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Abstract

Mammalian spermatogenesis, a complex process that involves the movement of developing germ
cells across the seminiferous epithelium, entails extensive restructuring of Sertoli-Sertoli and
Sertoli—germ cell junctions. Presently, it is not entirely clear how zygotene spermatocytes gain
entry into the adluminal compartment of the seminiferous epithelium, which is sealed off from the
systemic circulation by the Sertoli cell component of the blood-testis barrier, without
compromising barrier integrity. To begin to address this question, it is critical that we first have a
good understanding of the biology and the regulation of different types of Sertoli-Sertoli and
Sertoli—germ cell junctions in the testis. Supported by recent studies in the field, we discuss how
crosstalk between different types of junctions contributes to their restructuring during germ cell
movement across the blood—testis barrier. We place special emphasis on the emerging role of
desmosome-like junctions as signal transducers during germ cell movement across the
seminiferous epithelium.
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1. Introduction

Mammalian spermatogenesis is a continuous process that involves division of type B
spermatogonia and spermatocytes (i.e., mitosis and meiosis I/11, respectively), followed by
morphogenesis of spermatids (i.e., spermiogenesis) into spermatozoa which are released into
the lumen of the seminiferous tubule (i.e., spermiation). Spermatogenesis takes place in the
seminiferous epithelium under the strict control of endocrine, paracrine, and autocrine
factors (Clermont, 1972; Parvinen, 1982). The stepwise development of spermatozoa from
spermatogonia, which takes ~54 days to complete in the rat, occurs in association with
Sertoli cells—"nurse-like” cells that are known to extend from the basal lamina to the
luminal edge and to provide nutritional and structural support to differentiating germ cells.
Moreover, spermatogenesis and germ cell development within the seminiferous epithelium
is not at all random. Instead, it is organized into unique cellular associations defined as

© 2011 Elsevier Inc. All rights reserved.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lieetal.

Page 2

stages of the seminiferous epithelial cycle (Fig. 5.1). Fourteen stages can be identified in the
rat, 12 stages in the mouse, eight stages in the dog, and six stages in the human, and each
distinct stage is denoted by a roman numeral. Throughout spermatogenesis, germ cells also
traverse the entire height of the seminiferous epithelium. As such, the development of germ
cells, the movement of these cells across the seminiferous epithelium, and the remodeling of
Sertoli-Sertoli and Sertoli—-germ cell junctions throughout spermatogenesis are synchronized
(Lie et al., 2009). Thus, it is not surprising that a compromise in any one of these critical
cellular events may result in transient or even permanent infertility.

Cell—cell interactions are essential for spermatogenesis, and several different junction types
have been described to exist between Sertoli cells, as well as between Sertoli and germ cells
(Fig. 5.2). Sertoli cell junctions form an important aspect of the blood-testis barrier (BTB)
which physically divides the seminiferous epithelium into a basal and an adluminal
compartment. The BTB is located basally within the seminiferous epithelium (i.e., above
preleptotene spermatocytes), and it is largely composed of coexisting tight junctions, basal
ectoplasmic specializations, desmosome-like junctions, and gap junctions (Fig. 5.2). The
BTB is believed to restructure transiently beginning at late stage V111 of the seminiferous
epithelial cycle to allow the passage of preleptotene/leptotene spermatocytes across the BTB
and the entry of zygotene spermatocytes into the adluminal compartment for continued
development, and recent studies have begun to pinpoint several key molecules that are
involved in BTB restructuring and germ cell movement. However, the type of adhesive
junction present between Sertoli and germ cells depends on the developmental stage of the
germ cell: desmosome-like junctions exist between Sertoli cells and pre-step 8 germ cells,
whereas apical ectoplasmic specializations exist between Sertoli cells and step 8/post-step 8
spermatids (Fig. 5.2).

In this chapter, we will focus on the biology of desmosome-like junctions in germ cell
movement and spermatogenesis. As mentioned above, desmosome-like junctions are present
at the BTB and at the Sertoli cell-pre-step 8 germ cell (i.e., spermatogonia, spermatocytes,
and round spermatids) interface. At both sites, their morphology is not characteristic of
mature desmosomes such as those found in stress-bearing tissues (hence the name
“desmosome-like”; alternatively, they can be defined as “desmosome-gap”), but
characteristic of wound-edge desmosomes which exhibit considerably less adhesive
strength, suggesting that desmosome-like junctions may have an unconventional function in
the testis (Russell, 1977a). For instance, two recent reports have described crosstalk between
proteins at the desmosome and proteins at the tight junction or gap junction (L.i et al., 2009;
Lie et al., 2010), and these reports essentially showed that desmosome-like junctions—in
addition to conferring adhesion—can also function as a platform for signal transduction. As
the basis of our review, we will first summarize what is known about the structure, function,
and regulation of conventional desmosomes. Next, we will examine point-by-point how
desmosome-like junctions found in the seminiferous epithelium are different from
conventional desmosomes found in other epithelia, followed by a general update of cell
junction dynamics in the testis. Finally, we will discuss how crosstalk among desmosome-
like junctions, tight junctions, ectoplasmic specializations, and gap junctions facilitates the
movement of preleptotene/leptotene spermatocytes across the BTB from stages VIII to X1 of
the seminiferous epithelial cycle.
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2. Structure, Function, and Regulation of Conventional Desmosomes

Desmosomes are intermediate filament-based junctions known to confer robust cell-cell
adhesion. They are particularly prominent in tissues subjected to enormous mechanical
stress such as the heart and skin, but their presence in other organs has also been reported
(Delva et al., 2009; Garrod and Kimura, 2008; Green and Gaudry, 2000; Green and
Simpson, 2007; Stokes, 2007). By electron microscopy, desmosomes are easily identifiable
as a pair of electron dense plaques with each plaque lying adjacent to the plasma membrane
and an intermediate dense line marking the extracellular space. Desmosomal adhesion
between adjacent epithelial cells is mediated by trans-interactions of single-pass
transmembrane proteins known as the desmosomal cadherins (i.e., desmogleins and
desmocollins). The cytoplasmic tails of desmosomal cadherins are then tethered to
intermediate filaments via proteins from the armadillo (i.e., plakoglobin and plakophilin)
and plakin (i.e., desmoplakin, periplakin, and envoplakin) families. Together, proteins from
these three families assemble a functional desmosome (Table 5.1; Fig. 5.3). It is also
important to note that the basic architecture of the desmosome closely resembles that of the
adherens junction, an actin-based cell-cell junction. In the following sections, we will
discuss the molecular components (Section 2.1), unique structural features (Section 2.2),
regulation (Section 2.3), and signaling role (Section 2.4) of desmosomes.

2.1. Molecular components of desmosomes

Members of the three desmosomal protein families (i.e., desmosomal cadherins, armadillo
proteins, and plakins) exhibit variable and unique tissue expression patterns. For instance,
desmoglein-1 and desmocollin-1 are expressed abundantly in the superficial differentiated
layers of the epidermis, whereas desmoglein-3 and desmocollin-3 are expressed mainly in
the basal layer (Green and Simpson, 2007). As for the seminiferous epithelium in the testis,
constitutive desmosomal proteins such as desmoglein-2, plakoglobin, and plakophilin-2 are
expressed by both Sertoli and germ cells (Li et al., 2009; Lie et al., 2010; Section 3). In
addition to the three desmosomal protein families, we will also briefly discuss intermediate
filaments.

2.1.1. Desmosomal cadherins—The cadherin superfamily is composed of type | and Il
cadherins, desmosomal cadherins, protocadherins, atypical cadherins, and large cadherins
(Halbleib and Nelson, 2006; Shapiro and Weis, 2009). Type | cadherins (i.e., E-, N-, P-, and
R-cadherins)—the classic cadherins—are well-studied transmembrane proteins that promote
Ca?*-dependent cell—cell adhesion via cis- (i.e., homodimerization of cadherins on the same
cell) and trans- (i.e., homodimerization of cadherins on opposing cells) interactions.
Relatively less is known about type Il cadherins (i.e., cadherins 5-12), except that they
appear to be structurally related to type | cadherins. The desmosomal cadherin family
includes desmogleins-1 to -4 and desmocollins-1 to -3, and both desmogleins and
desmocollins are critical for desmosome function. Each desmocollin gene can also give rise
to variants (i.e., a and b forms) which are the result of differential splicing. Moreover,
desmosomal cadherins are closely related in both structure and function to classic cadherins.
For example, desmosomal cadherins possess five N-terminally located extracellular cadherin
repeats (i.e., EC1 to 5; EC1 is membrane distal, and EC5 is membrane proximal) that are
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linked together by Ca2*-binding sites similar to classic cadherins. CaZ* binding (the
concentration of CaZ* in the extracellular milieu is in the millimolar range) is critical for cell
adhesion, as it rigidifies the connection between cadherin repeats, resulting in a curved and
rod-like ectodomain (Holthofer et al., 2007; Shapiro and Weis, 2009; Fig. 5.3). The accepted
idea is that cell—cell adhesion is mediated by two trans-interacting EC1 domains, one from
each cadherin molecule (Boggon et al., 2002). While Ca2* binding is critical for cadherin
function per se, mature desmosomes are in fact Ca2* independent (i.e., they are resistant to
disruption by divalent cation chelation; Garrod et al., 2005). Therefore, conventional
desmosomes are defined as hyperadhesive, which essentially means that these structures are
capable of facilitating strong adhesion (Garrod and Kimura, 2008; Section 2.2). Because of
structural and functional homologies between classic and desmosomal cadherins, the
following sections will also include discussions on classic cadherins when applicable.

Presently, it is not entirely clear whether stable desmosomal adhesion is mediated by
homophilic or heterophilic interactions, or whether they involve a combination of both types
of interactions. To better understand interactions between different desmosomal cadherin
ectodomains, Waschke and colleagues performed a series of in vitro experiments at the
molecular biology level. These studies utilized atomic force microscopy to examine the
adhesive force between two interacting desmosomal cadherin molecules. It was shown that
desmogleins-1 (Waschke et al., 2005) and -3 (Heupel et al., 2008) were each capable of
mediating homophilic trans-interactions. In addition, a heterophilic interaction between
desmoglein-1 and desmocollin-3 was noted (Spindler et al., 2009). These results were
expanded at the cellular level by an in vitro adhesive force assay (i.e., laser tweezer
trapping) in which microbeads coated with a desmosomal cadherin were seeded atop
keratinocytes, followed by application of a laser beam to displace microbeads. In this
experiment, specific interactions between desmoglein-1-desmoglein-1, desmoglein-3—
desmoglein-3, and desmoglein-1-desmocollin-3 were demonstrated when deadhesion was
induced by pemphigus (an autoimmune disease that causes skin and mucosa to blister)
autoantibodies (Heupel et al., 2008; Spindler et al., 2009; Waschke et al., 2005). In other
studies, aggregation assays were used to better understand trans-interactions in cells
expressing desmosomal cadherins. For instance, cells expressing desmoglein-1 and
desmocollin-2a failed to aggregate (Kowalczyk et al., 1996), whereas those expressing
desmoglein-3 only aggregated weakly (Amagai et al., 1994). Furthermore, overexpression of
desmocollin-1a in desmoglein-2-expressing cells caused the latter protein to transit from the
cytoplasm to the cell surface, demonstrating that desmoglein-2 can be recruited to the
plasma membrane by desmocollin-1a. However, the nature of their interaction (i.e., cisor
trans) was not defined (Chitaev and Troyanovsky, 1997).

By far, the best approach used to investigate how cadherin molecules interact is to visualize
their three-dimensional structures. To date, the ectodomains (either partial or full) of several
classic cadherins have been studied by X-ray crystallography, but some of these results
remain mootable (Al-Amoudi and Frangakis, 2008). At present, the structure of the C-
cadherin (a maternally encoded cadherin found in Xenopus laevis cleavage-stage embryos
and oocytes; Choi et al., 1990; Ginsberg et al., 1991; Levine et al., 1994) ectodomain
obtained by X-ray crystallography at 0.31-nm resolution reveals that it assumes a curved
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conformation and that trans-interacting cadherin molecules engage in symmetrical strand
swap (Boggon et al., 2002). This means that in the presence of Ca2*, two cadherin
monomers present on opposing plasma membranes swap their EC1 N-terminal $-strands,
thereby resulting in trans-dimer formation. Adhesion is stabilized by a conserved tryptophan
side chain (Trp?) that is inserted into the hydrophobic pocket in the other molecule (Boggon
et al., 2002; Fig. 5.3). While strand swapping appears to be characteristic of classic
cadherins, it is probably also used by desmosomal cadherins (Posy et al., 2008; Shapiro and
Weis, 2009). However, in the absence of Ca2*, cadherin molecules interact with each other
in cis, instead of in trans. Regardless, cis-dimers utilize the same strand swapping
mechanism as trans-dimers to mediate adhesion through their N-terminal ends
(Troyanovsky et al., 2003). Moreover, the flexibility of the linker regions when Ca2* is
depleted is likely to be an important factor as well (Pokutta et al., 1994). While cis dimer
formation induced by Ca2*-depletion has little significance in vivo because Ca2* can only be
depleted under experimental in vitro conditions, desmosomal cadherins are hypothesized to
participate in lateral cis-interactions in vivo under a back-to-back arrangement, and this may
be important for the tight arrangement of cadherins which is needed for robust cell adhesion
(Garrod and Chidgey, 2008; Section 2.2).

The next questions we ask are: how are cadherin molecules arranged laterally within the
plasma membrane of one cell, and how does this arrangement contribute to desmosomal
adhesion? Based on the three--dimensional visualization of the C-cadherin ectodomain,
cadherin molecules within the plasma membrane of one cell are arranged back-to-back at
regular intervals, and they interact with each other in cis (Boggon et al., 2002). The
combination of cis-interactions within one cell with trans-interactions between two
opposing cells results in a lattice which is somewhat similar to a stack of zippers arranged in
parallel at the cell—cell interface (Boggon et al., 2002). Interestingly, when homology
models for desmoglein-2 and desmocollin-2 were generated using the C-cadherin crystal
structure as a template, it was shown that the three-dimensional arrangement of desmosomal
cadherins also generated a similar lattice (Garrod et al., 2005). As such, this arrangement of
desmosomal cadherins is believed to confer hyperadhesion in desmosomes (Section 2.2). It
is hoped that studies in the future make available the crystal structures of desmosomal
cadherins so that these hypothetical models can be validated.

On a final note relating to desmosomal cadherin distribution, useful information has also
been obtained from cryoelectron tomography experiments which helped to define the
arrangement of desmosomal cadherin molecules within desmosomes in situ. Desmosomes
visualized in close-to-native conditions using vitreous sections of human epidermis
displayed a regular but periodic arrangement of cadherin molecules along the midline (Al-
Amoudi et al., 2004, 2007). In contrast, when freeze-substituted resin-embedded sections of
newborn mouse epidermis were used, an irregular arrangement of desmosomal cadherin
molecules was observed with clustering of their N-terminal ends (He et al., 2003). Owen et
al. (2008) sought to settle this discrepancy in data by using the same tissue but processing it
in two different ways. Tomographic slices were obtained from both frozen and freeze-
substituted sections of cow snout epidermis. In both cases, desmosomes exhibited irregular
midlines in the extracellular space, illustrating that discrete groups of molecules are present
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rather than a uniform arrangement (Owen et al., 2008). At this point, additional studies using
a higher resolution are needed to further reconcile these conflicting observations.

2.1.2. Armadillo proteins—Proteins from the armadillo family that constitute the
desmosome include plakoglobin and members of the p120 catenin subfamily, namely
plakophilins-1 to -3 (Delva et al., 2009; Green and Gaudry, 2000; Green and Simpson,
2007). Another member of the p120 catenin subfamily, p0071 (also known as
plakophilin-4), has also been hypothesized to be a component of both desmosomes and
adherens junctions (Hatzfeld and Nachtsheim, 1996; Hatzfeld et al., 2003). However, its
presence at the desmosome is somewhat arguable at this point (Hatzfeld, 2007; Hofmann et
al., 2008, 2009). Thus, this protein will not be discussed any further. Armadillo proteins are
unique because they are characterized by a series of armadillo repeats which are flanked by
N-terminal head and C-terminal tail domains. These proteins display variable tissue
expression patterns, and they localize to desmosomes, as well as to nuclei. Therefore, they
are defined as multifunctional scaffolding proteins with dual roles in cell adhesion and
signal transduction (Bass-Zubek et al., 2009; Hatzfeld, 2007; Schmidt and Jager, 2005).

2.1.2.1. Plakoglobin: Plakoglobin (also known as y-catenin) is an adaptor protein found in
both desmosomes and adherens junctions, and it also localizes to nuclei in various cells
(Delva et al., 2009; Green and Gaudry, 2000). Proteins that interact with plakoglobin include
classic and desmosomal cadherins, a-catenin, plakophilins, and desmoplakin (Choi et al.,
2009; Hatzfeld, 2007). Plakoglobin is critical for the early stages of desmosomal assembly.
For example, in keratinocytes isolated from plakoglobin knockout mice, the incorporation of
desmosomal proteins such as desmogleins-1 and -2 into the plasma membrane was impaired
(Yin et al., 2005a). This phenotype, which could not be rescued by B-catenin, was reversed
by the reexpression of plakoglobin. In another related study published by a separate group of
investigators, keratinocytes from plakoglobin knockout mice were still capable of clustering
desmosomal cadherins on the cell surface and forming desmosome-like junctions, except
that in this case -catenin appeared to compensate for the loss in plakoglobin. However, p-
catenin still failed to recruit sufficient amounts of plakophilin-1 and desmoplakin to
desmosomes, thereby resulting in thin and sparse cytoplasmic plaques that were weakly
connected to intermediate filaments (Acehan et al., 2008). Moreover, during Ca2*-induced
junction assembly, plakoglobin was found to first associate with desmocollin-3, which
preceded binding of desmocollin-3 to desmoglein-3 (Aoyama et al., 2009). These studies
exemplify the important role of plakoglobin in recruiting desmosomal components to the
desmosome which are needed for junction assembly.

Desmosomal cadherins are known to bind to plakoglobin’s armadillo domain, and they
generally do not bind to B-catenin (Choi et al., 2009). Thus, plakoglobin is thought to be
largely responsible for the vertical linkage of desmosomal cadherins to desmoplakin, in
contrast to plakophilin which facilitates lateral linkage between desmoplakins (Hatzfeld,
2007; Kowlczyk et al., 1999; Section 2.1.2.2). Plakoglobin is also an important regulator of
cell adhesion and motility. For instance, the adhesive strength of desmosomes was shown to
be downregulated by phosphorylation of plakoglobin following activation of the epidermal
growth factor receptor (EGFR). This resulted in the dissociation of desmoplakin, which is an
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important prerequisite for cell movement during wound healing (Yin et al., 2005a). Finally,
plakoglobin also plays an important role in several signaling cascades during the processes
of cell motility, cell proliferation, and apoptosis, as well as in the pathogenesis of pemphigus
vulgaris (de Bruin et al., 2007; Yin et al., 2005b; Section 2.3). All these processes involve
the interaction of cytoplasmic plakoglobin with various kinases and the inhibition of Wnt—§3-
catenin signaling by nuclear plakoglobin (Garcia-Gras et al., 2006).

2.1.2.2. Plakophilins: Plakophilins-1 to -3 have been shown to localize to the nuclei of
various cells irrespective of the presence of desmosomes, but their incorporation into these
structures was found to be tissue specific (Bass-Zubek et al., 2009; Hatzfeld, 2007; Schmidt
and Jager, 2005). For instance, plakophilin-1 is expressed predominantly in the
differentiated layers of the epidermis (Bass-Zubek et al., 2009), whereas plakophilin-2 is
found in desmosomes in almost all desmosome-bearing cells, including those in simple
epithelia (e.g., colon) and the proliferating layer of complex epithelia, as well as in
nonepithelial cells such as cardiomyocytes (Bass-Zubek et al., 2009). Finally, plakophilin-3
is found in desmosomes of both simple and complex epithelia (Bonne et al., 1999). The
functional significance of plakophilin in the structural integrity of desmosomes is
demonstrated by several human diseases. For instance, mutations in plakophilin-1 result in
ectodermal dysplasia/skin fragility syndrome (McGrath et al., 1997), whereas mutations in
plakophilin-2 associate with arrhythmogenic right ventricular cardiomyopathy (Gerull et al.,
2004).

Coimmunoprecipitation, in vitro binding assays, and yeast two-hybrid systems have been
used to identify plakophilin-interacting proteins. Plakophilins are unique in that they bind to
almost all other proteins within the desmosome, including desmosomal cadherins,
plakoglobin, desmoplakin, and intermediate filament proteins (Bonne et al., 2003; Chen et
al., 2002; Hatzfeld et al., 2000; Hofmann et al., 2000; Kowlczyk et al., 1999). However,
intermediate filaments do not appear to be decorated by plakophilins in vivo (Hofmann et
al., 2000). Plakophilin-2 also binds to the adherens junction adaptors p-catenin (Chen et al.,
2002) and aT-catenin (Goossens et al., 2007). In essence, this broad myriad of interacting
proteins enables plakophilins to function as important hubs within desmosomes by
stabilizing other desmosomal components at the cell-cell interface (Hatzfeld et al., 2000;
Kowlczyk et al., 1999).

The interaction between plakophilins and desmoplakin is of particular importance because
the plakophilin head domain contains at least two desmoplakin-binding sites (Bonne et al.,
2003). This is thought to confer lateral linkage between individual desmoplakin molecules,
which are multidomain proteins that tether the whole desmosome to the intermediate
filament network. Indeed, plakophilin-1-deficient keratinocytes formed fewer Ca2*-
independent desmosomes (South et al., 2003), a cellular phenomenon that requires a tight
array of desmosomal proteins (Garrod and Kimura, 2008). A downregulation of plakophilin
also resulted in the dissociation of desmoplakin and in the disassembly of the junctional
complex (Grossmann et al., 2004; Pieperhoff et al., 2008). Furthermore, plakophilin-1 is
known to compete with plakoglobin for desmoplakin binding. Interestingly, both armadillo
proteins are required for the clustering of desmosomal components into punctate structures,
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which otherwise would display a continuous distribution along the cell surface and possibly
abrogate robust desmosomal adhesion (Bornslaeger et al., 2000).

As versatile adaptors with several binding partners, it is not surprising that plakophilins also
interact with the actin cytoskeleton, as well as with the actin-based adherens junction.
Plakophilin-1 binds to actin filaments via its armadillo domain, which is different from the
domain required for desmoplakin interaction (i.e., the N-terminal head domain; Hatzfeld et
al., 2000). Moreover, decoration of actin filaments by plakophilin-1 has been observed in
both normal and overexpressed cells, and the upregulation of plakophilin-1 induced the
formation of actin-containing structures such as filopodia and cell protrusions (Hatzfeld et
al., 2000). As mentioned above, plakophilin-2 also binds to a T-catenin in the area
composita, a specialized junction found at intercalated disks in the heart that contains both
adherens junction and desmosome components (Goossens et al., 2007). This interaction may
strengthen cell—cell adhesion by providing the actin-based cadherin—catenin complex with
an additional opportunity to link to the intermediate filament network. It is also worth noting
that plakophilin-2 interacts with noncadherin-bound B-catenin and promotes -catenin—T cell
factor (TCF) signaling (Chen et al., 2002).

Plakophilins also localize to cell nuclei, but their exact roles within this structure have yet to
be defined. One study showed that plakophilin-2 was present in nuclear particles containing
the largest subunit of RNA polymerase I11 and that it was also found in the holoenzyme
(Mertens et al., 2001). RNA polymerase 11 is responsible for the transcription of rRNA and
tRNA, which may explain in part the constitutive nuclear localization of plakophilin-2. This
is in contrast to the transient nuclear localization of another armadillo protein, B-catenin,
which is imported to the nucleus only upon the induction of Wnt signaling that activates the
transcription of Wnt target genes (Clevers, 2006). Also, recent studies have suggested a role
for plakophilins in translation. Plakophilin-3 was detected in cytoplasmic particles
containing poly (A)-binding, fragile-X-related, and ras-GAP-SH3-binding proteins, all of
which are RNA-binding proteins. When cells were exposed to stress, these proteins together
with plakophilin-1 or -3 were found within stress granules that are known to accumulate
stalled translational initiation complexes (Hofmann et al., 2006). In addition, plakophilin-1
was shown to associate with eukaryotic translation initiation factor 4A1 (elF4Al), and
plakophilin-1 overexpression enhanced its translational activity by promoting adenosine
triphosphatase activity (Wolf et al., 2010). Taken collectively, these findings show the
involvement of plakophilins in translation.

2.1.3. Plakins—Plakins are large multidomain proteins that link junction proteins to the
cytoskeleton. They comprise an N-terminal plakin domain for binding adaptor proteins, a
central coiled-coil domain for dimerization and several C-terminal plakin repeat domains for
intermediate filament binding. The plakin repeat domain comprises a series of plakin repeat
maotifs that are characteristic of this family (Jefferson et al., 2004; Leung et al., 2002;
Sonnenerg and Liem, 2007). In addition to this basic structure, nondesmosomal plakins can
also contain an actin-binding domain, spectrin repeats, and a Gas-2-related domain for
microtubule binding, which enable plakins to mediate crosstalk between cytoskeletal
networks. Similar to members of the armadillo protein family, plakins are involved in both
cell adhesion and signaling. For instance, as a constitutive component of the desmosome,

Int Rev Cell Mol Biol. Author manuscript; available in PMC 2015 April 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lieetal.

Page 9

desmoplakin is needed for the late stages of desmosomal assembly. Moreover, desmoplakin
is downregulated during wound healing and morphogenesis, which destabilizes
desmosomes. Interestingly, this is mediated by the proteolytic action of caspases (Aho,
2004). Plakins are also known to participate in important signaling pathways by acting as
platforms for kinase activity (van den Heuvel et al., 2002; Sections 2.3 and 2.4).

To date, desmoplakin, periplakin, and envoplakin have been reported to localize to
desmosomes, plectin, and bullous pemphigoid antigen 1 (BPAG-1) to associate with
hemidesmosomes and microtubule actin cross-linking factor (MACF) to associate with focal
adhesions. However, the localization of epiplakin is presently unclear (Jefferson et al., 2004;
Leung et al., 2002; Sonnenerg and Liem, 2007). Desmoplakin is a putative constituent of the
desmosomal plaque and is found in all epithelia and in cardiomyocytes, while periplakin and
envoplakin are found in complex epithelia but not in simple epithelia and nonepithelial cells
such as cardiomyocytes.

The function of desmoplakin is to tether cytoplasmic plaque proteins (e.g., plakoglobin) and
the cytoplasmic tails of desmosomal cadherins to intermediate filaments. As mentioned
above, individual desmoplakin molecules are linked laterally by plakophilins (Leung et al.,
2002). To investigate the role of desmoplakin in desmosomal assembly, Godsel et al. (2005)
studied the dynamics of desmoplakin incorporation by visualizing desmoplakin tagged to
green fluorescent protein using time lapse imaging. Their findings demonstrated that
desmoplakin binding to intermediate filaments was not required for the early stages of
desmosomal assembly. Specifically, it was reported that desmoplakin was incorporated into
discrete puncta in a de novo manner, followed by their aggregation. Thereafter, cytoplasmic
particles containing desmoplakin, as well as plakophilin-2, were visible, and these were
shuttled toward the cell surface via the actin network. In cells expressing desmoplakin with a
deleted plakin repeat domain, which affected binding to intermediate filaments, the
translocation of cytoplasmic particles to the plasma membrane was interrupted at first but
was then restored to normal. Conversely, phosphorylation-deficient desmoplakins, which
showed an increase in intermediate filament binding, were somewhat delayed in their
recruitment to the cell surface (Godsel et al., 2005), illustrating that premature binding to
intermediate filaments can affect the assembly of desmosomes.

Another study reported similar findings when desmosome-like junctions were formed in
keratinocytes from epidermis-specific desmoplakin knockout mice. In this case,
desmosomes were improperly connected to intermediate filaments, lacked the inner dense
plaque, and associated with few desmosomal cadherins and plaque proteins (Vasioukhin et
al., 2001). This scenario was equivalent to an early stage of normal desmosome assembly
during which time cadherin engagement and recruitment of adaptors occurs but not the
attachment of plaque proteins to intermediate filaments. Progression through this stage
would require desmoplakin-mediated binding to intermediate filaments, as reflected by the
formation of partial desmosomes in desmoplakin-null keratinocytes. Furthermore, these cells
were incapable of forming an epithelium because adherens junction assembly was halted
after the engagement of E-cadherin at cell—cell contacts. The formation of adhesion zippers
and actin organization was also adversely affected (Vasioukhin et al., 2001). In essence,
these studies emphasize the requirement of desmoplakin for intermediate filament linkage

Int Rev Cell Mol Biol. Author manuscript; available in PMC 2015 April 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lieetal.

Page 10

which completes desmosome assembly, as well as the critical role of desmosomes in
stabilizing adherens junctions by acting as spot welds to hold apposing membranes together.
This facilitates remodeling of the actin cytoskeleton and the sealing of membranes via the
formation of mature adherens junctions (i.e., the adhesion belt).

2.1.4. Intermediate filaments—To conclude this section on desmosomal proteins, we
include a brief discussion on intermediate filaments. In the cytoplasm, intermediate
filaments extend from the perinuclear region to the cell periphery where they link to cell
junctions, namely desmosomes and hemidesmosomes. Intermediate filaments are
filamentous hetero- or homopolymers, and they do not exhibit polarity, a characteristic of
actin microfilaments and microtubules. This is because intermediate filament protein dimers
are arranged in antiparallel (Herrmann et al., 2007, 2009; Kim and Coulombe, 2007).
Intermediate filaments belong to a large family of proteins comprising ~70 genes in the
human which exhibit tissue-specific expression, and they are categorized into five subtypes
(Herrmann et al., 2007). For instance, keratins belong to subtypes 1 and 2, but vimentin
belongs to subtype 3. Keratins are generally expressed by epithelial cells, whereas vimentin
is generally expressed by mesenchymal cells (Eriksson et al., 2009; Kim and Coulombe,
2007). In this regard, it is worth noting that Sertoli cells in the seminiferous epithelium are
an exception to this rule: Sertoli cell intermediate filaments comprise vimentin, while
keratins are only expressed during their development (Vogl et al., 2008).

2.2. Unique features of desmosomes

2.2.1. Ca?* independence—Ca?* independence is a unique characteristic of mature
desmosomes, and this feature is not shared by other types of junctions such as adherens and
tight junctions (Garrod and Kimura, 2008). Ca2* dependence is an inherent characteristic of
cadherin molecules because their rod-like conformation can only be maintained when Ca%*
ions are bound to their CaZ* binding sites at linker regions (Leckband and Prakasam, 2006).
This conformation favors trans-dimer formation between opposing cell surfaces to confer
cellcell adhesion. Otherwise, CaZ*-free cadherin molecules would become flexible. This
relaxed conformation favors the formation of cis- instead of trans-dimers (Troyanovsky et
al., 2003). The mechanism of Ca2* independence was revealed by structural information
relating to the cadherin ectodomain. As discussed previously, a homology model of the
desmocollin-2 ectodomain structure was obtained (Garrod et al., 2005) by using the C-
cadherin crystal structure as a template (Boggon et al., 2002). From this model, the three-
dimensional packing of the desmocollin-2 ectodomain resulted in rows of back-to-back cis-
interacting desmosomal cadherin molecules distributed at regular intervals on each cell
surface. Within this arrangement, the Ca%*-binding site present between EC2 and EC3 on
one cadherin molecule was protected by a small $-helix found in EC1 from the neighboring
cadherin molecule, thereby trapping the bound Ca2* ions even in a low Ca2* environment
(Garrod et al., 2005). Nevertheless, Ca2* independence per se s only the end product of this
tight cadherin arrangement, and this property has no relevance in vivo because a Ca2*-
depleted environment can only be created in vitro. Hyperadhesion, however, is the endpoint
of the compact arrangement of cadherins (Section 2.2.2), and it can only be attained by
mature desmosomes which are also Ca2* independent. Thus, Ca?* independence can be a
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useful tool to experimentally study the adhesive status of desmosomes (Garrod and Kimura,
2008).

2.2.2. Hyperadhesion—It is hypothesized that hyperadhesion (and thus Ca2*
independence) is a characteristic of mature desmosomes in vivo such as those found in the
epidermis and heart, thus enabling desmosomes in these tissues to endure great physical
stress (Garrod et al., 2005). Mature desmosomes are typified by a dense midline in the
extracellular space, indicative of the regular arrangement of tightly packed cadherin
molecules. During morphogenesis and wound healing, desmosomal adhesion is
downregulated by intracellular signals to allow cell motility, giving rise to desmosomal
plaques with no discernable midlines due to the irregular arrangement of cadherin
molecules. However, both halves of the desmosome were still attached. The connection
between hyperadhesion and Ca2* independence was demonstrated by Garrod et al. (2005).
Mature desmosomes in the epidermis in vivo were resistant to disruption after prolonged
exposure to low-Ca2* medium, while wound-edge desmosomes split into two halves.
Interestingly, wound-edge desmosomes associated with protein kinase C (PKC)-a,
suggesting that PKC-a-mediated inside—out signals downregulate desmosomal adhesion
(Garrod et al., 2005). Epithelial cells cultured at high density in vitro could also attain Ca%*
independence over time after reaching confluency. The adhesive strength of desmosomes
before and after the acquisition of Ca?* independence was experimentally determined by an
adhesion assay using intact cell sheets (Kimura et al., 2007). Indeed, when HaCaT cell
sheets cultured for 2 days were subjected to rotational shear force, sheets were fragmented
into several more pieces, as compared to cell sheets cultured for 6 days which had acquired
Ca?* independence (Kimura et al., 2007). This validated the association between adhesive
strength and Ca2* dependence. Furthermore, in agreement with in vivo findings, the use of a
PKC-a/B inhibitor or PKC-a antisense oligonucleotides could rapidly reverse desmosomes
to the Ca2*-independent state without affecting the levels of desmosomal proteins, which is
an extremely useful method for manipulating desmosomal adhesion (Kimura et al., 2007;
Wallis et al., 2000).

Hyperadhesion not only strengthens cell—cell adhesion in stress-bearing tissues but has also
recently been shown to attenuate the disruptive effects of pemphigus vulgaris serum (Cirillo
et al., 2010). When keratinocytes were treated with the PKC-a/p inhibitor Go6976, a
hyperadhesive state was rapidly induced. Interestingly, subsequent exposure of treated cells
to pemphigus vulgaris serum resulted in significantly less cell-cell detachment then in non-
Go06976-treated cells. It was proposed that the compact cadherin arrangement in
hyperadhesive desmosomes helped to protect the epitopes from being targeted by
autoantibodies, thereby attenuating their disruptive effects. To investigate whether
hyperadhesion is solely responsible for this protective effect, the authors prevented
hyperadhesion by pretreating cells with blocking peptides of cadherin adhesion recognition
sites. In this case, the PKC inhibitor could still partially attenuate the effects of the
autoantibodies, illustrating that other aspects were also responsible for the pathogenesis of
pemphigus vulgaris (Cirillo et al., 2010). These results illustrate that the maintenance of
hyperadhesion can provide new insights into the treatment of pemphigus vulgaris.
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2.3. Regulation of desmosomal adhesion

Desmosome function is under strict regulation by multiple factors. For instance,
desmosomal adhesion can be downregulated at the wound edge during healing to prepare
cells for migration. Desmosomal adhesion is also regulated by numerous signaling cascades
that involve kinases and proteases, and many of these molecules are known to directly
interact with desmosomal plaque proteins. Cirillo and colleagues compiled interactions
between desmosomal and cellular proteins in keratinocytes by a systems biology approach,
and classified these interactions into six functional subnets (Cirillo and Prime, 2009). Apart
from membrane proteins, adaptors, and cytoskeletal proteins, the three main types of
proteins that desmosomal proteins are known to interact with are kinases, phosphatases, and
proteases, illustrating that desmosome function is regulated by these protein families. For
example, phosphorylation of cytoplasmic plaque proteins by kinases was shown to introduce
negative charges on the former. These proteins then repelled each other, thereby perturbing
adhesive strength (Garrod and Chidgey, 2008). Indeed, there are other important examples
in which kinases were able to downregulate desmosomal adhesion, and these are discussed
in Section 2.3.1.

2.3.1. Regulation by kinases

2.3.1.1. PKC: PKC-mediated downregulation of desmosomal adhesion and its reversion to
Ca?* dependence were discussed previously, and readers are asked to refer to Section 2.2.2.
After treating urinary bladder carcinoma cells with the PKC-a/p inhibitor Go6976, cell
adhesion was shown to be strengthened. Interestingly, this was accompanied by an increase
in the number of desmoplakin-positive spot welds at the cell—cell interface (Koivunen et al.,
2004), findings which may suggest that more desmoplakin molecules were recruited to
desmosomes or that the actual number of desmosomes increased. Since these effects—
which appeared to be specific to desmosomes—were not affected by the actin disruptor
cytochalasin-D, it was concluded that PKC regulates desmosomes (Koivunen et al., 2004).
On the contrary, desmoplakin failed to be recruited to desmosomes when it was not
phosphorylated by PKC-a (Bass-Zubek et al., 2008). Moreover, in SCC-9 and A431
epithelial cell lines, desmoplakin recruitment required the formation of a multiprotein
complex comprising plakophilin-2, desmoplakin, and PKC-a. The disruption of this
multiprotein complex by plakophilin-2 silencing rendered desmoplakin less phosphorylated
which then associated with the intermediate filament network (Bass-Zubek et al., 2008).

2.3.1.2. Src: Like many adherens and tight junction proteins, desmosomal proteins can also
be regulated by Src. Remarkably, phosphorylation of plakoglobin by Src appears to elicit
opposite effects in adherens junctions and in desmosomes. When plakoglobin was
phosphorylated on Tyr-643 (equivalent to Tyr-654 on B-catenin), its association with E-
cadherin and a-catenin decreased, whereas its association with desmoplakin increased
(Miravet et al., 2003). The role of Src in the regulation of desmosomes was also illustrated
by the pathogenesis of the autoimmune disease pemphigus vulgaris (Miravet et al., 2003).
Exposure of keratinocytes to desmosomal protein autoantibodies led to the activation of Src
which peaked at ~30 min, followed by the activation of EGFR and p38 mitogen-activating
protein kinase (MAPK). Contrary to the hypothesis that acantholysis (the loss of adhesion
between keratinocytes) is induced by antidesmoglein-1 or -3 antibodies, these investigators
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demonstrated that these proteins were not involved in the initial events of deadhesion.
Instead, they showed that cell—cell detachment was triggered by nondesmoglein antibodies,
eliciting a signaling cascade involving Src, which downregulated desmosomal adhesion via
inside—out signaling (Miravet et al., 2003).

2.3.1.3. EGFR: In squamous cell carcinoma cells cultured in low Ca?* medium which only
permitted the formation of E-cadherin-based adhesion, the inhibition of EGFR resulted in a
shift from a fibroblastic to a more epithelial cell phenotype resulting from an induction of
desmosomal assembly (Lorch et al., 2004). This was demonstrated by the expression and
recruitment of desmoglein-2 and desmocollin-2 to the cell surface, a decrease in the
phosphorylation of desmoglein-2 and plakoglobin, and an increase in desmoglein-2 and
desmoplakin in the triton-insoluble fraction. These effects were specific to desmosomes
because EGFR activation affected neither the phosphorylation states nor the localization of
E-cadherin and p-catenin (Lorch et al., 2004).

2.3.2. Regulation by proteases

2.3.2.1. Caspases. Caspases are a family of cysteine proteases that serve as primary
effectors during apoptosis to proteolytically dismantle most cellular structures, including the
cytoskeleton, cell junctions, mitochondria, endoplasmic reticulum, Golgi, and the nucleus
(Taylor et al., 2008). They exist as inactive zymogens in normal cells, but they are rapidly
processed into active proteases in response to apoptotic signals. The initial activation of
major caspases such as caspases 3 and 7 leads to the activation of another set of caspases,
which in turn activate more caspases in this cascade. Together, they mediate proteolysis of
cellular proteins (Taylor et al., 2008). Many desmosomal proteins are targets of caspases
during apoptosis, including desmogleins-1 to -3 (Cirillo et al., 2008; Nava et al., 2007;
Weiske et al., 2001), plakoglobin (Weiske et al., 2001), plakophilin-1 (Weiske et al., 2001),
and desmoplakin (Aho, 2004; Nava et al., 2007; Weiske et al., 2001). Cleavage of these
proteins produces two or more intracellular and extracellular fragments, which are then
further processed into smaller fragments and internalized from the cell surface, resulting in
the disintegration of desmosomal structure. These cleaved proteins can have biological
activity, and they appear to be required for the propagation of apoptotic signals, illustrating
that desmosomal proteolysis plays a role in the regulation of pathogenesis and normal
development (Section 2.4.4).

2.3.2.2. Matrix metalloproteases and ADAMSs:. The matrix metalloprotease (MMP) family
of proteases—with collagenase being the founding member—plays an important role in
disease and in development. Some MMPs such as MMP 14 (also known as membrane type
1-MMP) are membrane bound (Page-McCaw et al., 2007), whereas A Disintegrin And
Metalloproteases (ADAMSs) comprise a related family of proteases which specialize in the
shedding of membrane-bound proteins (Huovila et al., 2005). Desmosomal proteins that are
cleaved by MMPs or ADAMs include desmogleins-1 to -3 and desmocollin-3 (Dusek et al.,
2006; Klessner et al., 2009; Santiago-Josefat et al., 2007; Weiske et al., 2001). Moreover,
desmoglein-2 was found to be targeted by a broad spectrum of proteases, including MMPs
and ADAMs 9, 10, 15, and 17, as well as caspase 3. While MMP and ADAM 17 generated a
100-kDa fragment encompassing the cytoplasmic tail, transmembrane, and extracellular
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juxtamembrane domains, further processing of this fragment required ADAM 10, whose
knockdown led to the accumulation of this 100 kDa fragment (Klessner et al., 2009). In
normal cells, ADAM 17 is located at the dorsal cell surface or within intracellular vesicles.
Thus, it is sequestered away from desmoglein-2 which is present at the cell surface.
Interestingly, EGFR can stabilize internalized desmoglein-2 during apoptosis, which would
otherwise become available for ADAM-mediated proteolytic cleavage (Klessner et al.,
2009; Santiago-Josefat et al., 2007).

2.3.2.3. Serine proteases: In the epidermis, terminal differentiation is a process that
produces the outermost cornified layer of apoptotic cells. These cells possess modified
desmosomes called corneodesmosomes, which contain desmoglein-1 and desmocollin-1, as
well as another extracellular glycoprotein known as corneodesmosin (Candi et al., 2005).
The desquamation of these apoptotic cells is mediated by the cleavage of corneodesmosomal
proteins by serine proteases, including stratum corneum chymotryptic enzyme (SCCE) and
stratum corneum tryptic enzyme (SCTE), until cells no longer retain their adhesive
properties and detach (Ovaere et al., 2009). Desmoglein-1, desmocollin-1, and
corneodesmosin are all targeted by these two serine proteases (Caubet et al., 2004; Simon et
al., 2001). Interestingly, SCTE was unable to cleave recombinant corneodesmosin in vitro,
suggesting that this enzyme may act through the activation of another protease. Indeed,
SCTE is capable of proteolytically processing pro-SCCE into its mature active form, which
in turn cleaves corneodesmosin (Caubet et al., 2004). The activity of these serine proteases
is under the regulation of inhibitors such as lymphoepithelial kazal-type inhibitor (LEKTI),
whose deficiency led to increased SCCE and SCTE activity and the Netherton syndrome, a
skin disease (Descargues et al., 2005).

2.4. Desmosome-mediated signaling

Emerging evidence suggests that desmosomes also function as signaling centers (Delva et
al., 2009; Green and Gaudry, 2000; Green and Simpson, 2007), especially since not all
tissues possess mature desmosomes. However, many investigators prefer not to use the
terminology “desmosome signaling” because it may be confused with the type of signaling
triggered by integrins. Nevertheless, desmosomal proteins are capable of transducing signals
via both genomic and nongenomic pathways, as well as indirectly affecting the localization
of signaling molecules.

2.4.1. Desmosomal proteins as scaffolds for kinases—Many desmosomal proteins,
especially adaptors such as plakoglobin and plakophilin-2, are known to physically interact
with kinases (Cirillo and Prime, 2009). While some of these proteins are substrates for
kinases, they can also tether kinases to desmosomes or intermediate filaments. The
interaction between PKC-a and desmosomal plaque proteins was discussed previously
(Garrod et al., 2005; Wallis et al., 2000), and readers are asked to refer to Section 2.2.2.
Among the several plaque proteins that bind to PKC-a, plakophilin-2 was reported to form a
complex with PKC-a and desmoplakin in SCC-9 and A431 epithelial cell lines (Bass-Zubek
et al., 2008). Disruption of this complex by plakophilin-2 knockdown not only blocked
desmoplakin recruitment but also resulted in the release of PKC-a and in the increase in
phosphorylation of PKC-a substrates, indicating a role for plakophilin-2 in the sequestration
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of PKC-a (Bass-Zubek et al., 2008). In addition, the C-terminal domain of the desmosomal
plakin, periplakin, was shown to interact with protein kinase B (PKB, also known as Akt;
van den Heuvel et al., 2002). Overexpression of this domain resulted in a decrease in nuclear
PKB, thereby reducing PKB-dependent Forkshead transcription factor activity.

Downstream of these kinases, desmosomes can also regulate other important signaling
molecules such as Src and MAPK through which numerous pathways converge and diverge.
For instance, an increase in cell motility was noted in keratinocytes isolated from the skin of
plakoglobin knockout mice. This effect was suppressed by using PP2, a Src family inhibitor
or U0126, a MAPK kinase 1/2 inhibitor (Yin et al., 2005b). Furthermore, desmoglein-2 was
found to associate with Src in a recent study from our lab when Sertoli cell and seminiferous
tubule lysates were used for coimmunoprecipitation. Interestingly, simultaneous knockdown
of desmoglein-2 and desmocollin-2 by RNA interference (RNAI) led to the relocation of Src
from the Sertoli cell surface to the cytoplasm, suggesting that desmoglein-2 is a docking site
for Src (Lie et al., 2010; Fig. 5.4). Concurrent with the mislocalization of Src, a decrease in
the integrity of the tight junction barrier was noted, possibly resulting from the disruptive
effects of Src on occludin—zonula occludens-1 (ZO-1; Kale et al., 2003) and connexin-43—
Z0O-1 (Gilleron et al., 2008) interactions, which are critical for barrier dynamics (Li et al.,
2009). Another example of cadherin—kinase interaction is that between desmoglein-1 and
EGFR. Desmoglein-1 was required for the suppression of the EGFR-Erk1/2 (a MAPK)
signaling pathway during the terminal differentiation of keratinocytes, which exemplifies the
importance of desmosomal signaling in tissue development (Getsios et al., 2009).

2.4.2. Desmosomal proteins as signal propagators for kinases—While many
desmosomal proteins are regulated by kinases (Section 2.3.1), they can still propagate
signals via downstream pathways and feedback loops. Plakoglobin is a good example, acting
both as a substrate and as an effector of kinases (Berkowitz et al., 2005; Chernyavsky et al.,
2007). During the pathogenesis of pemphigus vulgaris, nondesmoglein antibodies were
shown to trigger acantholysis, followed by the activation of Src and EGFR (Berkowitz et al.,
2005; Chernyavsky et al., 2007). This in turn downregulated desmosomal adhesion by
phosphorylating desmosomal proteins (Garrod and Chidgey, 2008; Yin et al., 2005b;
Section 2.3.1). One of the targets of these kinases is plakoglobin because plakoglobin-
deficient keratinocytes were unaffected by pemphigus antibodies (Dusek et al., 2007). In
addition, interesting changes relating to the phosphorylation state and intracellular
localization of plakoglobin were also noted. For instance, depletion of nuclear plakoglobin
was shown to mediate the transcription of c-myc (Williamson et al., 2006) and Wnt target
genes (Garcia-Gras et al., 2006). Thus, desmosomes are not only targets of kinases (Section
2.3.1); they can also act as their effectors by eliciting downstream signaling.

2.4.3. Desmosomal proteins as regulators or components of transcriptional
machinery—Many desmosomal proteins such as plakoglobin and plakophilin are also
found in the nucleus, even in nondesmosome-bearing cells where they appear to participate
in the regulation of gene expression (Delva et al., 2009; Green and Gaudry, 2000; Green and
Simpson, 2007). As discussed previously, nuclear plakophilin-2 is a component of RNA
polymerase 111 holoenzyme which is responsible for the synthesis of rRNA and tRNA,
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thereby explaining its constitutive nuclear localization (Mertens et al., 2001). However, a
balance exists among the distribution of armadillo proteins in junctions, the cytoplasm, and
the nucleus in desmosome-bearing cells which essentially prevents gene expression from
being disrupted (Bass-Zubek et al., 2009; Hatzfeld, 2007; Schmidt and Jager, 2005). For
instance, plakoglobin is a target of multiple kinases (Cirillo and Prime, 2009). During
pemphigus vulgaris, the increased rate of plakoglobin turnover at the desmosome, possibly
mediated by Src and EGFR, led to the depletion of plakoglobin from the nucleus
(Williamson et al., 2006). However, phosphorylation of Tyr-549 by Fer kinase increased
plakoglobin’s association with adherens junctions (Miravet et al., 2003).

The transit of plakoglobin to the nucleus is known to inhibit two genomic pathways. First,
plakoglobin is required for the suppression of mitogenic c-myc transcription. Depletion of
nuclear plakoglobin—and thus c-myc transcription—appeared to cause proliferation, as well
as a weakening of cell—cell adhesion (Williamson et al., 2006). This illustrates that
desmosomal proteins are capable of eliciting downstream signals and generating feedback
loops to regulate cell—cell adhesion. Similar effects were also seen in plakoglobin knockout
keratinocytes, which failed to accumulate plakoglobin in their nuclei and did not undergo
acantholysis in response to pemphigus vulgaris antibodies (de Bruin et al., 2007; Dusek et
al., 2007). Second, plakoglobin antagonizes with -catenin in the canonical f-catenin—-Wnt
signaling pathway by inhibiting the transcriptional activity of B-catenin—Tcf/Lefl. As
discussed previously, the armadillo proteins plakoglobin and 3-catenin are homologous, both
in their sequences and in their function as adaptors in desmosomes and/or adherens
junctions. However, nuclear plakoglobin and p-catenin are antagonistic in that they compete
for the transcription factors Tcf/Lefl (Garcia-Gras et al., 2006). By binding to different
domains of Tcf-4, they can elicit opposite effects on its transcriptional activity (Solanas et
al., 2004). This ligand specificity exhibited by plakoglobin and p-catenin is determined by
their N- and C-terminal tails, whereas the binding site is found in the armadillo domain
(Solanas et al., 2004). While B-catenin supports transcription of Wnt target genes via Tcf/
Lefl binding, plakoglobin renders these transcription factors less efficient in DNA binding,
thereby reducing their transcriptional activity (Garcia-Gras et al., 2006). Taken collectively,
these results illustrate that desmosomes also act as signaling centers to transduce signals
outside—in and inside—out and that these involve genomic or nongenomic pathways and
feedback loops.

2.4.4. Biologically active fragments from the proteolysis of desmosomal
proteins—Desmosomal proteins are proteolytically cleaved during apoptosis and tissue
remodeling by caspases, MMPs, ADAMs, and serine proteases (Section 2.3.2), and some of
these cleavage products have biological activity. For instance, the cleavage of desmoglein-2
during apoptosis by caspase 3 yields 100 and 60 kDa products. However, during this time,
full-length desmoglein-2 was shown to increase (Nava et al., 2007), and this appeared to be
mediated by the 60 kDa product because its overexpression in normal cells was found to
upregulate desmoglein-2 and caspase activity, thereby enhancing apoptotic signals (Nava et
al., 2007). The necessity of these proteolytic products for the propagation of apoptotic
signals was also reflected by the knockdown of desmoglein-1 (Dusek et al., 2006) and
desmoglein-2 (Nava et al., 2007), two caspase 3 targets which protected epithelial cells from
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apoptosis. Furthermore, desmoplakin was also shown to be cleaved by caspases 2 and 4
during terminal differentiation of the epidermis, and one of these cleavage products was
found to remain in the cornified envelope, suggesting that it may possess a yet unknown
function (Aho, 2004). Thus, desmosomal proteins participate in the regulation of apoptosis
during disease and development.

3. Desmosome-Like Junctions in the Seminiferous Epithelium

Desmosomes were first described in the testis in 1977, but ultrastructurally they do not
resemble bona fide desmosomes such as the ones found in the skin and heart (Russell,
1977a). As such, they were classified as “desmosome-like” junctions, in part because they
lacked a clearly defined dense midline which is characteristic of conventional desmosomes
(Russell, 1977a). At the time, this observation seemingly implied that desmosomes in the
seminiferous epithelium are of the Ca2*-dependent type and not likely to mediate robust cell
adhesion—features that may be needed to facilitate germ cell movement across the BTB, as
well as partially across the seminiferous epithelium. Desmosome-like junctions exist
between Sertoli cells at the BTB, and between Sertoli and all germ cell types up to, but not
including, step 8 spermatids (Fig. 5.2). Sertoli—germ cell desmosome-like junctions first
appear within the seminiferous epithelium at the start of spermatogenesis on postnatal day
~5 in rodents. Once spermatids begin to elongate (i.e., step 8) on postnatal day ~30, the
desmosome-like junction is completely replaced by the apical ectoplasmic specialization,
revealing that there is no functional overlap between these two junction types at the Sertoli—
germ cell interface (Russell, 1977a). At the BTB, however, desmosome-like junctions have
been shown to coexist and to cofunction with tight junctions, basal ectoplasmic
specializations, and gap junctions (Fig. 5.2).

A recent study from our laboratory aimed to better understand the biology of desmosome-
like junctions at the BTB. A survey of desmosomal gene expression indicated that Sertoli
and germ cells are equipped with all the necessary components to form functional
desmosomes. Constitutive desmosomal proteins such as desmoglein-2, plakophilin-2,
plakoglobin, and desmoplakin were shown to be abundantly expressed, while
differentiation-specific proteins such as desmoglein-1 were absent in Sertoli cells (Lie et al.,
2010). The immunofluorescent staining of desmoglein-2 in the testis showed a punctate
pattern of localization at the BTB with some colocalization with the putative BTB protein
N-cadherin, illustrating that the desmosome-like junction is an integral component of the
BTB. Furthermore, desmoglein-2, desmocollin-2, and plakoglobin were indeed capable of
forming a multi-protein complex, which also contained Src as shown by
coimmunoprecipitation experiments (Lie et al., 2010).

Interestingly, it has been suggested that gap junctions are incorporated into the desmosomal
plaque based on the observation that the width of the extracellular space within desmosomes
occasionally converged from 14-18 to 3-5 nm (McGinley et al., 1979; Russell, 1977a). This
observation led to the use of the terminology “desmosome-gap junction” to describe
desmosomes in the testis (Russell et al., 1983). The notion that desmosomes and gap
junctions are physically intermixed at the BTB was addressed by one of our recent studies.
The desmosomal plaque protein plakophilin-2 was found to associate with the gap junction
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protein connexin-43 at the BTB where it mediated crosstalk with tight junctions and basal
ectoplasmic specializations during junction reassembly (Li et al., 2009). Moreover,
functional RNAI studies of desmosomal proteins at the BTB have been conducted, and they
illustrated that desmosome-like junctions can regulate cell adhesion and junction reassembly
by interacting with tight junctions, basal ectoplasmic specializations, and gap junctions
(Section 5).

4. Junction Complexes in the Seminiferous Epithelium

4.1. Tight junctions

The ultrastructural presence of tight junctions between Sertoli cells at the BTB was reported
in the 1970s, but it took until 1998 for occludin to be first identified as a putative BTB
protein in the mouse testis (Moroi et al., 1998). Since then, however, other transmembrane
proteins, namely claudin, junctional adhesion molecule (JAM), and coxsackie and
adenovirus receptor (CAR, a tight junction and ectoplasmic specialization protein), as well
as their cytoplasmic adaptor protein ZO-1, have also been identified as constituent proteins
of the BTB (Mruk and Cheng, 2004b). Occludin is by far the best studied tight junction
protein in different epithelia and endothelia, but its exact function within this junction is not
yet known because of contradictory results from in vitro and in vivo experiments (Shin et al.,
2006). While occludin has been linked to several signal transduction cascades such as those
involving Raf-1 (Li and Mrsny, 2000; Wang et al., 2007) and RhoA (Matter et al., 2005), it
does not appear to be indispensable for tight junction function because occludin-deficient
mice possessed morphologically normal tight junctions (Saitou et al., 2000). Moreover, the
significance of occludin in BTB function and mammalian spermatogenesis is not entirely
known owing to the fact that occludin-deficient mice were found to be sterile, but also
because occludin is not expressed by the human testis (Moroi et al., 1998). Recently, an
occludin-Z0O-1-focal adhesion kinase (FAK) protein complex was found to regulate BTB
integrity (Siu et al., 2009; Fig. 5.4). Interestingly, knockdown of FAK, a nonreceptor
tyrosine kinase, by RNAi was shown to desensitize Sertoli cells from the adverse effects of
cadmium on the permeability barrier (Siu et al., 2009), demonstrating that FAK is an
important regulator of BTB restructuring in vivo. It is worth noting, however, that FAK does
not phosphorylate proteins per se. Instead, activated FAK is autophosphorylated, thereby
binding to Src, which can then phosphorylate additional sites on FAK (llic et al., 1997) or
possibly its binding proteins such as occludin (Siu et al., 2009). Indeed, FAK silencing
would render occludin non- or less-phosphorylated (Siu et al., 2009), possibly sequestering
it to the basolateral membrane. Additional studies are needed to investigate the role of Src
within the occludin-ZO-1-FAK multiprotein complex.

Claudins are structural proteins responsible for creating charge-selective pores within tight
junctions, and the overall paracellular ion permeability characteristics of an epithelium are
defined by the pattern of claudin expression. Claudin 2, for example, is typically found in
leaky epithelia, most notably in proximal renal tubules (Kiuchi-Saishin et al., 2002) but not
in seminiferous tubules of the testis (Mruk and Cheng, 2004b) which is well known for its
tight blood-tissue barrier. In the seminiferous epithelium, claudin expression (i.e., claudins
1, 3, 4,5, 8,and 11) has been reported by several investigators, and up until recently,
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claudin expression in the testis was restricted to Sertoli and endothelial cells (Morita et al.,
1999; Morrow et al., 2009). Morrow et al. (2009) now report that spermatogonia and
preleptotene spermatocytes also express claudin 5. Claudin 5 immunoreactivity was highest
during stage VIII of the seminiferous epithelial cycle, coinciding with an early stage of
preleptotene spermatocyte transit across the BTB. This is in agreement with another related
study which also reported an elevated level of claudin 3 at stage V111 (Meng et al., 2005).
Morrow et al. (2009) also demonstrate that claudin 5 expression in the seminiferous
epithelium depended on the presence of germ cells. These findings are intriguing for several
reasons. First, germ cells lack tight junctions. Thus, it is not immediately known why germ
cells would express a tight junction protein, but it is possible that claudin is participating in
some aspect of germ cell movement across the BTB and/or contributing to the maintenance
of the immunological barrier. As hypothesized by Morrow et al., germ cell claudin 5 may be
working in concert with membrane-type matrix metalloproteases (MT-MMPs) to activate
soluble-type MMPs which may be needed to cleave proteins at the BTB during preleptotene
spermatocyte transit (Fritz et al., 1993; Longin et al., 2001; Oku et al., 2006; Siu et al., 2003;
Fig. 5.4). A stimulation of MT-MMP-mediated pro-MMP-2 activation has also been noted
with claudins 1, 2, and 3 in 293 T cells (Miyamori et al., 2001). Second, the observation that
Sertoli cell expression of claudin 5 is dependent on the presence of germ cells within the
epithelium (Morrow et al., 2009) may suggest that germ cells (i.e., preleptotene
spermatocytes) facilitate their transit across the BTB by regulating claudin. Indeed, germ
cells are known to regulate several Sertoli cell proteins (Boitani et al., 1981; Morrow et al.,
2009; Nicholls et al., 2009). The role of germ cells in Sertoli cell junction restructuring is an
exciting new area that needs further investigation.

4.2. Ectoplasmic specializations

The ectoplasmic specialization is a testis specific, actin-based junction that is found at two
sites within the seminiferous epithelium: (i) between opposing Sertoli cells at the BTB
(defined as the basal ectoplasmic specialization) and (ii) between Sertoli cells and
elongating/elongated spermatids in the adluminal compartment (defined as the apical
ectoplasmic specialization; Mruk and Cheng, 2004a; Vogl et al., 2008; Fig. 5.2). In the rat,
the apical ectoplasmic specialization appears when spermatids reach step 8 of
spermiogenesis (i.e., stage VIII), which marks the elongation of round spermatids, and it
disappears when spermatids reach step 19 prior to spermiation (Russell, 1977b). The apical
ectoplasmic specialization is known to structurally and functionally replace the desmosome-
like junction as the only adhesive structure found between Sertoli and germ cells at these
developmental stages. Ultrastructurally, the ectoplasmic specialization consists of a layer of
hexagonally packed actin microfilaments found between the Sertoli cell plasma membrane
and a network of endoplasmic reticulum, a hallmark feature observed in electron
micrographs of the apical and basal ectoplasmic specialization. However, the ectoplasmic
specialization has not been observed to exist in elongating/elongated spermatids. In recent
years, the ectoplasmic specialization has been the focus of several studies because of its
unique hybrid-like character. Although generally defined as an adhesive structure
constituted by anchoring junction proteins (i.e., cadherin and nectin), the apical ectoplasmic
specialization has also been shown to be composed of proteins normally found within tight
junctions and focal contacts (a type of cell-matrix junction; Mruk and Cheng, 2004a; Mruk
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et al., 2008). In the remainder of this section on the ectoplasmic specialization, we will
discuss recent findings relating to classic cadherins.

There are numerous studies reporting cadherin function to be regulated by cytokines,
androgens, estrogens, protein kinases, and phosphatases, and small GTPases, as well as by
phosphorylation, changes in protein—protein interactions and endocytosis (Braga et al., 1997;
Delva and Kowalczyk, 2009; Le et al., 1999; Lee et al., 2003; MacCalman et al., 1997,
Mosesson et al., 2008; Mruk and Cheng, 2004b; Nagafuchi et al., 1993). Recent studies
demonstrate a novel mechanism for cadherin regulation via the proteolytic cleavage of type |
and type Il cadherins by metalloproteases (i.e., ADAMS) and y-secretase, resulting in the
generation of biologically active peptides having diverse functions including roles in cell
adhesion (Marambaud et al., 2002, 2003; McCusker and Alfandari, 2009; Reiss and Saftig,
2009; Section 2.3.2). So far, more than 50 cell surface proteins have been shown to undergo
ectodomain shedding by proteases. For instance, the cleavage of E- or N-cadherin by
ADAM10 was shown to produce an extracellular N-terminal fragment (defined as NTF) and
a membrane-bound C-terminal fragment (defined as CTF1). Interestingly, CTF1 was
processed rapidly by the y-secretase complex to produce a cytoplasmic fragment (defined as
CTF2), which caused the relocation of $-catenin from the cell surface to the cytoplasm
(Marambaud et al., 2002, 2003). Furthermore, this cytoplasmic fragment was found to
maintain its association with f-catenin and to activate cyclin D1 (a protein known to
promote progression through the G1-S phase of the cell cycle) transcription in the nucleus
via the Wnt signaling pathway (Maretzky et al., 2005). Cyclins D1 and D2 upregulation was
also demonstrated in another study when a soluble E-cadherin fragment generated by
ADAM15 was shown to interact with ErbB (a receptor tyrosine kinase) and to activate
downstream signaling (Najy et al., 2008), suggesting a connection between cell adhesion
and cell differentiation/division. In terms of biological activity, the NTF of N-cadherin has
been shown to associate with the extracellular matrix, suggesting a role in cell movement
(Cifuentes-Diaz et al., 1994; Paradies and Grunwald, 1993; Utton et al., 2001). Indeed, the
NTF of cadherin 11 (generated via ADAMSs 9 and 13) was demonstrated to promote cell
migration in the X. laevis neural crest (McCusker et al., 2008). Equally important, ADAMs
were found to colocalize and coimmunoprecipitate with cadherins in various cell types
(Ham et al., 2002). At this point, studies are warranted to determine if ADAM-mediated
cadherin cleavage has any role in BTB restructuring and germ cell movement.

4.3. Gap junctions

The study of gap junctions at the BTB and at the Sertoli—germ cell interface was
investigated recently, and this study showed that connexin-43 is a primary component of gap
junctions at the BTB (L. et al., 2009). In line with earlier observations which showed gap
junctions to be intermixed with desmosomes in the testis (McGinley et al., 1979; Russell,
1977a), connexin-43 was shown to interact with plakophilin-2. Together they regulate
junction reassembly at the BTB by interacting with tight junctions and basal ectoplasmic
specializations (Li et al., 2009; Section 5.4).
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5. Junctional Interplay at the BTB: Tight Junctions, Ectoplasmic

Specializations, Desmosome-Like and Gap Junctions

A unique feature of the seminiferous epithelium is the coexistence of different junctions at
the BTB, namely tight junctions, basal ectoplasmic specializations, desmosome-like
junctions and gap junctions, and these are all located basally in the seminiferous epithelium.
This is in contrast to other epithelia where the apical junctional complex contains a belt of
tight junctions, followed by a discrete belt of adherens junctions. The coexistence of
different junction types at the BTB represents an important mechanism for protecting tight
junction barrier integrity while permitting the transit of spermatocytes across the BTB.
Evidence to support crosstalk among these junction types at the BTB is becoming
increasingly available.

5.1. Crosstalk between adherens and tight junctions

Based on elegant studies in other in vitro and in vivo systems, the general consensus is that
tight junction organization requires prior assembly of adherens junctions and that, once
assembled, adherens junctions can influence tight junction function (Rajasekaran et al.,
1996). A good example of this is the upregulation of claudin 5 (Taddei et al., 2008) and the
control of tight junction permeability (Corada et al., 1999) by vascular endothelial (VE)-
cadherin in endothelial cells. While it is not yet known if cadherin can upregulate claudin or
other tight junction proteins at the BTB, these findings would provide needed insight on the
mechanism behind germ cell transit across the BTB. Interestingly, tight junction and basal
ectoplasmic specialization junctional complexes at the BTB were shown to interact via their
adaptors. It comes as little surprise that ZO-1 is involved in this crosstalk because it is
known to transit between both junction types (Ikenouchi et al., 2007; Itoh et al., 1999).
Moreover, tight junctions and basal ectoplasmic specializations are engaged via the
association between ZO-1 and a-catenin, and this protein—protein interaction is believed to
contribute to tight junction barrier impermeability in basal conditions (Yan and Cheng,
2005). However, when the seminiferous epithelium was being restructured following the
administration of adjudin (a chemical entity that specifically affects Sertoli—germ cell
adhesion in the testis, leading to germ cell loss and transient infertility), tight junction, and
basal ectoplasmic specialization adaptors dissociated from each other, which protected the
integrity of tight junction barrier while permitting restructuring of ectoplasmic
specializations (Yan and Cheng, 2005).

5.2. Crosstalk between adherens and desmosome-like junctions

Evidence is also emerging to support crosstalk between adherens junctions and
desmosomes. For decades, the regulation of actin-based cell junctions (i.e., tight junctions
and adherens junctions/ectoplasmic specializations) was presumed to be separate from the
regulation of intermediate filament-based junctions (i.e., desmosomes), but it is now well
accepted that stable cell adhesion requires cues from both actin and intermediate filaments
(Getsios et al., 2004; Huen et al., 2002). Similar to tight junctions in epithelial cells, the
assembly of desmosomes requires preexisting adherens junctions. Indeed, in an epithelial
cell line null for classic cadherins, overexpression of both E-cadherin and plakoglobin was
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required for desmosome formation (Lewis et al., 1997), illustrating the significance of these
proteins in desmosome organization. Interestingly, plakoglobin was shown to localize to
both junction sites in epithelial cells and reported to mediate crosstalk between adherens
junctions and desmosomes (Cowin et al., 1986). In the testis, restructuring of basal
ectoplasmic specializations and desmosome-like junctions during the movement of
preleptotene spermatocytes may be mediated by plakoglobin since this protein was found to
localize to the BTB where it was incorporated into desmosome-like junctions together with
desmoglein-2 and desmocollin-2 (Lie et al., 2010; Mruk et al., 2008), but additional
functional studies would be needed to support this notion.

5.3. Crosstalk between tight and desmosome-like junctions

While considerably less is known regarding crosstalk between tight junctions and
desmosomes in other epithelia, a recent study in the intestinal epithelium has demonstrated
JAM-C (a tight junction protein) localization at the desmosome and proposed JAM-C
involvement in neutrophil transepithelial migration at this site (Zen et al., 2004). This is in
agreement with our recent findings which demonstrated a compromise in tight junction
permeability barrier function following the knockdown of desmosomal proteins.
Simultaneous knockdown of desmoglein-2 and desmocollin-2 by RNA. in cultured Sertoli
cells having an assembled barrier—one which mimicked the BTB in vivo—resulted in a
marked decrease in tight junction barrier function when assessed by transepithelial electrical
resistance (TER) measurements (Lie et al., 2010). This was mediated in part by an
acceleration in the endocytosis of CAR, as well as the reduction and mislocalization of ZO-1
and Src, demonstrating junctional interplay between the tight junction, ectoplasmic
specialization, and desmosome-like junction at the BTB. This might provide an efficient
mechanism for transient junction disassembly to permit the movement of spermatocytes
across the BTB during spermatogenesis. Germ cells in transit may release factors to
stimulate the proteolytic cleavage of desmosomal cadherins in Sertoli and/or germ cells
without affecting other junction complexes. Desmosomal cadherins are specifically targeted
by the action of multiple proteases such as MMPs and ADAMs during junction remodeling
(Bech-Serra et al., 2006; Klessner et al., 2009). Downregulation of desmosomal cadherins
would then increase the rate of CAR turnover at the BTB, facilitating the formation of
Sertoli-germ cell CAR-CAR interactions to substitute for the Sertoli cell tight junction
barrier, which is transiently compromised likely due to Src-mediated dissociation of
occludin—ZO-1 interactions (Lie et al., 2010; Fig. 5.4).

5.4. Interplay of tight, adherens, desmosome-like, and gap junctions

Physical and functional coupling of desmosome-like and gap junctions have been detected at
the BTB, which are crucial for mediating crosstalk with tight junctions and basal
ectoplasmic specializations during junction assembly and maintenance. Simultaneous
knockdown of plakophilin-2 and connexin-43 (a gap junction protein known to bind
plakophilin-2) resulted in compelling changes, including the reduction in CAR and N-
cadherin cell surface protein levels and the mislocalization of occludin and ZO-1 from the
cell surface, which perturbed barrier function in Sertoli cells in vitro (Li et al., 2009; Fig.
5.4). These effects were not produced by the knockdown of either plakophilin-2 or
connexin-43 alone. This is in line with another report in which plakophilin-2 was silenced in
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ventricular myocytes and epicardial cells. In this case, connexin-43 was shown to be
affected, resulting in a loss of gap junction function (Oxford et al., 2007). While the central
paradigm appears to support functional overlap between tight junctions, ectoplasmic
specializations, and desmosome-like and gap junctions, additional studies are needed to
elucidate the functional significance of their coexistence at the BTB and the underlying
mechanisms of their interactions.

6. Concluding Remarks

In this chapter, we have discussed recent findings relating to tight junctions, ectoplasmic
specializations, and desmosome-like and gap junctions in the seminiferous epithelium of the
mammalian testis. While we have a good appreciation of the molecular components of these
junctions, additional functional studies are needed to better understand their regulation
during spermatogenesis, including BTB restructuring and germ cell movement because
many questions remain unanswered. What role does the basal ectoplasmic specialization
have in the maintenance of BTB integrity during spermatogenesis? How do preleptotene
spermatocytes contribute to BTB restructuring? What other tight junction proteins are
expressed by preleptotene spermatocytes? How is crosstalk mediated between desmosome-
like and gap junctions in the seminiferous epithelium? What is the role of Src within the
occludin-ZO-1-FAK multiprotein complex at the BTB? Finally, what specific signaling
events are involved in the disassembly of Sertoli-germ cell desmosome-like junctions at
stage VI1I of the seminiferous epithelial cycle, followed immediately by the assembly of
apical ectoplasmic specialization at stage V111? Herein, we have also provided a model of
crosstalk between different junctions at the BTB with an emphasis on the role desmosome-
like junctions, which should serve as a framework for future studies.
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Figure5.1.
Seminiferous epithelial cycle in the rat testis. These 14 images represent stages of the

seminiferous epithelial cycle obtained from paraffin-embedded cross-sections of the adult
rat testis stained with hematoxylin and eosin. Stages are noted as roman numerals.
Annotations in gray shaded areas indicate the approximate duration of each stage in hours
(h). Germ cells are divided into spermatogonia (outer yellow circle), spermatocytes (middle
pink circle), or spermatids (inner blue circle). Spermatogonia include types A1-A4,
intermediate (Int) and B (yellow circle). Spermatocytes (i.e., preleptotene (PL), leptotene
(L), zygotene (Z), pachytene (P), and diplotene (D)), primary spermatocytes in meiosis 1
(M1), secondary spermatocytes (SS), and secondary spermatocytes in meiosis 2 (M2) are
also shown (pink circle). Finally, spermatid differentiation spans steps 1-19 (blue circle).
Important cellular events are noted in the outermost layer as orange and green shaded areas.
Spermiation takes place at stage V111, concurrent with the transit of preleptotene
spermatocytes across the BTB during stages VIII-XI. M1 and M2 take place at stage XIV.
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Figure5.2.
Sertoli-Sertoli and Sertoli—-germ cell junctions. Two columnar Sertoli cells are shown sitting

atop the tunica propria in the seminiferous epithelium. The BTB is constituted by adjacent
Sertoli cells and composed of coexisting tight junctions, basal ectoplasmic specialization,
and desmosome—gap junctions. Desmosome—gap junctions are found between Sertoli cells
and all germ cells up to, but not including, step 8 spermatids, whereas the apical ectoplasmic
specialization is found between Sertoli cells and all step 8-19 spermatids. Gap junctions and
hemidesmosomes (a type of cell-matrix junction) are not illustrated since these junction
types were not discussed in great detail. Also, it is also worth noting that two different stages
of the seminiferous epithelial cycle are shown within a single panel (i.e., left, stage VII;
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right, stage V1) for the sake of simplicity, but this does not accurately represent the in vivo
situation. Abbreviations: BTB, blood—testis barrier; SC, Sertoli cell; Sg, spermatogonium;
Sy, spermatocyte; rSp, round spermatid; eSp, elongating spermatid; ESp, elongated
spermatid.
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Figure5.3.
Domain structure of desmosomal cadherins and the structure of desmosomes. (A) Different

domains in desmosomal cadherins. From the N-terminus, desmogleins (a) and desmocollins
(b) are composed of the following domains: extracellular (extracellular cadherin repeat, EC
1-5; connected by linker regions which contain Ca2*-binding sites), transmembrane (TM),
and cytoplasmic (intracellular anchor (1A), intracellular cadherin-like sequence (ICS),
intracellular proline-rich linker (IPL), repeat unit domain (RUD), desmoglein terminal
domain (DTD)). Desmocollins do not contain IPL, RUD, and DTD, and the shorter “b form”
has a truncated ICS followed by a unique sequence. It is worth noting that EC5 is sometimes
known as the extracellular anchor (EA). (B) Trans-interaction of desmogleins (Dsg) or
desmocollins (Dsc) between two opposing membranes. The boxed area represents the site of
adhesion and is magnified in (D). (C) Organization of desmosomal cadherins (Dsg/Dsc),
cytoplasmic plaque proteins and intermediate filaments (IF) at a desmosome. Plakoglobin
(PKG) links desmosomal cadherins to desmoplakin (DPK), while plakophilins (PKP) link
individual DPK molecules together laterally, which in turn tethers the desmosomal plaque to
intermediate filaments. Boxed area is magnified in (E). (D) Strand-swap mechanism of
cadherin adhesion. This diagram shows the EC1 domains of two trans-interacting cadherins
(see B), before (a) and after (b) they undergo symmetrical strand swapping. Each molecule
inserts its “swap domain,” also known as A strand, into the “main domain” of its partner. (E)
Mechanism of Ca2* independence. Within the compact arrangement in desmosomes (see C),
the Ca2*-binding site between EC2 and 3 on each molecule is protected by a small f-strand
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in EC1 of the neighboring molecule (arrowhead). This results in the entrapment of bound
Ca?*, even in low Ca?* medium. (F) Compact arrangement within a desmosome. This dense
arrangement of proteins leads to a few desmosomal-specific features discernable under the
electron microscope. The midline in the extracellular space consists of the ends of
desmosomal cadherin where the EC1 domains engage with each other. The outer dense
plaque includes desmosomal cadherin cytoplasmic tails, plakoglobin, plakophilins, and the
plakin domain of desmoplakin. The inner dense plaque is made up of the plakin repeat
domains (PRD) of desmoplakin. The area in between outer and inner dense plaques consists
of the rod domain of desmoplakin.
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Figure5.4.
Crosstalk between different junction types at the BTB as a mechanism to regulate and to

maintain the integrity of the immunological barrier. The BTB is constituted by adjacent
Sertoli cells near the basement membrane and is composed of coexisting tight junctions (i.e.,
occludin), basal ectoplasmic specializations (i.e., N-cadherin), desmosome-like junctions
(i.e., desmogleins, desmocollins, and plakophilins), and gap junctions (i.e., connexin-43).
The physiological significance for the coexistence of these junctions at the BTB has
remained unknown for decades. Recent studies, however, have demonstrated that these
junctions provide an efficient and effective means to induce restructuring of the BTB to
facilitate the transit of preleptotene spermatocytes at stage V111 of the seminiferous epithelial
cycle of spermatogenesis. It is likely that external stimuli (e.g., cytokines and MMPs)
initiate disruption of two multiprotein complexes: (i) desmoglein-2/desmocollin-2 at the
desmosome-like junction and (ii) connexin-43/plakophilin-2 at the gap junction. Since c-Src
is an integrated component of both junctions (black arrow), this activates the c-Src signaling
cascade, thereby eliciting changes in protein distribution (e.g., occludin, CAR, and N-
cadherin) at the Sertoli-Sertoli cell interface as demonstrated in recent studies using RNA.
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