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Abstract

Cadherins are a large family of cell-cell adhesion molecules that tether cytoskeletal networks of
actin and intermediate filaments to the plasma membrane. This function of cadherins promotes
tissue organization and integrity, as demonstrated by numerous disease states that are
characterized by the loss of cadherin-based adhesion. However, plasticity in cell adhesion is often
required in cellular processes such as tissue patterning during development and epithelial
migration during wound healing. Recent work has revealed a pivotal role for various membrane
trafficking pathways in regulating cellular transitions between quiescent adhesive states and more
dynamic phenotypes. The regulation of cadherins by membrane trafficking is emerging as a key
player in this balancing act and studies are beginning to reveal how this process goes awry in the
context of disease. This review summarizes the current understanding of how cadherins are routed
and how the interface between cadherins and membrane trafficking pathways regulates cell
surface adhesive potential. Particular emphasis is placed on the regulation of cadherin trafficking
by catenins and the interplay between growth factor signaling pathways and cadherin endocytosis.
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Cadherins are a family of adhesion molecules that play diverse roles in tissue patterning
during development, growth control during tumorigenesis, and in the maintenance of adult
tissue architecture. Typically, cadherins mediate calcium dependent and homophilic
adhesion, thereby promoting association of cells expressing the same cadherin family
members (1). At regions of cell-cell contact, cadherins assemble into large macromolecular
complexes such as adherens junctions (1) and desmosomes (2,3). These structures serve to
couple adhesive interactions mediated by cadherins to the actin and intermediate filament
cytoskeletons, respectively. An expanding array of human disorders and experiments using a
range of genetic model systems solidify the common perception that cadherins are critical
for tissue integrity. However, it has also become apparent that the dynamic regulation of
cell-cell adhesion is pivotal in a number of developmental processes, including cell motility,
cellular differentiation, cell fate decisions, and tissue morphogenesis (4). Likewise, cadherin
adhesive activity and cell surface levels are altered during tumorigenesis, wound healing and
various pathologies that are characterized by compromised tissue organization. These
observations have heightened our appreciation for the conceptual framework that
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intercellular junctions, and cadherin family adhesion molecules in particular, are highly
dynamic entities rather than static rivets that hold cells together.

This review focuses on recently identified molecular interactions that influence cadherin
dynamics by selectively routing cadherins through various membrane trafficking pathways.
The first section of the review discusses general pathways for cadherin trafficking after
biosynthesis, as well as retrieval from the plasma membrane, recycling, and degradation.
This section highlights the diversity of the cadherin family and trafficking mechanisms that
are employed in their regulation. Following this introduction to the players and pathways,
the review addresses cadherin regulation by catenins, comparing and contrasting roles for
catenins in different trafficking decisions. We then explore cross talk between cadherins and
growth factor receptors, and the apparent co-regulation of adhesion and signaling by
endocytic processing of both classes of cell surface receptors. Lastly, we discuss the
growing appreciation for the role of cadherins in cancer, pathogen internalization, and other
disease processes. Although the field of cadherin dynamics and trafficking is relatively new,
the complexity surrounding the regulation of cadherin cell surface expression and
internalization is already apparent, as is the key role that these pathways play in the
modulation of cadherin function.

General Routing Pathways for Cadherin Trafficking

Early studies revealed that cadherins could maintain adhesion only in the presence of
calcium, and that upon calcium depletion cadherins become metabolically unstable. This
observation led to the realization that cadherins can be retrieved from the plasma membrane
to modulate the adhesive state of the cell surface (5-9). Like other receptors, cadherins are
internalized by selective recruitment into specific endocytic pathways. These cadherin entry
points include clathrin-mediated endocytosis, caveolae-mediated endocytosis, and
internalization routes that are independent of both clathrin and caveolae, including lipid raft-
mediated endocytosis and macropinocytosis.

Several classical cadherins, including E-cadherin and VE-cadherin, are internalized via the
clathrin-mediated pathway (10-13). Recruitment into the clathrin pathway typically requires
an association of the cargo protein, in this case cadherin, with an adaptor complex that
couples the cargo to clathrin during coated pit assembly. Thus, a key and emerging issue
being addressed in cadherin biology is the identification of adaptors that bind cadherin tails
and mediate recruitment of these adhesion molecules to endocytic invaginations for
internalization. In the case of VVE-cadherin, Gavard and colleagues reported an interaction
with B-arrestin upon treatment of endothelial cells with the growth factor VEGF (14). -
arrestin interaction with VE-cadherin is dependent upon the presence of a serine residue in
the cadherin tail that is a target for p21-activated kinase (PAK), downstream of Rac
activation by VEGF. Furthermore, VE-cadherin endocytosis was shown to be coupled to the
regulation of endothelial barrier function in response to VEGF. In addition, our laboratory
has uncovered associations between the adaptor complex AP-2 and the VE-cadherin
cytoplasmic domain (Chiasson and Kowalczyk, unpublished observation), suggesting that
multiple clathrin adaptors may cooperate during VVE-cadherin internalization or,
alternatively, that different adaptors are engaged selectively depending upon cell signaling
activities. Consistent with this latter possibility, E-cadherin also associates with several
endocytic adaptors, including disabled-2 (Dab2) and AP-1B (15,16). Dab2 is implicated in
the regulation of epithelial cell polarity by selectively recruiting apical surface E-cadherin
into a clathrin-mediated endocytic pathway. In a separate study, E-cadherin was shown to
associate with the clathrin adaptor, AP-1B, indirectly through type Iy phosphatidylinositol
phosphate kinase (PIPKIy) (16). This interaction appears to regulate both E-cadherin
endocytosis and recycling. Remarkably, the binding site for PIPKIy in the E-cadherin tail is
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mutated in patients suffering from gastric carcinogenesis (16,17). Collectively, these
findings reveal an interface between membrane trafficking pathways and cadherin function
in vascular biology, the development and maintenance of epithelial polarity, and in human
tumorigenesis.

In addition to clathrin-mediated endocytosis, cadherins are also internalized through
engagement of other types of endocytic machinery. For example, E-cadherin is internalized
through a caveolae-mediated pathway in A431 human epidermoid carcinoma cells (18).
Similarly, Rac activation triggers E-cadherin internalization through a caveolae-mediated
pathway in keratinocytes (19). As discussed below, the desmosomal cadherin, desmoglein 3
(Dsg3) can be internalized from keratinocyte cell surfaces through a mechanism independent
from clathrin, caveolin, and dynamin, suggesting involvement of a lipid raft-mediated
pathway (20). Finally, cadherins are also internalized by macropinocytosis, a pathway that
appears to be associated predominantly with the retrieval of non-junctional pools of
cadherins (21,22). Thus, cadherins have been found to undergo endocytic processing by all
of the major routes for internalization from the plasma membrane (Table I). As discussed
below, it appears that the pathway chosen for internalization is dictated by the cellular
environment, particularly with respect to the growth factor milieu and the migratory needs
of the cell.

Regulation of Cadherin Fate

Once a cadherin is internalized, additional sorting machinery regulates routing of the
receptor. Differences in post endocytic fates of the cadherin can have either short or long
term consequences on the cell’s adhesive potential, depending on whether the adhesion
molecule is sorted to the lysosome for degradation or recycled back to the cell surface.
Interestingly, a number of studies have implicated cadherin recycling and degradation in
various developmental and morphogenic events. Very little is currently known about how
cadherins are selected from sorting endosomes for trafficking to lysosomes. Ubiquitin
tagging and association with the hepatocyte growth receptor substrate, Hrs, (23) as well as
Rab 5 and 7 GTPases, have been found to be essential in directing E-cadherin to the
lysosome upon internalization (24,25). Conversely, several endosome proteins have been
implicated in cadherin recycling, including Rab11 and the sorting nexin, SNX1, with SNX1
implicated in re-routing of E-cadherin back to the plasma membrane for the maintenance of
cell-cell adhesion (22,26).

Selective delivery of newly synthesized membrane proteins is critical to the establishment
and maintenance of cell polarity, and sorting of cadherins to the basolateral cell surface
plays a central role in the establishment of epithelial morphology. Newly synthesized E-
cadherin is processed through recycling endosomes on the way to the plasma membrane,
and inhibitory mutants of Rab 11 block normal polarized delivery of E-cadherin to the
basolateral cell surface (26). E-cadherin exits the Golgi complex via golgin-97 dependent
tubulovesicular carriers, and subsequently fuses with an intermediate recycling endosome,
en route to the basolateral plasma membrane (27). E-cadherin sorting to the basolateral
surface requires a dileucine motif in the juxtamembrane domain of the cadherin cytoplasmic
tail (28), although the adaptor complex that recognizes this motif has not yet been identified.
This pathway for E-cadherin trafficking is tightly integrated with other proteins and
complexes known to play key roles in epithelial polarity. Loss of function mutants of
Drosophila exocyst components, Sec5, 6, and 15 result in an accumulation of DE-cadherin
in Rab11 positive recycling endosomes (29). Furthermore, Protein Associated with Lin
Seven 1 (PALS), a conserved scaffold protein most closely associated with its role in tight
junction protein transport to the plasma membrane, has also been shown to play a role in
regulating E-cadherin. Knockdown of PALS caused an accumulation of E-cadherin in the
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cytoplasm, implicating this protein in the regulation of E-cadherin transport from the Golgi
to the plasma membrane (30). Recent studies have also revealed important roles for the
recycling endosome in E-cadherin trafficking and epithelial lumen formation (31). Finally,
Nejum and Nelson have also observed that at sites of initial cell-cell contact, a basolateral
protein, aquaporin 3 (AQP3), but not an apical associated protein, AQP5, accumulates with
E-cadherin, suggesting that the cadherins themselves also play an important role in
establishing cell polarity (32). These studies are beginning to unravel the molecular
mechanisms by which cadherin mediated adhesion and membrane trafficking pathways are
integrated to generate polarized tissue architecture.

Catenin Regulation of Cadherin Trafficking

The cytoplasmic tails of cadherins associate with binding partners termed catenins, which
function as scaffolds for both cytoskeletal attachments and the recruitment of regulatory
molecules which modify cadherin function and cytoskeletal organization. In the adherens
junction, B-catenin is an armadillo family protein that binds to classical cadherins such as E-
cadherin near the carboxyl terminal region of the cadherin tail (1). In addition, B-catenin
associates with a-catenin and other actin binding partners to mediate an indirect linkage of
the cadherin to cortical actin networks. Additionally, p120-catenin, another member of the
armadillo gene family, also associates with the cadherin tail but in a domain membrane
proximal to the B-catenin binding site (1). As discussed below, both -catenin and p120-
catenin appear to play key roles not only in cytoskeletal associations within the adherens
junction, but also as traffic cops that influence cadherin routing through cellular organelles.

The clearest example of catenin regulation of cadherin trafficking stems from observations
that p120-catenin regulates cadherin turnover. A series of studies from the Reynolds lab
showed that loss of p120, either due to genetic alterations in epithelial tumor cell lines (33)
or by siRNA knock down of p120 gene expression (34), resulted in increased turnover rates
of E-cadherin. Similar results were obtained in our laboratory in microvascular endothelial
cells (35). Furthermore, we found that p120 binding to the juxtamembrane domain of VE-
cadherin potently inhibits cadherin endocytosis (11). In addition, mutations in the E-
cadherin juxtamembrane domain that prevent p120 binding result in increased rates of
cadherin endocytosis (36). Collectively, these findings reveal a key role for p120-catenin as
a master regulator of cadherin stability, and consequently, of other adherens junction
components that are dependent upon cadherin expression for localization at the membrane
and for maintenance of steady state expression levels.

The mechanism by which p120 binding to the cadherin tail inhibits endocytosis is currently
unclear. An attractive model is that p120 binding functions as a cap on the cadherin
juxtamembrane domain and thereby inhibits binding of adaptor complexes that would recruit
the cadherin cargo into a coated pit (Figure 1A). Consistent with this possibility, VE-
cadherin is internalized in a clathrin dependent manner, and p120 binding to the cadherin
juxtamembrane domain is required to prevent internalization (11). Recently, we have found
that the VE-cadherin tail associates with the clathrin adaptor complex AP-2, and that p120
prevents the recruitment of VE-cadherin into membrane domains enriched in AP-2 and
clathrin (Chiasson and Kowalczyk, submitted). Nonetheless, p120 is remarkably
biologically active and also functions as a major cellular rheostat for Rho GTPase activity.
Recently, Wildenberg et al proposed that p120 inhibits RhoA locally at the plasma
membrane through interactions with p190RhoGAP, and thereby stabilizes cadherin (37).
However, we have found that a p120 mutant unable to regulate RhoA is equally potent to
wild type p120 in assays measuring VE-cadherin endocytosis (Chiasson and Kowalczyk,
submitted). Furthermore, p120 prevents VVE-cadherin recruitment into clathrin enriched
membrane domains in a Rho independent manner. Thus, it is likely that p120 binding to the
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cadherin tail prevents adaptor binding, and through this mechanism inhibits cadherin
endocytosis and turnover (Figure 1A).

Regardless of the precise mechanism, an important implication of p120 functioning as a set
point for cadherin expression levels arises in the context of cells that express multiple
cadherin genes. During development and tumorigenic transformation, cells upregulate
expression of specific cadherins through a process known as cadherin switching (38). Since
p120-catenin levels dictate total cellular cadherin expression levels, upregulation of a new
cadherin results in post-translational down-regulation of other cadherins expressed in the
cell. Thus, p120 appears to play a key regulatory role in relative cadherin expression levels
during both developmental and tumorigenic alterations in cadherin expression profiles (38).

In addition to cadherin endocytosis, several studies have suggested roles for p120 and the
cadherin juxtamembrane domain in other aspects of cadherin dynamics. For example, N-
cadherin delivery to the plasma membrane for assembly into adherens junctions in
fibroblasts requires both an intact microtubule network and the anterograde motor protein
kinesin (39). Furthermore, p120 has been shown by several groups to associate with
microtubules and kinesin (40,41), and studies by the Green laboratory suggest that p120
functions as a scaffold to couple N-cadherin to kinesin for delivery to newly forming
junctions (42). These findings indicate that, at least for N-cadherin, p120 plays an important
role in anterograde trafficking in addition to endocytosis. Nonetheless, it is puzzling that
p120 depletion does not cause any change in the rate of delivery of newly synthesized E-
cadherin to the plasma membrane (34). One possibility is that p120 plays cell- or cadherin-
specific roles in trafficking. Alternatively, p120 may support kinesin mediated delivery to
the membrane from recycling endosomes, but may not play an important role in delivery of
newly synthesized cadherin to the membrane.

Although p120 has received the bulk of recent attention with respect to cadherin trafficking,
a number of studies also suggest that B-catenin contributes to cadherin delivery to the
plasma membrane and routing after endocytosis. For example, casein kinase 1 was recently
shown to weaken interactions between B-catenin and the E-cadherin cytoplasmic tail,
resulting in increased endocytosis of E-cadherin (43). Furthermore, N-cadherin endocytosis
at neuronal synapses was found to be regulated by p-catenin (44). In this model system,
NMDA-receptor activation inhibited N-cadherin endocytosis by preventing -catenin
tyrosine phosphorylation. Specifically, a Y654F mutant of B-catenin selectively increased
surface levels of N-cadherin by preventing N-cadherin internalization, demonstrating a key
regulatory role for B-catenin in N-cadherin cell surface levels. Moreover, this inhibition in
N-cadherin internalization led to inhibition of long term depression (LTD), implicating the
importance of N-cadherin trafficking in regulating synaptic function. Other evidence also
suggests that B-catenin may modulate cadherin trafficking. Early studies suggested that E-
cadherin mutants that are unable to bindf-catenin are inefficiently delivered to the plasma
membrane (45). More recently, Miyashita and Ozawa reported that E-cadherin mutants
lacking the ability to bindp-catenin accumulate in post golgi compartments, including early
endosomes, before being delivered to lysosomes through a sorting mechanism dependent
upon a dileucine residue in the cadherin juxtamembrane domain (46). Thus, while p120
appears to be the key cadherin binding partner in regulating endocytosis, emerging evidence
suggest that p-catenin also participates in mechanisms that modulate cadherin cell surface
availability.

Although B-catenin inhibits N-cadherin endocytosis in some models, Sharma and Henderson
demonstrated that B-catenin localizes to membrane ruffles in migrating cells and appears to
play an active role in cadherin internalization (47). p-catenin was required for
macropinocytosis of N-cadherin at these membrane ruffles through a mechanism that
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involved IQGAP1, a B-catenin binding partner and down-stream effector of Rac and Cdc42.
Consistent with these findings, Rac activation causes internalization of E-cadherin along
with B-catenin in a complex that is delivered to caveolin-1 enriched endosomes in
keratinocytes (Figure 1B) (19). In contrast to this positive regulatory role in
macropinocytosis, Rac and IQGAP1 were found to inhibit clathrin-mediated E-cadherin
endocytosis in a cell free model system and in MDCK cells (12,48). These studies raise
questions regarding the role for Rac and p-catenin as positive or negative regulators of
cadherin endocytosis. One explanation may be cell type specificity. However, another
possibility is that different modes of cadherin internalization from the plasma membrane
may engage catenins differentially. For example, during macropinocytosis upon high levels
of Rac activation, B-catenin may mediate associations with actin or other cytoplasmic
structures necessary for internalization of large complexes. In contrast, clathrin-mediated
endocytosis may require disassembly of the cadherin catenin complex, as we and others
have suggested previously (Figure 1A) (35,36). In this scenario, signaling events that
stabilize p-catenin and p120 binding to the cadherin tail may prevent clathrin-mediated
internalization. Another set of signaling pathways may, in turn, be responsible for loss of
catenin association with the cadherin, thereby promoting endocytosis. If this model is
correct, a key issue is to identify cellular signaling events that directly modulate the strength
of catenin association with the cadherin tail, and to understand how these signaling
pathways coordinate globally to regulate the adhesive potential of the cell surface.

Regulation of Cadherin Endocytosis by Growth Factors

Growth factor regulation of adhesion has been recognized as a key mechanism for crosstalk
between cell proliferation, migration, and adhesion. Not surprisingly, recent studies have
begun to reveal a role for membrane trafficking pathways as a cellular mechanism that
drives this cross-regulation. As discussed above, VEGF initiates a signaling cascade leading
to phosphorylation and internalization of VE-cadherin (14). The mechanism for VE-
cadherin internalization in VEGF treated endothelial cells involves the recruitment of B-
arrestin to the cytoplasmic tail of VE-cadherin, leading to clathrin-mediated internalization
(14). Interestingly, this pathway is antagonized by angiopoietin-1 (Angl), a growth factor
known to stabilize endothelial cell-cell contacts (49). Importantly, the regulation of
cadherins by growth factors is not a one way street. Studies by Lampugnani and colleagues
demonstrated that VE-cadherin regulates VEGFR endocytosis (50). Endothelial cells lacking
VE-cadherin exhibit increased rates of VEGFR internalization and signaling, indicating that
endothelial cell proliferation and responsiveness to growth factors is regulated by cadherin
cell surface levels.

Cross regulation of cadherins and growth factor receptors is not limited to endothelial cells.
E-cadherin internalization has also been shown to be regulated in MDCK cells by the
hepatocyte growth factor (HGF) (51,52). HGF binding to its receptor, c-Met, causes cell-cell
dissociation, which is tightly coupled to endocytosis of both E-cadherin and c-Met. In this
model system, E-cadherin endocytosis and adherens junction disassembly in response to
HGF is driven in part by the Arf6 GTPase (52). It is important to appreciate that induction of
different growth factors/signaling pathways within the same cell can lead to very different
fates for the cadherin in question. The Stow group has shown that in MCF-7 cells, the fate of
E-cadherin stability lies in the hands of FGF and EGF. FGF-induced endocytosis of E-
cadherin leads to its internalization, along with FGFR1, via a classical clathrin-mediated
pathway (53). However, EGF stimulation causes Rac-1 mediated internalization of E-
cadherin via macropinocytosis (22). Moreover, E-cadherin also colocalizes with the sorting
nexin, SNX-1, after internalization in response to EGF. This association prevents E-cadherin
from entering a degradative pathway, as SNX-1 mediates recycling of E-cadherin back to
the cell surface for maintenance of adherens junctions. Similar to the example above in
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which VE-cadherin and VEGF signaling are coordinated, N-cadherin in MCF-7 cells
increases the stability of FGFR-1 at the cell surface, which thereby enhances signaling
through the MAPK pathway, transcription of MMP-9 and increased cell metastasis (54).
Collectively, these studies provide clear evidence that cadherins regulate growth factor
receptor internalization as part of a functional reciprocity with growth factor signal
transduction and the regulation of cell adhesion.

Co-regulation of cadherin and growth factor signaling is particularly prominent in various
examples of epithelial to mesenchymal transitions (EMT) and tumorigenesis. TGFp
signaling, in particular, appears to be a key regulator of cadherin turnover during EMT, as
TGFp signaling is required for loss of E-cadherin expression in response to Ras-Raf
signaling (55). Given the key role for cadherin down-regulating during EMT, the
mechanisms of TGFp regulation of cadherin internalization represent fertile ground for
further molecular analysis of cadherin endocytosis. A recent study by Bremm and colleagues
highlights the cross regulation of cadherin and growth factor signaling (56). In this study, a
mutation in E-cadherin was shown to reduce interactions between E-cadherin and EGFR,
resulting in increased EGFR cell surface matility, dimerization, and enhanced EGFR
activation. Furthermore, this mutation in E-cadherin resulted in increased E-cadherin
internalization, again underscoring the cross regulation of growth factor and cadherin
trafficking. A number of other examples are emerging where membrane trafficking
pathways play a key role in growth factor receptor and cadherin interplay, particularly
during developmental events. Given the remarkable complexity of cadherin and growth
factor receptor expression profiles, this co-regulatory system is likely to play roles in a wide
range of developmental and disease processes.

Cadherin Trafficking and Disease

Increased interest in the basic cellular mechanisms of cadherin membrane trafficking has
been paralleled by new insights into how these pathways are usurped in human pathologies.
A number of disease states are associated with defects in cadherin endocytosis and
misregulation of cadherin cell surface levels. In particular, studies have shed light on the
role of cadherin destabilization in tumor cell metastasis. One of the hallmarks of the
transition from benign overgrowth to a metastatic tumor is the aforementioned Epithelial to
Mesenchymal Transition (EMT). EMTSs are characterized by loss of epithelial morphology,
acquisition of a more migratory phenotype, and loss of E-cadherin expression. This loss can
be due to misregulation of E-cadherin on the transcriptional level, as is the case with Snail-
mediated repression of cadherin transcription (57,58), or due to posttranslational changes. v-
Src, a Rous sarcoma virus tyrosine kinase and strong activator of EMT (24) has been
implicated in phosphorylation of E-cadherin and the subsequent interaction of the cadherin
tail with the E3 ubiquitin ligase, Hakai (59). Hakai is thought to mediate ubiquitin tagging of
the cadherin tail, leading to endocytosis and degradation in the lysosome. Although Hakai
may trigger E-cadherin endocytosis, it appears that a key role for Hakai is in preventing E-
cadherin from recycling back to the plasma membrane, thus fating the cadherin for
lysosomal degradation (59). MDM-2, another E3 ubiquitin ligase misregulated in numerous
metastatic tumors, also downregulates E-cadherin and promotes cell motility and
invasiveness in breast cancer cells (60). Similar findings were reported recently in Kaposi’s
sarcoma tumors, an endothelial malignancy commonly associated with HIV/AIDS. In this
instance, an E3 ubiquitin ligase expressed by the virus that causes Kaposi’s sarcoma tumors
targets VE-cadherin for ubiquitination and degradation (61,62). In addition to down-
regulation of classical cadherins, EMT is also associated with alterations in desmosomal
cadherins. For example, EGFR activation leads to shedding and internalization of the
desmosomal cadherin Dsg2. Furthermore, MMP inhibition and knockdown of ADAM17
inhibits Dsg2 cleavage and endocytosis in invasive squamous cell carcinoma (63,64).
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Further integration of signaling pathways in EMT becomes apparent at the level of cadherin
gene regulation. Numerous studies have identified Snail and Slug as key regulators of
cadherin gene expression in the context of EMT. Interestingly, Ras activation was shown to
regulate transcription of Slug, which is required for desmosomal cadherin endocytosis in
NBT-I1I bladder carcinoma cell lines (65,66). These observations provide further evidence of
tight coupling between growth factor receptors and cadherins in the context of tumor
progression, and highlight membrane trafficking of cadherins as a key regulatory module in
this network.

Cadherin endocytosis in disease is not limited to tumor biology. In the autoimmune disease
pemphigus vulgaris, patients exhibit oral erosions and epidermal blistering. Autoantibodies
in this disease target the desmosomal cadherin, desmoglein 3 (Dsg), thereby disrupting
desmosomes and compromising epithelial cell-cell adhesion strength. Pemphigus vulgaris
1gG binding to Dsg3 causes increased internalization of the desmosomal cadherin via a
clathrin and dynamin independent pathway, ultimately leading to lysosomal degradation of
Dsg3 (20,67). Adhesion receptors are targeted in a number of other autoimmune disorders,
particularly those impacting the epidermis (2,68,69). It is not fully understood how tightly
coupled adhesion molecule endocytosis is to disease progression, but in the case of
pemphigus, growing evidence suggests that the destabilization of desmosomal cadherins
may play a direct role in the pathogenesis of the disease. For example, over-expression of
Dsg3 counteracts the effects of PV 1gG on Dsg3 endocytosis, desmosomal disassembly, and
loss of cell-cell adhesion (Kottke, Jennings, and Kowalczyk, unpublished observation).
These findings suggest that endocytosis and degradation of Dsg3 play a causative role in PV
pathogenesis, and highlight the importance of cadherin stability in maintaining tissue
integrity in adult organisms.

Bacteria and other organisms often invade cells to enter the nutrient rich cytoplasm, a haven
that allows them to proliferate and subsequently invade neighboring cells and tissues.
Cadherins offer one route for internalization of a number of pathogens to gain entry into
epithelial cells. Candida albicans is a fungus which causes oropharyngeal candidiasis, or
more commonly referred to as thrush. C. albicans invades the lining of the mouth during
thrush and further invades the endothelial cell lining of blood vessels when candidiasis is
disseminated. Als3, a protein expressed on the cell surface of C. abicans hyphae, was found
to induce its internalization into host cells by binding both N- and E-cadherin. Binding to N-
or E-cadherin initiates production of pseudopods to facilitate internalization of C. albicans
in endothelial and epithelial cells, respectively (70). Because Als3 is thought to be
structurally similar to these classical cadherins, Als3 is a potential mimic of cadherin-
cadherin binding. These structural and functional features of Als3 play an important role in
the internalization, invasion and dissemination of the fungus. An analogous process has been
uncovered for the bacterial pathogen Listeria monocytogenes. In this instance, a bacterial
surface protein internalin A (InlA) binds E-cadherin and induces recruitment of catenins and
other junctional components and the motor protein myosin VIIA. Furthermore, binding to
cadherin activates Rac and recruitment of cortactin and Arp2/3, thus mimicking some
aspects of adherens junction assembly (71). Recent work by Bonazzi and others illustrate
that in addition to adherens junction assembly, E-cadherin internalization plays a pivotal role
in the internalization of InlA. Binding of the bacterial protein to E-cadherin causes tyrosine
phosphorylation of the cytoplasmic tail and subsequent ubiquintination of the cadherin by
Hakai (72). These post-translational modifications resulted in bacterial internalization
through a mechanism dependent on both clathrin and caveolin (72). Collectively, these
studies raise interesting questions regarding the commonality in mechanisms utilized for
adherens junction assembly and pathogen entry into host cells.
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Conclusion

Membrane trafficking pathways provide critical regulatory oversight of cadherin function.
Understanding how cadherin adhesion and dynamics are integrated will provide significant
insights into a range of developmental processes and disease pathologies associated with
alterations in cadherin dynamics. A number of opportunities and challenges are evident in
the cadherin and membrane trafficking fields. For example, the general relationship between
cadherin trafficking and adhesion requires further clarification. In a series of papers,
Troyanovsky and colleagues have manipulated cadherin dimerization and clathrin-mediated
endocytosis to demonstrate that blocking endocytosis can stabilize cadherin dimer formation
and adhesion (7,8). An important implication of this work is that changes in the rates of
global endocytic activity or recycling may have profound impact on the overall adhesive
status of the plasma membrane. Consistent with this possibility, two recent manuscripts
identify a key role for cdc42 and the Par6/aPKC polarity pathway in regulating cadherin
endocytosis (73,74). This pathway regulates cadherin internalization by locally modifying
actin cytoskeletal dynamics and dynamin activity. When the pathway is inactivated,
endocytosis is reduced and adherens junctions become disorganized. Taken together, these
studies indicate that cadherin cell surface levels and junction organization are tightly
controlled by the activity of endocytic machinery. Either too much or too little endocytosis
of cadherin has deleterious effects on the assembly and function of adhesive intercellular
junctions.

Another challenge will be to determine not only how global changes in membrane
trafficking impact adhesion, but to also reveal the molecular mechanisms that selectively
identify cadherins as cargo and alter cadherin dynamics. These types of studies will be
needed in order to determine whether alterations in cadherin trafficking play a causal role in
a particular biological response, or if these changes are merely a consequence of the process.
Addressing this issue directly will require a detailed analysis of cadherin domains and
amino-acid determinants that regulate cadherin endocytosis or other trafficking decisions.
Such studies will allow for mutations to be introduced that specifically alter cadherin
trafficking rather than introducing global changes in membrane dynamics. Some advances
have been made, including the identification of residues in VE-cadherin that mediatep-
arrestin binding and endothelial monolayer permeability. Similarly, sequences in E-cadherin
required for binding to the AP-1 adaptor complex play a key role in gastric epithelial
tumorigenesis. It is also likely that key advances will be realized with the identification of
molecules that regulate cadherins in a specific fashion. Two such examples include Hakai
and p120-catenin, both of which selectively recognize cadherins and modify cadherin
endocytic processing. Additional studies of using these approaches should reveal situations
where regulation of cadherin trafficking has a primary role in a developmental or disease
process.
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Figure 1. Different Endocytic Pathways Utilized by E-cadherin

(A) Numerous studies have illustrated that classical cadherins, such as E-cadherin, can
undergo various types of endocytic processing. Furthermore, the route taken by E-cadherin
seems to be dependent on the presence of its cytoplasmic binding partner, -catenin or p120.
In the case of clathrin-mediated endocytosis, binding of -catenin and p120 maintains E-
cadherin’s association with the actin cytoskeleton network and prevents E-cadherin
endocytosis. However, signaling events may cause disassociation between the cadherin and
the catenins, thereby allowing adaptors, such as AP-2 and B-arrestin, to interact with the
cytoplasmic tail and recruit clathrin and other accessory proteins that promote
internalization. Once internalized, E-cadherin enters sorting/early endosomes in which other
molecules proteins regulate the fate of the cadherin. GTPases, such as Rabs 5 and 7, as well
as post-translational modification of the cadherin cytoplasmic tail (i.e. ubiquitination),
promote E-cadherin entry into a lysosomal pathway for degradation. However, Rab 11 and
the sorting nexin, SNX1, are essential for routing E-cadherin to recycling endosomes and
ultimately back to the plasma membrane. (B) When E-cadherin undergoes clathrin-
independent endocytosis, signaling events, such as Rac1 activation, are thought to rearrange
the actin cytoskeleton network, allowing for internalization of the complex into early
endosomes. This complex is internalized into a caveolin-enriched endosome and does not
colocalize with markers for late endosomes or lysosomes, suggesting that the cadherin-
catenin complex is then recycled back to the plasma membrane, with the assistance of the
sorting nexin, SNX1.
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Table |

Different Routes and Regulators of Cadherin Internalization

Internalization Route Cadherin Adaptors and Regulators
Clathrin-Mediated | VE-cadherin p120(L1,75), p-arrestin(14), VEGF(14), Ang1(49), AP-2™*
E-cadherin p120(33,34), Dab2(15), B-catenin(43), PIPKIy(16), Rac-1/IQGAP1(12), FGF(53), HGF(51)
N-cadherin NMDAR(44), B-catenin(44)
Caveolae-mediated E-cadherin Caveolin-1(19), Rac-1(19)
Lipid raft-mediated Desmoglien 3 Tyr phosphorylation(20)
E-cadherin Arf6(21,24,52)
Macropinocytosis E-cadherin EGF(22), Rac-1(22)
N-cadherin B-catenin(47), RAC-1/IQGAP1(47)
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