadillo family adaptor proteins also result in defects in barrier function. Deletion of plakoglobin in mice results in skin blistering and peeling,
and very early postnatal death (Bierkamp et al.
1996). A mutation in plakoglobin causes Naxos
disease, an autosomal-recessive disorder involving heart, skin, and hair abnormalities (McKoy
et al. 2000). Mutations in plakophilin 1 and
2 also disrupt desmosome assembly and stability resulting in skin fragility and blistering
(McGrath et al. 1997; McGrath and Mellerio
2010; Hall 2009). Src inhibition prevented phosphorylation of plakophilin-3, which reduced
the disruptive effects of Pemphigus vulgaris
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Figure 5. Disruption of cell junctions results in altered homeostasis in the epidermis. Desmoglein targeted for
cleavage or disruption causes subcutaneous defects in the epidermis. Staphylococcus aureus releases exfoliative
toxins that cleave Dsg1 at the EC2 domain. IgGs that recognize the amino-terminal domain of Dsg3 trigger
phosphorylation of desmoplakin and plakophilin, which reduced cytokeratin association and decreased plaque
integrity at desmosomes. Similar to exfoliative toxins, the fiber knob domain of adenovirus binds the extracellular region of Dsg3 resulting in activation of ADAM17, which cleaves the extracellular domain of Dsg3. See text
for details.

autoimmune antibodies (Cirillo et al. 2014). Genetic loss of desmoplakin causes the loss of skin
integrity caused by intercellular separation and
loss of desmosomal linkages to the cytokeratin
intermediate filaments (Vasioukhin et al.
2001b), and desmoplakin mutations have been
found in cases of palmoplantar keratoderma,
woolly hair syndrome, and cardiomyopathy
(Pigors et al. 2015). Desmoplakin is phosphor150

ylated in the presence of Pemphigus vulgaris
autoimmune antibodies, which decreases cytokeratin intermediate filament binding to desmosomes (Fig. 5) (Dehner et al. 2014). Thus, all
components of desmosomes are required to
maintain normal function, and structural integrity of the epidermis.
The phosphorylation state of desmosome
proteins also regulates the structure and func-
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tion of the complex. Introduction of a phosphorylation-deficient plakoglobin mutant into
plakoglobin null keratinocytes prevented epidermal growth factor receptor (EGFR)-dependent loss of desmoplakin from junctions (Yin
et al. 2005), indicating that plakoglobin regulates the assembly state of the desmosome complex. Phosphorylation of serine and arginine
sites on desmoplakin by GSK3 and PRMT-1,
respectively, regulate the association of desmoplakin with cytokeratins and the rate of desmosome assembly (Fig. 4A) (Albrecht et al. 2015).
In contrast without keratins, PKC-a-mediated
desmoplakin phosphorylation decreases retention of desmosomes at cell – cell contacts (Kroger et al. 2013).
Cytokeratin intermediate filaments, which
bind directly to desmoplakin, are a signature
component of the epidermis, and different subtypes are characteristically expressed in different
layers of the epidermis (Haines and Lane 2012;
Loschke et al. 2015). Cytokeratins are composed
of heterotypic dimers of Type I (acidic) and
Type II (basic) keratins (Herrmann and Aebi
2004; Loschke et al. 2015). The effects of mutations, depletion or complete knockdown of cytokeratin genes have been studied extensively
(reviewed in Chernyatina et al. 2015; Toivola
et al. 2015). In general, epidermal homeostasis
depends on keratin filaments bound to desmosomal junctions, and specific keratins can have
significantly different functions. The four following examples illustrate this point, and the
reader is referred to recent reviews of cytokeratins for additional examples (Haines and Lane
2012; Knobel et al. 2015): (1) Deletion of keratin
10 results in hyperproliferation in the basal layer
of the epidermis, which led to an abnormal
thickening of the suprabasal layers, termed hyperkeratosis (Reichelt and Magin 2002; Muller
et al. 2006). (2) Deletion of keratin 14 results in
intercellular separation of the epidermis and
dermis at the basal layer; although desmosomal
plaques remained they were not associated with
cytokeratin filaments (Chan et al. 1994; Rugg
et al. 1994). (3) Epidermolysis bullosa simplex
is a disease that is primarily caused by a mutation in keratin 5 and 14 genes (Fine et al. 2014;
Vahidnezhad et al. 2016). The mutation is usu-

ally a dominant negative missense mutation
most frequently in the keratin 14 gene (Coulombe and Lee 2012). The result is a separation
in the skin at the dermoepidermal junction that
can lead to infection and dehydration (Garcia
Perez 1999; Kim et al. 2014). (4) Keratinocytes
in which all cytokeratins were deleted had a 60%
increase in deformability compared to normal
cells (Ramms et al. 2013; Seltmann et al. 2013).
Note that cells depleted of all keratins retained
microtubule and actin networks, and normal
appearing AJ and TJ. A normal phenotype
could be rescued by reexpression of keratins 5
and 14 (Vijayaraj et al. 2009; Ramms et al. 2013;
Seltmann et al. 2013).
The Roles of the AJ in Skin Homeostasis

The Ca2þ-dependent, transmembrane adhesion
protein E-cadherin is one of the most robustly
expressed proteins in epithelia. In the epidermis,
E-cadherin is expressed in all stratified layers and
is responsible for initiating cell – cell contacts
(Damsky et al. 1983). The contributions of Ecadherin to epidermal homeostasis are significant. Conditional knockouts of E-cadherin in
the epidermis of mice resulted in thickening of
the epidermis and defects in terminal differentiation as well as perinatal death due to improper
tight junction formation (Tinkle et al. 2004;
Tunggal et al. 2005); hyperplasia also developed
in aging keratinocytes derived from E-cadherinknockout mice. Furthermore, loss of E-cadherin
resulted in elevated levels of P-cadherin in the
basal layer of keratinocytes, and increased expression of desmosomal cadherins in suprabasal
keratinocytes; the weak compensatory function
of P-cadherin and up-regulation of desmosomes contributed to the maintenance of some
barrier function (Fig. 4B,C).
P-cadherin is expressed in the basal layer of
the epidermis (Hirai et al. 1989). Loss of P-cadherin led to hypotrichosis with juvenile macular
dystrophy (HJMD) and ectodermal dysplasia,
ectrodactyly, and macular dystrophy (EEM)
syndromes (Singh et al. 2016). Loss of P-cadherin expression in mice lacking E-cadherin had
no effect on cell proliferation (Tinkle et al.
2008), but intercellular adhesion was severely
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impaired to an extent resembling defects in acatenin-deficient skin (Vasioukhin et al. 2001a).
Loss of a-catenin expression in E-cadherin
knockout mice caused an inflammatory cell infiltrate and enhanced epidermal NFkB activation (Kobielak and Fuchs 2006; Tinkle et al.
2008).
In keratinocytes, a-catenin negatively regulates Yap1 activity by preventing its dephosphorylation (Fig. 4B). Dephosphorylated Yap1 can
enter the nucleus and activate the Hippo pathway leading to cell proliferation. a-catenin may
modulate the interaction of Yap1 with 14-3-3
protein, thereby blocking Yap1 dephosphorylation by the phosphatase PP2A (Schlegelmilch
et al. 2011). Loss of a-catenin and p120-catenin
expression in the skin led to a hyperactivation of
MAPK and NFkB signaling and hyperplasia
(Fig. 4B) (Kobielak and Fuchs 2006; Perez-Moreno et al. 2006; Vasioukhin et al. 2001a).
AJ Involved in Cell Proliferation

Cells in the epidermis are constantly turning
over, and must be replaced by cells derived
from stem-cell populations (Fuchs 2016). Within the epidermis there are two populations of
proliferative cells: committed progenitors comprising the stem cells of the stratum basale, and
transit-amplifying cells comprising slow-cycling cells that undergo terminal differentiation
after a number of cell divisions (Clayton et al.
2007; Mascre et al. 2012). Committed progenitor cells undergo asymmetric and symmetric
divisions that contribute to the maintenance
of the stratified epithelium and stem-cell populations (Lechler and Fuchs 2005). Studies of Eand P-cadherin, and b-catenin have provided
insight to the importance of the AJ in cell proliferation and differentiation.
In cultured keratinocytes, expression of a
dominant negative E-cadherin mutant lacking
the extracellular domain, which could still form
complexes with a- b- and g-catenin, decreased
the level of endogenoues cadherins and increased the level of cytosolic b-catenin (Fig.
4B) (Zhu and Watt 1996), which stimulated terminal differentiation. Normally, sequestration
of b-catenin by binding cadherins negatively
152

regulates b-catenin transcriptional activity
(Orsulic et al. 1999; Niemann et al. 2002). Excess
cytoplasmic b-catenin could be responsible for
maintaining the proliferative potential of keratinocyte stem cells (Fig. 4B) (Zhu and Watt
1999). Interestingly, conditional expression of
mutant b-catenin in the epidermis of mice resulted in the failure of stem-cell keratinocytes to
differentiate into follicular cells, but instead they
adopted an epidermal fate (Huelsken et al.
2001). Lymphoid enhancer-binding factor
(LEF), which forms a transcription complex
with b-catenin, regulates lineage differentiation
in stem cells of the skin (Fig. 4B) (Merrill et al.
2001). Blocking b-catenin signaling with an
amino-terminally truncated LEF1 caused hair
follicles to transdifferentiate into interfollicular
epidermis and sebocytes (Braun et al. 2003).
Thus the balance between sequestration and release of b-catenin from E-cadherin is important
in regulating cell proliferation and differentiation of stem cells in the skin.
Cell – Cell Junctions in Cell Migration and
Wound Healing

Keratinocyte migration in response to wounding results in reepithelialization of the tissue.
Canonically, two mechanisms—termed the
rolling and treadmilling mechanisms—may be
responsible for cell migration on wounding. The
rolling mechanism involves suprabasal keratinocytes migrating over the basal keratinocytes
and into the wound where they then dedifferentiate and form new layers (Krawczyk 1971; Paladini et al. 1996); studies in 3D keratinocyte
cultures indicate a similar process, termed the
extending shield mechanism (Safferling et al.
2013). The treadmilling mechanism involves
basal keratinocytes migrated into the wound
and then pulling the suprabasal cells behind
them until wound closure (Radice 1980; Woodley et al. 1993). Both mechanisms could also
combine to activate both basal and suprabasal
keratinocytes in response to wounding (Usui
et al. 2005; Safferling et al. 2013).
The AJ appears to play a significant role in
wound healing. E-cadherin expression decreases close to the edge of a wound, potentially
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allowing cells to lose cell– cell adhesion, migrate
and increase proliferation (Fig. 4C) (Kuwahara
et al. 2001). The transcription factor COUP-TF
interacting protein 2 (Ctip-2) is required for
migration, and down-regulation of E-cadherin
expression (Liang et al. 2012). Down-regulation
of E-cadherin could also occur in part by Src
phosphorylation of p120-catenin leading to
internalization of E-cadherin during wound
healing (Fig. 4C) (Huang et al. 2016). Also,
activation of EGFR, which can phosphorylate
the cadherin-catenin complex, disrupted junctional complexes and stimulated wound repair
(Bhora et al. 1995; Hudson and McCawley 1998;
Nanney et al. 2000; Repertinger et al. 2004). Furthermore, 48 hours after wounding EGFR activation down-regulates the expression of Dsg and
E-cadherin through Rab 11-mediated Dsg recycling and E-cadherin cleavage (Fig. 4C) (Chavez
et al. 2012).
The Hippo pathway effector proteins Taz
and Yap, which interact with ZO-2 and a-catenin (Kim et al. 2011; Schlegelmilch et al. 2011;
Silvis et al. 2011), may also play a role in cell
migration on wounding. Taz localizes to the nucleus 1 d after wound healing, whereas YAP localizes to the nucleus after 2– 7 d; knockdown
of both Yap and Taz expression resulted in a
marked decrease in wound repair (Lee et al.
2014). These studies suggest that cell–cell junctional proteins and different signaling pathways
that modify E-cadherin-mediated cell– cell adhesion are involved in inducing cell migration
and proliferation.
SIMILARITIES IN CELL – CELL JUNCTION
FUNCTIONS IN MAINTAINING
HOMEOSTASIS IN DIFFERENT EPITHELIA

Both the intestinal epithelia and epidermis cover
large surface areas of the body and have the primary role of serving as a protective barrier from
the harsh external environment. Both epithelia
are composed of biochemical and cellular barriers that exclude pathogenic microbes, while
facilitating interactions with commensal microbes, which modulate and sometimes enhance
barrier function, as in the intestinal epithelium.
Additionally, both the intestinal epithelia and

epidermis use cell – cell junctions to maintain
homeostasis through regulating cell proliferation, migration, and the structural barrier. In
general, cell – cell junctions are used in similar
ways to maintain homeostasis in the intestinal
epithelia and epidermis despite differences in
the organization of the tissues.
The primary role of both the intestinal epithelia and epidermis is to serve as a protective
barrier for the large surface area covered by each
of these tissues. The intestinal epithelium is organized as a cell monolayer that is folded on
multiple levels to maximize the surface area
for nutrient reabsorption. The epidermis, in
contrast, is organized in multiple strata of epithelial cells to withstand injury and mechanical
stress. In both tissues, the TJ is located in cells
immediately adjacent to the extracellular environment: the TJ is located at the apical region of
intestinal epithelial cells, and the canonical TJ in
the epidermis is located in the most external live
cell layer (stratum granulosum). Claudin-1 is
essential in both tissues for TJ formation and
function. However, it does appear that the role
of ZO-1 in regulating paracellular permeability
has been more extensively studied in the intestinal epithelia compared to the epidermis, in
which interactions between ZO-1 and claudins
are critical for barrier function.
In both the intestinal epithelia and the epidermis, cell – cell junctions play a role in regulating cell proliferation in stem cells in the base
of the crypt in the intestinal epithelium, and the
basal layer of the skin epidermis. Wnt and Hippo pathways are important in controlling cell
proliferation in both tissues, and both pathways
are regulated by cell – cell junctions. b-catenin
regulates cell proliferation and differentiation in
both tissues. Additionally, mutations in b-catenin that prevent its degradation by the APC
destruction complex result in cancer. YAP also
plays a role in regulating proliferation in both
tissues. Both b-catenin and YAP transcriptional
activities are also regulated in part by sequestering them at the plasma membrane in AJ and TJ
complexes.
Roles for the desmosome in the epidermis
are clear, but less so for the intestinal epithelia.
Desmosomes are responsible for maintaining
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mechanical integrity and barrier function of the
epidermis, through the accumulation of plaque
proteins and the organization of keratin intermediate filaments. Additionally, different layers
of the epidermis express different types of Dsc
and Dsg and keratins to perhaps tune the mechanical integrity of the epidermis at each layer.
In contrast, little is known about the role of
desmosomes in the intestinal epithelium as a
knockout of desmoplakin did not affect the
structural integrity of the epithelium.
Posttranslational modifications of cell–cell
junction proteins affect functions in both tissues. Tyrosine phosphorylation of specific residues of occludin in the intestinal epithelium,
for example, reduces the binding affinity to
ZO-1 and alters the membrane dynamics of
occludin resulting in increased paracellular permeability. Serine/threonine phosphorylation of
claudin results in either increased or decreased
TJ assembly depending on the claudin type. In
the epidermis, phosphorylation of desmosome
proteins directly alters desmosome organization and function. For example, phosphorylation of desmoplakin by either PKC-a or GSK3/
PRMT-1 affects desmosome assembly and
stability, and association with cytokeratin intermediate filaments, respectively.
Cell migration in the intestine epithelium
and epidermis is different, as cells move as an
intact epithelium from the crypt and to villus in
the intestine during normal cell turnover,
whereas cell migration in the epidermis occurs
in response to wounding. However, the regulation of migration in both epithelia appears to be
mediated by the expression level of cadherins.
In the intestine, cadherin mutants increased
crypt-villus migration, whereas overexpression
slowed migration. In the epidermis, down-regulation of E-cadherin occurs in keratinocytes at
the edge of a wound, perhaps to allow cell migration into the wound as well as to trigger cell
proliferation.
In summary, the intestinal epithelia and
stratified epidermis share similarities in the
requirement of cell – cell junctions to maintain
homeostasis through regulating the barrier
function, cell proliferation and cell migration.
Specific cell–cell junctions (TJs) form barriers
154

to the paracellular movement of solutes and
pathogens, as both tissues are at the interface
with the external environment. Specific cell–
cell junctions (desmosomes) also appear to be
important for maintaining the structural integrity of the tissue, particularly in the presence of
mechanical perturbations such as in the epidermis. Cell –cell junctions regulate cell proliferation by sequestering transcription factors at the
plasma membrane, and controlling their release
to the nucleus where they activate proliferation
genes. Thus, it may have been evolutionarily advantageous that cells in different tissues share the
same complement of cell– cell junctions that can
be adapted to serve diverse functions of different
tissues.
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