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Summary

Armadillo family proteins known as plakophilins have been characterized as structural
components of desmosomes that stabilize and strengthen adhesion by enhancing attachments with
the intermediate filament cytoskeleton. However, plakophilins and their close relatives are
emerging as versatile scaffolds for multiple signaling and metabolic processes that not only
facilitate junction dynamics but also more globally regulate diverse cellular activities. While
perturbation of plakophilin functions contribute to inherited diseases and cancer pathogenesis, the
functional significance of the multiple PKP isoforms and the mechanisms by which their
behaviors are regulated remain to be elucidated.

Introduction

Armadillo proteins in the p120°" family are intercellular junction molecules in adherens
junctions and desmosomes whose functions are rapidly expanding to include nuclear and
signaling roles in development and tissue homeostasis. They can be divided into two
subclasses: the plakophilins (PKPs) and the p120°"-related proteins. The latter group
includes p120, &-catenin (also known as neural plakophilin related arm protein, NPRAP) and
ARVCF (Armadillo Repeat gene deleted in Velo-Cardio-Facial syndrome), whereas the
plakophilins include PKP1, 2 and 3. The PKPs localize to the cytoplasmic face of
desmosomes where they participate in linking the intermediate filament cytoskeleton to the
junctional plaque. PKP1 and 2 also localize to the nucleus, where their specific functions are
poorly understood. A fourth protein, p0071 (sometimes referred to as PKP4), is also
frequently associated with this group but its presence in desmosomes is a matter of debate
[1,2]. The current state of knowledge of PKPs, their complex network of binding partners,
and functions have been described in several comprehensive reviews (most recently
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reviewed in [3]). Here we elaborate on the concept that PKP armadillo-related proteins serve
as multipurpose scaffolds that bring together a broad range of signaling and structural
proteins to regulate cell adhesion, tissue homeostasis and disease.

PKP domain structure and distribution

Like the founding members of the armadillo family, p120 proteins comprise a series of
central armadillo repeats flanked by less conserved amino- and carboxyl terminal sequences
(Fig. 1). In contrast to armadillo/B-catenin and plakoglobin, p120 and the PKPs have longer
N-terminal domains, ranging from 246 to 348 amino acids. In PKPs, this N-terminus
contains the sites for all known binding partners. The C-terminus of PKPs is typically quite
small. High resolution structural data revealed 9 armadillo repeats, with a distinctive
polypeptide “wedge” at residues 464-588 between repeats 5 and 6, resulting in a predicted
bend in the structure that may provide a mechanism for regulating interactions with different
partners (Fig. 1) [4].

The three PKPs exhibit differential but overlapping tissue distribution patterns. PKP1 is
found in the desmosomes of differentiated layers of stratified epithelia [5-7]. PKP2 is
expressed in all simple, complex and stratified epithelia as well as cardiac myocytes (where
it is the only PKP expressed), germinal centers of lymph node follicles, a variety of tumors,
and numerous cell lines [8,9]. PKP3 is more equally distributed among all the epidermal
layers and is found in most simple and stratified epithelia except hepatocytes [10,11]. Unlike
the classical armadillo proteins plakoglobin (PG) and f-catenin, p120-family proteins
undergo variable degrees of RNA splicing. PKP1 and 2 each have two splice variants, 1a,
1b, 2a, 2b. The 1b isoform is localized only to the nucleus whereas 1a, 2a and 2b localize to
both cytoplasm and nucleus [6,8]. These overlapping but distinct expression patterns allow
for tissue-specific functions while ensuring some redundancy of critical core roles in tissue
integrity or other functions.

PKPs are structural scaffolds that increase junction plaque density and
mechanical strength

PKPs bind to a broad repertoire of desmosomal proteins including desmosomal cadherins,
plakoglobin (PG), and desmoplakin (DP) as well as junction-associated intermediate
filaments (IFs) and possibly actin [12,13]. Additional partnerships with adherens junction,
nuclear and regulatory proteins, reviewed in detail in [3], support the idea that PKPs serve as
scaffolds to coordinate adhesion and signaling (Fig. 2, 3). The ability to enhance the
recruitment of DP to cell-cell contacts in keratinocytes is a core function shared by all PKPs
[12,14-16]. In desmosome-containing epithelial cells, PKP2 is associated with DP in
cytoplasmic precursor complexes that translocate to borders in the later stages of
desmosome assembly [17]; its loss results in a loss of DP assembly competence and failure
of DP to accumulate normally at borders [18]. Reconstitution studies in which PKP 1 or 2
are ectopically introduced into cells support the idea that PKPs collaborate with PG to
cluster desmosome components into plaques with characteristic desmosome-like
ultrastructure [19-21]. Thus, while PKPs provide vertical (cadherin-PKP-DP) links between
the plasma membrane and IF cytoskeleton, they also facilitate lateral (PKP-PG-DP) protein-
protein interactions to increase the density of the cortical structural network (Fig. 2).

PKPs are signaling scaffolds that regulate junction assembly and
cytoskeletal dynamics

PKPs and their related family members serve as scaffolds not just for core junctional
components but also for signaling proteins that orchestrate junction assembly. One such
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group of signaling molecules is the protein kinase C (PKC) family of serine/threonine
kinases, which is composed of a number of related isoforms. Several members of both
conventional and atypical PKC subtypes have been implicated in the regulation of cell
adhesion, migration and cytoskeleton organization. In particular, PKCa is thought to be
responsible for regulating a switch between a hyper-adhesive state present in mature tissues
and a more dynamic state present in remodeling epithelia and healing wounds [22]. In
addition, PKC activation has been reported to promote DP recruitment to cell-cell borders,
bypassing signals normally required for desmosome assembly [23]. PKPs may provide one
mechanism for harnessing PKC to perform these functions. We demonstrated that PKP2
interacts with PKCa and is required for PKCa association with DP (Fig. 3a). In PKP2
deficient cells, PKCa’s loss from DP complexes is associated with retention of DP on IF and
failure of DP cytoplasmic precursors to translocate to nascent desmosomes, a behavior that
is mimicked by a phospho-deficient mutant of DP [18]. PKC-dependent DP phosphorylation
may result in a more dynamic association with IF required for desmosome precursor
assembly. PKP2 can also bind IF in vitro [13] and is colocalized with IF in desmosome
precursors and at cell-cell borders during junction assembly [17]. While it generally is not
seen in widespread association with IF networks in cells, it is plausible that under certain
conditions PKP2 may recruit PKC to IF to modulate local cytoskeletal dynamics important
for junction assembly and maturation. PKP2 deficiency not only resulted in unscaffolding of
PKCa from DP, but also hyperphosphorylation of the PKCa substrates MARCKS and
adducin, both of which have been implicated in regulation of actin organization [18]. Based
on the importance of actin organization for later stages of desmosome assembly [17], these
data raise the possibility that PKP2-dependent regulation of DP-1F and remodeling of the
cortical actin cytoskeleton may work in concert to recruit desmosome precursors to nascent
junctions (Fig. 3a).

The p120°t" family of arm proteins has also been shown to regulate the actin dynamics via
Rho GTPases (reviewed in [24]). Shape change indicators of p120-dependent inhibition of
RhoA are also observed in cells expressing the PKP1 arm domain [12] or full length PKP2,
the latter which is blocked by a single, highly conserved point mutation in the arm repeats
(K. Green, unpublished observations). These data suggest that PKPs may coordinate actin
remodeling through multiple signaling pathways. p0071/PKP4 is also a Rho signaling
center, but in this case acts to spatially restrict RhoA and RhoGEF Ect2 to the region of the
contractile ring during cytokinesis [25] (Fig. 3h).

Members of the armadillo family including p120°" and p-catenin associate with
microtubules (MT) and associated motor proteins including kinesins and dynein/dynactin.
These interactions facilitate MT-dependent vesicular trafficking of junctional molecules and
other proteins, as well as the capture and tethering of MT to the junctional plasma
membrane ([26] and reviewed in [27]). p120°t" associates with kinesin indirectly via
interactions with recently identified proteins Nezha and PLEKHAT7 (described in [28]).
Recently, studies linking PKPs to vesicle trafficking have begun to emerge. PKP3 binds to
the dynamin-like protein DNM1L, a member of the dynamin family involved in vesicle
trafficking within the secretory pathway in lung carcinoma cells [29] (Fig. 3g)., and in
epithelial cells, p0071 translocates to the mitotic midbody via kinesin family member,
KIF3b [30]. Collectively these data point to the PKP subfamily of catenins as multi-
functional scaffolds that regulate the organization, function and protein interactions with all
three non-muscle cytoskeletal networks (Fig. 3).

PKPs and Junctional Cross Talk

Desmosomes and adherens junctions (AJs) exist as distinct structural entities in epithelial
tissues. However, their interdependence is evident during junction assembly and continues
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with their functional synergy at maturity, which contributes to the mechanical integrity of
tissues [31,32]. In some cases AJ and desmosome components form specialized “mixed”
junctions in endothelial and cardiac tissues. Their ability to interact with components of both
junction types put armadillo proteins at center stage with respect to junction cross talk.

Even though normally restricted to desmosomes, PKPs exhibit the ability associate with AJ
membrane domains when ectopically expressed or re-introduced into junction deficient cells
[16,20]. In desmosome-deficient HT1080 cells, PKP2 recruits desmoplakin to endogenous
classic cadherins, but when PG is also added, proteins sort out into separate AJ and
desmosome domains [20]. PKP2 has also been shown to co-localize with and co-
immunoprecipitate B-catenin when ectopically introduced into cultured keratinocytes (Fig.
3c) [16]. These findings may indicate a role for PKP2 sorting AJ and desmosome
components during dynamic periods of junction assembly. The AJ protein p120 catenin has
also been reported to associate with desmoglein under certain circumstances [33],
suggesting a two way exchange of junctional partnerships.

Deletion or mutation of desmosome proteins can result in abnormal junction mixing, but this
state is normal in the newly described mixed junctions of the cardiac myocyte [34]. It has
been appreciated for a number of years that the adherens junction, desmosome and gap
junction may act as a single functional unit [35,36]. During reassembly of intercellular
junctions in cardiac myocytes, a “temporal intermingling” of adherens junctions and
desmosomes was noted, with subsequent incorporation of gap junctions [37]. It has since
been demonstrated that formation of mechanical junctions is a pre-requisite for gap junction
formation. High resolution ultrastructural analysis has revealed that in higher vertebrates,
components of the intercalated disc become intermixed perinatally in what is referred to as
the “area composita’ or “hybrid adhering junctions” [34,38] (Fig. 2). A possible contributor
to this special organization is PKP2, the only PKP expressed in the heart. PKP2 uniquely
interacts with the a-catenin form found in cardiac muscle, aT-catenin [16,39] but not
epithelial or neuronal forms of this actin-binding adherens junction protein. PKP2 is
essential for recruitment of DP to cardiac junctions and intercalated disc architecture and
thus is required for normal electrical coupling and conduction in the heart [40-42].

p0071 (PKP4) associates with both classic and desmosomal cadherins [1,43] and may be
involved in recruiting DP to classic cadherins. Differences between p0071 behavior and that
of the PKPs are also highlighted by the observation that p0071 overexpression in
keratinocytes leads to loss of desmosome components from the plasma membrane while
membrane localization of AJ components is enhanced [44]. In contrast, overexpression of
PKPs results in larger desmosomes and stronger adhesion [12,15,16,19,44]. Although we
have much more to learn about the specific roles of these family members it seems
reasonable to propose that they function in part to fine tune the interplay of junction
structures and functions during dynamic tissue remodeling.

Non-junctional functions of PKPs: transcription, translation and cellular

stress

While PKP2 is a constitutive component of desmosomes at sites of cell-cell contact within
epithelial cells, it localization is limited to the nucleus in some epithelia and in fibroblasts,
which do not typically form desmosomes [8]. Here, PKP2 interacts with the RNA
polymerase 111 subunit (RPC155) of TFIIIB, an enzyme important for transcription of
ribosomal and tRNA [45] (Fig. 3d). PKP2 may also play a role in gene transcription as it has
been shown to interact with non-junctional B-catenin and potentiates -catenin/TCF-
mediated transcriptional activity [16] (Fig. 3b). Phosphorylation of PKP2 at Serine 82 by C-
TAK1 regulates its interaction with a 14-3-3 protein and allows for PKP2 nuclear
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localization [46]. Specific signaling events regulate the translocation of cytoplasmic PKP2
to the nucleus, where it may act to anchor p-catenin to critical transcriptional machinery or
possibly have transcriptional regulatory activity independent of B-catenin.

Less well understood but likely important protein-protein interactions have been identified
between PKP3 and cytoplasmic RNA-binding proteins PABPC1, FXR1, and G3BP. PKP3
co-localizes with these ribonuclear-protein complexes in “stress granules” that serve as sites
of stalled translocation initiation after heat or metabolic stress [47] (Fig. 3f).

p0071 has been revealed as a binding partner for PDZ domain proteins such as PAPIN
(plakophilin-related armadillo repeat protein-interacting PSD-95/Dlg-A/Z0-1 (PDZ)
protein). These proteins are thought to scaffold signaling complexes and target them
different membrane domains [48-51]. p0071 has also been demonstrated to interact with
ERBIN, a regulator of MAPK signaling pathways that is implicated in both positively and
negatively affecting growth factor signaling in a context-dependent manner [51].
Collectively, these observations underscore the concept that PKPs participate widely in
junctional, cytoplasmic and nuclear scaffolding.

Disorders of Junctions in Development and Inherited Disease: Role of PKP
Scaffolding Disruption

The first human disease of the desmosome was reported in a family with a compound
mutation in the PKP1, revealing a rare autosomal recessive disorder resulting in fragile skin
with blistering upon mechanical trauma [52]. The trauma-induced blistering is thought to be
caused by impaired recruitment of DP and associated IF, resulting in a reduction in
desmosome number and size; however, alterations in ectodermal appendages such as nails
and hair may reflect altered signaling during morphogenesis. While no human mutations in
PKP3 have been identified to date, a mouse knock-out with hair follicle abnormalities also
exhibited alterations in cutaneous inflammatory responses [53]. The latter finding is
interesting in light of a reported association of p120°™" with NFxB-dependent inflammation
through Rho GTPases [54].

Mutations in desmosomal proteins have also been associated with “Arrhythmogenic right
ventricular cardiomyopathy/dysplasia” (ARVC), an inherited disorder of the cardiac muscle.
The majority of familial ARVC cases are linked to mutations in PKP2 [55,56]. The disease
is characterized by replacement of cardiac ventricular mass with fibroid and adipose tissue
(“fibrofatty infiltration™), ventricular arrhythmias, and a high incidence of sudden death
[55]. Loss of electrical synchrony can occur in the absence of major structural damage.
Several possible mechanisms have been proposed for pathophysiology of ARVC. Several
studies suggest that a disruption of the integrity of the gap junction plague may constitute
part of the arrhythmogenic substrate [57,58]. This hypothesis is supported by experimental
evidence showing that loss of PKP2 leads to redistribution of connexins [41,42], and
expression of ARVC-relevant PKP2 mutants seems to affect total Cx43 content [59]. A
recent study has shown that, independent of the causative mutation, loss of
immunodetectable plakoglobin at the intercalated disc is a consistent feature of the disease,
and can serve as an important diagnostic tool for ARVC in afflicted individuals [57]. The
contribution of mechanical stress responses versus other pathways to the fibrofatty
infiltration is unknown. However, studies of a DP mouse model of ARVC implicated that
alterations in B-catenin dependent signaling contribute to a transcriptionally driven
conversion to an adipocyte cell fate [60]. PKP2’s role in regulating PKC signaling in
epithelial cells suggests yet another potential pathway that could be affected in PKP2-
deficient cardiac myocytes. It is clear from these studies that simple mechanical disruption
of adhesion complexes is not the sole pathogenetic mechanism underlying these diseases.

Curr Opin Cell Biol. Author manuscript; available in PMC 2011 May 10.
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PKPs’ role in cancer goes both ways

While loss of p120¢™" has gained much attention recently as a participant in cancer
progression due to its ability to stabilize classic cadherins [61], less is known about PKPs
and cancer. Reduced PKP1 and 3 expression is correlated with desmosome instability,
increased cell migration, and poor prognosis for patients with metastatic tumors [62,63], and
PKP3 is transcriptionally repressed by the E-cadherin repressor ZEB1 in tumor cells [64].
Increased PKP cytoplasmic localization or loss of membrane staining was found in a number
of oropharyngeal tumors [65,66]. In contrast, upregulation of PKP3 expression was
observed in a panel of non-small cell lung cancer tumors and RNAi-mediated knock down
suppressed cell growth whereas overexpression enhanced cell growth and motility in vitro
[29]. Likewise, PKP2 expression correlated with poorer prognosis and was suggested to play
an oncogenic role in oropharyngeal tumors [65]. The underlying reason for these apparently
contradictory correlations between PKPs and cancer, and to what extent PKPs are causally
related to tumor progression or repression, remains to be determined.

Conclusion and future challenges

Plakophilins are the next frontier in the armadillo family. While we have an appreciation of
their potential as multi-functional protein scaffolds that direct structural or signaling
molecules to specific locations, we know very little about how these interactions are tailored
in different cellular contexts for specific functions. Association with kinases, and possibly
with regulatory components of the Rho pathway, may help orchestrate the assembly
dynamics of adhesive complexes with cytoskeletal remodeling and other functions. It seems
likely that the PKP central armadillo repeats hold the key for regulating such functions, but
future efforts to identify novel binding partners for this region as candidate regulators of
these pathways will be required. How is PKP2 itself regulated? The finding that C-TAK
mediated phosphorylation regulates nuclear localization is but one example of what is likely
to be important pathways that regulate upstream events responsible for organizing these
scaffolds. Finally, in light of p120’s potent role as an inhibitor of cadherin endocytic
internalization [67], studies towards assessing PKPs role in trafficking are warranted, as are
additional efforts to define yet elusive nuclear functions.
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Figure 1.

797

Comparison of armadillo-family protein structures. (A) Classical Armadillo family proteins
B-catenin and plakoglobin (also known as y-catenin). (B) p120¢t" family armadillo proteins
p120°t", ARVCF, §-catenin (NPRAP), and p0071 (plakophilin 4). (C) Plakophilin family
armadillo proteins plakophilin 1, 2, and 3. Armadillo-family proteins consist of an amino-
terminal head domain, a central armadillo repeat domain with variable number of repeats,

and a carboxy-terminal tail. Numbers indicate amino acid residues.
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Figure 2.

Comparison of epithelial cell desmosome and adherens junctions (A) with cardiac myocyte
mixed junction structures (B). In the desmosome, the cadherin family proteins (desmogleins
[DSGs] and desmocollins [DSCs]) are single-pass transmembrane glycoproteins that bind
through homo and heterodimeric interactions to cadherins on neighboring cells via their
extracellular domains in a calcium-dependent manner. The cytoplasmic plaque consists of
the armadillo-family proteins (plakoglobin [PG] and plakophilins [PKPs]), and the
intermediate filament (IF)-binding plakins (desmoplakin [DP]). PG and the PKPs bind to the
cytoplasmic tail of either DSG or DSC where they serve as linker proteins to DP and also
participate in lateral expansion and clustering of the plaque. In the adherens junction E-
cadherin forms intercellular attachments through hemophilic interactions with cadherins on
neighboring cells and interacts with the armadillo protein B-catenin through its cytoplasmic
domain. B-catenin, which is essential for adherens junction adhesion, binds a-catenin, which
may anchor actin to the junctional plaque either directly or through other catenin binding
proteins such as Z0-1 or afadin. In vertebrate cardiac myocytes hybrid junctions, or area
compositae, occupy a majority of the intercalated disc membrane (B). These specialized
junctions contain components common to adherens junctions and desmosomes, possibly
facilitated in part by interactions between proteins such as PKP2 and oT-catenin. Connexin
43 associates with PKP2, raising the possibility that gap junctions may be intimately
associated with the area composita or co-localize in intercalated disc precursors.
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Figure 3.

Schematic of PKP family protein roles as multifunctional scaffolds. (a) PKP2 recruits PKCa
to DP-containing desmosome precursors thereby modulating the DP-IF interaction, and
potentially regulating actin reorganization. Direct or indirect interactions of PKP2 with actin
may participate in precursor dynamics and promote their incorporation into junctions. PKP1,
2, and 3 all are found at the cytoplasmic face of the desmosome and link DP to cadherin
tails. (b) PKP2 interacts with B-catenin and potentiates TCF/Lef-mediated transcriptional
activity. (c) PKP2 interacts with extra-junctional B-catenin and is found in complexes with
E-cadherin, possibly mediated via plakoglobin (PG). (d) Nuclear PKP2 interacts with the
RNA polymerase 111 holoenzyme and may serve a role in rRNA and tRNA synthesis. (e)
PKP2 is phosphorylated by c-TAK1, promoting 14-3-3 interaction with PKP2 and
modulating PKP2-nuclear transport. (f) PKP3 colocalizes with large ribonucleoprotein
complexes known as “stress granules”. (g) PKP3 interacts with DNM1L, a dynamin-related
protein known to be found in endoplasmic reticulum (ER) tubules and secretory vesicles. (h)
p0071 regulates recruitment and activity of Rho small GTPase via Ect2 at the midbody of a
cell undergoing mitotic cell division. MT = microtubules; MTOC = microtubule organizing
complex. Molecules depicted are not to scale.
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